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Streszczenie Rozprawy Doktorskiej

Opracowanie szczepionek to kosztowny i czasochlonny proces, ktory oparty jest w
pierwszej kolejnosci na serii badan przedklinicznych, ze szczegdélnym uwzglgdnieniem badan
in vivo. W kolejnym etapie, poprzedzajacym rejestracje szczepionek, sg oceniane w szeregu
jasno okreslonych badan klinicznych pozwalajacych na oceng ich bezpieczenstwa,
immunogennosci 1 skutecznosci. Wszystkie badania kliniczne podlegaja mi¢dzynarodowym
zasadom etycznym i miejscowym regulacjom prawnym. Uklad immunologiczny cztowieka
obejmuje: narzady i naczynia limfatyczne, obecne w tych narzadach i krazace komorki
uczestniczace w reakcjach immunologicznych oraz wydzielane przez nie przeciwciala,
cytokiny i inne czynniki. Najwazniejsza funkcja uktadu odpornos$ciowego jest obrona przed
mikroorganizmami. Badania przedkliniczne sa istotnym etapem rozwoju kazdego leku. Jednak
wykorzystywane obecnie modele przedkliniczne in vitro oraz in vivo sg modelami
suboptymalnymi i nie odzwierciedlajg w peti ztozono$ci ludzkiego uktadu odpornosciowego,
fizjologii i anatomii. Dlatego tez prace nad opracowaniem nowych, bardziej reprezentacyjnych
systemOéw umozliwiajacych oceng bezpieczenstwa, efektywnosci i immunogenno$ci

testowanych szczepionek sg wysoce pozadane.

Istnieje wiele powodow nakazujacych skupi¢ si¢ na rozwoju modeli alternatywnych,
takich jak eksplantaty tkanek, modele in silico, oraz kultury komérkowe. W tym przypadku
trudnoscia jest jednak odwzorowanie ztozonosci oddziatywan migdzykomodrkowych, ktdre
zachodzg w miejscu infekcji lub szczepienia in vivo. Opracowanie kompleksowych modeli,
zawierajacych réznorodne linie komoérkowe ludzkie oraz innego pochodzenia, ale dobrze
nasladujace ludzkie tkanki, jest waznym kierunkiem w rozwoju badan nad odpowiedzia
immunologiczng czlowieka. Modele alternatywne pozwola znacznie wzbogaci¢ badania
przesiewowe oraz ewaluacj¢ szczepionek w zakresie mechanizmu dziatania oraz
bezpieczenstwa, przynoszac dodatkowa korzy$¢ w postaci potencjalnej redukcji ilosci

niezbednych badan in vivo oraz badan klinicznych.

Niniejsza rozprawa przedstawia seri¢ badan przedklinicznych skupiajacych si¢ nad
opracowaniem metody in vitro do oceny immunogenno$ci komponentdw szczepionek w
profilaktyce choréb infekcyjnych. W obliczu pandemii COVID-19, moje wysitki
skoncentrowaty si¢ na opracowaniu modelu komoérkowego 3D i jego ewaluacji wobec
antygenow wirusa SARS-CoV-2. Glownym celem rozprawy bylo opracowanie strategii
badawczej umozliwiajacej ocen¢ odpowiedzi immunologicznej ex vivo oraz badanie

bezpieczenstwa biologicznego in vivo. Opracowano procedure izolacji, krioprezerwacji oraz



hodowli ludzkich komdrek krwi obwodowej (PBMC, ang. peripheral blood mononuclear cell).
PBMC pochodza z ludzkich kozuchéw leukocytarnych i zawieraja rozne typy komorek
odpornos$ciowych, w tym limfocyty T, limfocyty B, komérki NK (ang. Natural Killer —
,urodzeni” zabdjcy), monocyty i komorki dendrytyczne. Skiad ten Scisle odzwierciedla
réznorodnos¢ komorkowa ludzkiego uktadu odpornosciowego. Do opracowania modeli 2D
oraz 3D uzyto komdrek linii Calu-3, ktore wykazuja fenotyp zblizony do komorek nablonka
oskrzeli drog oddechowych. Calu-3 sg zdolne do wydzielania §luzu, natomiast w warunkach
ALI (ang. air-liquid, hodowla powietrze-ciecz) wytwarzajg strukturg rzesek imitujaca nablonek
uktadu oddechowego. W celu wywotania efektu immunologicznego w proponowanych
modelach  zastosowano spektrum antygendow SARS-CoV-2, zardwno produkcji
biotechnologicznej (rRBD, recombinant receptor binding protein), jak i komercyjnie
dostepnych (Spike-S1-His i Nucleocapsid-His; InvivoGen). We wspdlpracy z badaczami,
ktorzy weczesniej zaprojektowali niereplikujace w zdrowych tkankach adenowirusy, w
badaniach zastosowano dwa rodzaje adiuwantow. Wektor wirusowy oparty na serotypie
ludzkiego adenowirusa 5, charakteryzujacy si¢ wysoka immunogennosciag AdV-D24-ICOSL-
CD40L uzbrojony w indukowalny ko-stymulator (ICOSL) i ligand CD40 (CD40L) oraz wektor
pozbawiony tych transgenéw AdVS5/3 shuzacy jako adiuwant ze wzgledu na skuteczng
poczatkows interakcje z komorka prezentujacg antygen (APC). Takie podejScie zapewnito
indukcje kaskady odpornosciowej prowadzacej do rekrutacji komorek prezentujgcych antygen
1 rozwoju komoérkowej 1 humoralnej odpowiedzi immunologicznej (przeciwko adiuwantowi i
prezentowanym antygenom). W ramach serii kompleksowo przeprowadzonych badan oceniono
oraz okreslono ilosciowo cechy $wiadczace o apoptozie i zmianach w integralnosci btony
komodrkowej ludzkich komoérek (test MTS, cytometria przeptywowa). Analizowano
mechanizmy na poziomie, ktorych adenowirusy dziatajg jako adiuwanty. Oceniono odpowiedz
komorkowg i humoralng poprzez immunofenotypowanie limfocytow CD4*, CD8" i CD19*
oraz profilowanie cytokin ,,Cyfometric Bead Array”. Dzigki polaczeniu antygendw i
adiuwantéw  scharakteryzowano $ciezki prowadzace do wyksztatcenia odpowiedzi
immunologicznej zawierajace limfocyty Tcm (ang. Central Memory), Tem (ang. Effective
Memory), CDA5SRA Temra(ang. terminally differentiated effector memory cells re-expressing
CD45RA). Sprawdzono réwniez jak zmienia si¢ dystrybucja subpopulacji limfocytow B
specyficznych dla antygenu. Analiza zostata wzbogacona przez badanie wpltywu czynnikow
immunogennych na ekspresj¢ genu CD40 (RT-qPCR), a nastgpnie pogiebiona przez analiz¢
danych transkryptomicznych pochodzacych z komorek Calu-3 oraz PBMC (RNA-Seq).



Badania zwienczyta analiza bezpieczenstwa biologicznego proponowanej platformy

szczepionkowej przeprowadzona z udziatem myszy Balb/c w toku 30-dniowej ekspozycji.

W badaniach bedacych przedmiotem niniejszej pracy zaobserwowano, ze stopien
oczyszczenia oraz forma antygenu stosowanego do immunizacji komdrek jest kluczowa dla
prawidlowego przebiegu doswiadczen. Zastosowanie rRBD (z/bez adiuwantu) spowodowato
toksyczny efekt wobec komorek VERO E6 oraz PBMC. Analiza z uzyciem mikroskopu
konfokalnego wykazata natomiast, ze proponowana platforma bazujaca na rRBD oraz AdV-
D24-ICOSL-CD40L (AdV1) ogranicza internalizacj¢ pseudo-SARS-CoV-2 do komorek
VERO E6. Dowiedziono, ze zastosowanie AdV1 w potaczeniu z antygenami SARS-CoV-2
moze przyczyniaé si¢ do reorganizacji cytoszkieletu komodrkowego, co wplywa na
internalizacj¢ wirusa do komorki. Po zastosowaniu platformy o zoptymalizowanym sktadzie
(komercyjne biatka), po 24 godzinach zaobserwowano istotny wzrost w procentowej ilosci
subpopulacji limfocytow CD4" Tcm, CD4" Temra oraz CD4" Tewm, ktore sg zaangazowane w
wytworzenie pami¢ci komérkowej. Wydluzenie czasu ekspozycji do 7 dni indukowato istotny
wzrost ilosci limfocytow CD4" T oraz CD19'B w badanych probkach. Analiza RNA-Seq
komoérek PBMC w modelu 3D dowiodta nadeskpresji gendw (m.in. FGFR4) powiazanych ze
Sciezka Rapl w komoérkach poddanych dziataniu platformy AdV1+S-His+N-His. Ponadto
wykazano wptyw proponowanej platformy na réznicowanie limfocytow oraz na produkcje
cytokin: IL-10, IL-12p70 oraz IL-8. Komdrki poddane dziataniu adiuwantu (AdV1) wykazaty
podwyzszony poziom IFN-y. Platforma szczepionkowa nie wplywa negatywnie na
przezywalnos¢ oraz morfologie narzadow wewngtrznych myszy podczas 30-dniowej

ekspozycji.

W badaniach zawartych w niniejszej rozprawie zidentyfikowano i podkreslono
ograniczenia istniejacych modeli in vitro i in vivo w zakresie pelnego oddania ztozonosci
ludzkiego uktadu odpornosciowego. Ustanowiony trojwymiarowy model in vitro z
wykorzystaniem komorek krwi obwodowej i Calu-3 dostarczyt nowych informacji na temat
dynamiki odpowiedzi immunologicznej na wirusy oraz nowe platformy szczepionkowe oparte
na adenowirusowych wektorach. Udowodniono, ze AdV1 i AdV2 dzialaja jako adiuwanty,
wplywajac na subpopulacje CD4", CD8" oraz CD19". Kluczowa rola $ciezki ICOS/ICOSL,
dobrze znana i szeroko opisana w literaturze w $rodowisku in vivo, wystepuje rowniez w
modelu in vitro, co zaobserowano poprzez aktywacje i réznicowanie limfocytéw T. Stymulacja
komoérek PBMC za pomoca platformy szczepionkowej wykazata istotny wplyw na komorki

CD4" i CDS8", wptywajac na limfocyty Tcem (ang. Central Memory), Tem (ang. Effective



Memory), CD45RA Temra (ang. terminally differentiated effector memory cells re-expressing
CD45RA). Wykazano potencjat platformy w stymulowaniu proliferacji i réznicowania
limfocytow B, ze szczegdlnym uwzglednieniem komorek B specyficznych dla antygenu
wptywajgcych na produkcje cytokin. Wykazano, ze wyposazenie adenowirusow w ligandy ko-
stymulujagce CD40L i ICOSL ma wysoki potencjal immunostymulacyjny. Potwierdzono
réwniez wstepnie bezpieczenstwo biologiczne platformy w badaniach in vivo. Badanie szlaku
CD40 ujawnito jego znaczacy wptyw na populacje komorek odpornosciowych, co sugeruje
potencjalne mozliwosci terapeutyczne i kierunek dla dalszych badan. Odkrycia poczynione w
niniejszej rozprawie podkreslaja znaczenie wydhuzonego czasu hodowli i potrzebg dalszych

badan nad mechanistyczng rolg szlaku CD40.

Opracowana metoda wpisuje si¢ w nowatorski kierunek rozwoju badan
przedklinicznych  umozliwiajacy szybka analize wlasciwosci immunogennych i

bezpieczenstwo srodkow prewencyjnych, na przyktad szczepionek.

Stowa kluczowe: immunologia, SARS-CoV-2, szczepionki, Calu-3, model 3D, ex vivo, in vivo,

limfocyty, cytokiny, immunogennos¢



Abstract

Vaccine development is an expensive and time-consuming process, rooted in a series of
preclinical studies, with a particular emphasis on in vivo research. Prior to registration, vaccines
undergo a series of well-defined preclinical studies to assess their safety, immunogenicity, and
efficacy. All the studies adhere to international ethical principles and local legal regulations.
The human immune system is a complex network of specialized cells, proteins, tissues, and
organs responsible for the body's immune defense against harmful substances and pathogens

that may cause infections.

Preclinical studies constitute a crucial stage in the development of any drug. Both in
vitro and in vivo preclinical models are suboptimal and do not fully reflect the complexity of
the human immune system, physiology, and anatomy. Therefore, efforts to develop new, more
representative systems for evaluating the safety, efficacy, and immunogenicity of tested

vaccines are highly desirable.

There are several reasons prompting a focus on the development of alternative models,
such as tissue explants, in silico models, and cell cultures. However, the challenge lies in
replicating the complexity of intercellular interactions occurring at the site of infection or in
vivo vaccination. Developing comprehensive models, incorporating diverse human cell lines
that closely mimic human tissues, represents a crucial direction in researching the human
immune response. Alternative models will significantly enrich screening studies and vaccine
evaluation concerning mechanism of action and safety, potentially reducing the need for in vivo

and clinical studies.

This dissertation presents a series of preclinical studies focusing on the development of
an in vitro method for assessing the immunogenicity of vaccine components in the prevention
of infectious diseases. In response to the COVID-19 pandemic, my efforts concentrated on
developing a 3D cellular model and its evaluation. The main objective was to devise a research
strategy enabling the assessment of ex vivo immune responses and the investigation of in vivo
biological safety. A procedure for isolating, cryopreserving, and culturing human peripheral
blood mononuclear cells (PBMC) was developed. PBMCs, derived from human leukocyte
buffy coats, containing various immune cell types, including T lymphocytes, B lymphocytes,
natural killer (NK) cells, monocytes, and dendritic cells, closely mirror the cellular diversity of
the human immune system. Calu-3 cell line, exhibiting a phenotype similar to bronchial

epithelial cells, was used to develop 2D and 3D models. Calu-3 cells can secrete mucus and,



under air-liquid interface (ALI) conditions, form a ciliated structure mimicking the respiratory

epithelium.

To induce an immunological effect in the proposed models, a spectrum of SARS-CoV-
2 antigens, both biotechnologically produced (recombinant receptor binding protein - rRBD)
and commercially available (Spike-S1-His and Nucleocapsid-His; InvivoGen), was applied.
Collaboration with researchers who previously designed non-replicating adenoviruses in
healthy tissues led to the use of two types of adjuvants. A human adenovirus 5 serotype-based
viral vector, demonstrating high immunogenicity (AdV-D24-ICOSL-CD40L), armed with
inducible co-stimulator (ICOSL) and CD40 ligand (CD40L), and a vector lacking these
transgenes (AdV5/3) served as an adjuvant due to its effective initial interaction with antigen-
presenting cells (APC). This approach ensured the induction of an immune response cascade,
leading to the recruitment of antigen-presenting cells and the development of cellular and
humoral immune responses (against the vector and presented antigens). A series of
comprehensive studies assessed and quantified features indicative of apoptosis and changes in
the cell membrane integrity of human cells (MTS assay, flow cytometry). Mechanisms at the
level of which adenoviruses act as adjuvants were analyzed. Cellular and humoral responses
were assessed by immunophenotyping CD4", CD8", and CD19" lymphocytes, as well as
cytokine profiling using Cytometric Bead Array. By combining antigens and adjuvants,
pathways leading to the development of an immune response involving central memory (Tcwm),
effective memory (Tem), CD45RA Temra (terminally differentiated effector memory cells re-
expressing CD45RA) T lymphocytes were characterized. Changes in the distribution of
antigen-specific B lymphocyte subpopulations were also examined. The analysis was enriched
by studying the impact of immunogenic factors on the expression of the CD40 gene (RT-
qPCR), followed by an in-depth analysis of gene expression data in the RNA sequence of Calu-
3 and PBMC (RNA-Seq). The studies were concluded with an analysis of the biological safety

of the proposed vaccine platform conducted in mice over a 30-day exposure period.

Throughout the research, it was observed that the degree of purification and the form of
the antigen used for cell immunization are crucial for the course of experiments. The application
of rRBD (with/without adjuvant) resulted in a toxic effect on VERO E6 and PBMC. Moreover,
excessive immunogenicity was also evident. Confocal microscopy analysis showed that the
proposed platform based on rRBD and AdV-D24-ICOSL-CD40L (AdV1) limited the
internalization of pseudo-SARS-CoV-2 into VERO E6 cells. It was demonstrated that the use

of AdV1 in combination with SARS-CoV-2 antigens could contribute to the reorganization of
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the cellular cytoskeleton, affecting virus internalization. Upon application of the optimized
composition platform (commercial proteins), a significant increase in the percentage of CD4"
Tem, CD4" Temra, and CD4" Tem lymphocyte subpopulations involved in memory cell
generation was observed after 24 hours. Prolonging the exposure time to 7 days induced a
significant increase in the number of CD4" T and CD19" B lymphocytes in the tested samples.
RNA-Seq analysis of PBMC cells in the 3D model demonstrated gene overexpression
(including FGFR4) associated with the Rapl pathway in the sample exposed to AdV1+S-
His+N-His. The proposed platform's impact on lymphocyte differentiation was confirmed, and
cytokine profile analysis in this sample revealed elevated levels of IL-10, IL-12p70, and IL-8.
All samples exposed to AdV1 showed increased levels of IFN-y. Safety studies of the vaccine
platform demonstrated that a 30-day exposure did not impact the survival or organ morphology

of mice.

The research resulted in the development of a method providing a reliable assessment
of immunogenic factors under in vitro conditions using Calu-3 lung epithelial cells. It was
proven that AdV1 and AdV2 act as adjuvants impacting CD4", CD8", and CDI19"
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.
Adenovirus-based platform influence the production of cytokines influencing effector cytotoxic
T cells or B cells. 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. Notably, the exploration of the CD40 pathway reveals its

significant impact on immune cell populations, suggesting potential therapeutic avenues.

The developed method aligns with a promising direction in preclinical research,
allowing for a rapid analysis of the immunogenic properties and safety of preventive measures,
such as vaccines. The study identifies critical factors influencing immune reactions, including
inflammation, immune cell activation, and regulatory responses, providing insights into the

virus-host dynamics.

Keywords: immunology, SARS-CoV-2, vaccines, Calu-3, 3D model, ex vivo, in vivo,

lymphocytes, cytokines, immunogenicity
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1. Introduction

The pursuit of effective vaccines against emerging pathogens stands as an imperative
endeavor in the realm of global health. In response to the SARS-CoV-2 pandemic, a challenge
occurred to produce innovative approaches to decipher the intricacies of pathogenesis and
immunoprophylaxis. This dissertation investigate the terrain of non-clinical vaccine
assessment, a pivotal nexus where in vitro and ex vivo studies converge to unravel the complex
dynamics of immune responses. When the new viruses like SARS-CoV-2 appear in the
environment, fast and effective therapeutic approaches are crucial to limit the spread and limit
the implications of it. In this study the focus was directed towards non-replicating adenoviruses
and surface antigens of COVID-19. Grounded in the urgent context described, it delves into the
complex field of non-clinical vaccine assessment. At the epicenter of investigation lies the ex

vivo model, a platform offering insights into the dynamics of human immune responses.
1.1. Immune response to viruses

The human body fights viral infections through a complex immune response involving
innate and adaptive immunity. The immune response depends on the virus type, as different
viruses affect the body in different ways. Many viruses have properties that allow them to
inhibit the activity and response of the host's immune system. Viruses such as HIV (human
immunodeficiency virus) and various herpes viruses can directly destroy tissues. Weak
symptoms of those infections in a long period of time (chronic infection) can lead to serious
damage.

In the case of respiratory infections, such as influenza virus, coronaviruses, or
respiratory syncytial virus (RSV), the picture of the disease depends on the host’s condition,
ranging from mild symptoms to severe cases, including fatal death. Viral infection can even
lead to the development of cancer or autoimmune diseases, such as Epstein-Barr virus (EBV),
which is associated with several types of cancer (e.g. Burkitt's lymphoma) and has been linked
to some autoimmune diseases (e.g. multiple sclerosis) (Sliwa-Dominiak et al., 2014).

The innate immune response is the first line of host defence against pathogens. Many
cells contribute to innate immunity by producing type I interferon and other cytokines. Upon
infection, innate immune cells such as dendritic cells and macrophages recognize viral
pathogens and activate the appropriate immune response. These cells carry Pattern Recognition
Receptors (PRR), which include toll-like receptors (TLRs) that respond to PAMPs (Pathogen-
Associated Molecular Patterns) (Saito and Gale, 2007). In the case of viruses, PAMPs are often
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ss- and dsRNA, usually found in the viral genome and differ from normal cellular RNAs found
in the human body. After recognizing PAMP, cells set off biochemical cascades that lead to
further activation. Phagocytosis and cytokines secretion is activated, which induces an
inflammation state. One of the critical cells in neutralizing the viral infection are natural killer
cells (NK), which can recognize and kill virus-infected cells, limiting viral replication and
spread. Oppose to cellular factors, an important role is held by soluble factors, such as
interferons, complement proteins, and cytokines, play a critical role in defending against viral
infections (Thompson et al., 2011).

Interferons are signaling molecules released by infected cells, triggering an antiviral
response in neighboring cells. They are classified into three types: type I (IFN-a and INF-p),
type I (IFN-y), and type III (IFN-A) (Sen, 2001). The context of host-virus infection in the case
of the IFN system is very complex (Figure 1). The main trigger of the production of IFNs is
dsRNA, as it can signal to the promoter of type I IFNs’ genes through activating the
transcription factors, such as IRF, NF-kB, and ATF. This leads to the secretion of IFN into the
environment and binding it to cell surface receptors. The binding can lead to activating the
JAK/STAT signaling pathway, which is crucial for the immune response. Activated Janus
kinases (JAKs) phosphorylate and activate signal transducers and activators of transcription
(STAT) proteins that are translocated to the nucleus. STATs can induce the transcription of
interferon-stimulated genes that can directly inhibit viral replication. Some viruses, for
example, hepatitis C virus, evolved strategies evading the JAK/STAT pathway, e.g. by
inhibiting the phosphorylation and activation of STATs. Understanding the interplay between
viruses and the JAK/STAT pathway is important for developing new antiviral drugs. The
pathway inhibitors, such as Ruxolitinib, Baricitinib, and Tofacitinib were tested in clinical trials
as antiviral drugs. Starker et al., (2021) implicated that they could also be used in COVID-19
therapy.
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Figure 1 JAK/STAT (Janus Kinase Signal Transducer and Activator of Transcription) interferon
pathway. GAS - gamma interferon activation site, PI3K - phosphatidylinositol 3-kinase, PKC-8 - protein
kinase C-0, ISGs - interferon-y stimulated genes, IFNGR - IFN-gamma receptor. From Wikimedia
Commons, the free media repository.

Type 1 interferons play a critical role in linking innate and adaptive immunity. For
example, IFN-I promotes the maturation and activation of dendritic cells (DCs), which is
critical for the induction of adaptive immune responses (Le Bon and Tough, 2002). Type I
interferon enhance the proliferation and survival of activated T cells and can promote the
differentiation of CD4" T cells into T helper 1 cells (Th1). Thl cells produce cytokines that
activate macrophages and enhance their ability to fight pathogens. Type I interferon also play
an important role in the development of B cells and their antibody responses. They can enhance
the survival and proliferation of B lymphocytes, which can result in a more robust immune
response. What is more, interferon I can stimulate the differentiation of B cells to the form of
antibody-producing plasma cells.

Part of the innate immune response is the complement system, which helps in killing
and controlling invading pathogens (Mellors et al., 2020). Complement proteins can directly or
indirectly destroy viruses, e.g. by activating other immune cells. This system can be activated

through three pathways:
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1. the classical pathway - activated by the binding of antibodies to the surface of
pathogens,

2. the alternative pathway — activated by the recognition of PAMPs,

3. the lectin pathway — activated by the binding of MBL (mannose-binging lectin to
carbohydrates on the surface of pathogens.

Activation of the complement system leads to the destruction of pathogens through
several mechanisms, such as opsonization, chemotaxis, and formation of membrane attach
complexes. Opsonization is the coating of the virus particles' surface with opsonins, which
promotes phagocytosis of the immune cells. The complement system can also induce the
inflammatory response attracting immune cells to the site of the infection, which enhances the
effectivity of the virus elimination. The proteins of the complement system can also directly
neutralize viral particles by binding to them, which prevents infecting the cells. Some viruses
learned to evade the complement immune system by hijacking the regulatory proteins of
mimicking host cells (poxviruses) (Agrawal et al., 2017).

SARS-CoV-2 can activate the complement system in an excessive manner, which leads
to tissue damage and inflammation (Mellors et al., 2020). It was shown that COVID-19 patients
very often have elevated levels of complement proteins, which suggests a potential role of the
system in the pathogenesis of the disease. Blocking complement system in animal studies
resulted in the reduction of lung injury and improvement of the survivals in the COVID-19
models. Several complement inhibitors, such as eculizumab and ravulizumab, were mentioned
as potential treatments for SARS-CoV-2 infection; however, more research is needed to
determine their safety and efficacy. Despite the limited data available, targeting the complement
system seems to be a promising therapeutic path in the treatment of COVID-19.

Adaptive immunity is highly specialized and much more complex than innate immunity.
It is characterized by specificity, memory and ability to distinguish self from non-self, and is
mediated by a complex network of cells and molecules. The key research technique in this
doctoral thesis is cell immunophenotyping using flow cytometry. Therefore, it is crucial to
precisely define their role (Burrell et al., 2017). T lymphocytes are involved in cell-mediated
immunity and play a pivotal role in the immune response to viral infections. There are two main

types of T cells: CD4" T cells and CD8" T cells (Figure 2).
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CD4* T lymphocytes are known as helper T cells. They coordinate the immune response
by recognizing viral antigens presented by antigen-presenting cells (APCs) and activating other
immune cells, such as B cells and CD8" T cells. Their “helper” function is fulfilled by secreting
the cytokines. Activation of CD4" T cells happens when their T cells receptor (TCR) recognizes
an antigen presented by APC, along with the major histocompatibility complex class IT (MHC-
IT) molecule. This triggers proliferation and differentiation into the effector cells (Bacchetta,
2016; Sant and McMichael, 2012).

Th1 cells produce INFy and TNFa, both critical in the control of viral infections. I[FNy
promotes macrophage activation and CD8" T cells differentiation into cytotoxic T lymphocytes
(CTLs). It can also promote apoptosis of the infected cells. TNFa is another pro-inflammatory
cytokine with a wide range of functions. It is crucial in activating immune cells, inducing fever,
and promoting the recruitment of immune cells to the sites of infection (Burrell et al., 2017;
Linterman and Vinuesa, 2010).

Th2 cells produce IL-4, IL-5, IL-9, IL-13, key interleukins in activating mast cells
(MCs), and CD19" B cells. Most data show a strong connection between Th2 cells and parasitic
infections. Although they are not as crucial as Th1 cells in the defence against viral infections,
they still play a role in the immune response, especially to viruses such as respiratory syncytial
virus (RSV) and some influenza virus strains. Vaccines that induce strong Th2 response, for
example, due to the use of adjuvants, can lead to substantial and durable antibody response
(Burrell et al., 2017; Linterman and Vinuesa, 2010).

Th17 cells are crucial for inflammation and host defence against pathogens. These cells
produce IL-17 and IL-22 that activate and recruit neutrophils to the site of infection. Neutrophils
can do phagocytosis, which is crucial in clearing pathogens (Burrell et al., 2017; Linterman and
Vinuesa, 2010).

Tfh cells are crucial in generating high-affinity antibody responses during viral
infection. Tth cells produce IL-4 and IL-21, essential for plasma cells. B cells present viral
antigens to Tth cells that in turn produce cytokines stimulating B cell proliferation and
differentiation into plasma cells producing antibodies. Tth cells express CXCRS, a unique
biomarker that reflects ongoing humoral immune response. It allows them to migrate to the B
cell follicles within the lymph nodes, where they can participate in the immune response with
B cells. In terms of vaccines, Tth cells can promote the development of memory B cells, which
can provide long-term protection against viruses and thus enhance the efficacy of the

prophylactic approaches (Burrell et al., 2017; Linterman and Vinuesa, 2010).
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Treg cells are regulatory cells specialized in maintaining immune tolerance and
suppression of the immune response. They express the transcription factor Foxp3 and produce
anti-inflammatory cytokines — IL-10 and TGF-f. Treg in viral infections can have a dual role —
they can contribute to viral persistence by limiting the immune response, but at the same time,
they can help to prevent immune-mediated tissue damage. Excessive Treg activity can also lead
to chronic viral infections, as they can impair viral clearance. The role of Tregs in the immune
response to viruses is very complex and depends on the context (Burrell et al., 2017; Linterman

and Vinuesa, 2010).

Naive T cells (T, ...) are the cells unexposed to antigen. As shown in Figure 3, after

naive
virus entry to the host organism, CD4" T cells begin the differentiation to the effector T cells,
which can eliminate infected cells and produce virus-specific antibodies, respectively, or
memory T cells, that protect against future viral infections.

ANTIGEN
EXPOSURE

Effector
Effector —— Memg
T cells ; T cells

I Central
I Memory
T cells
Resting T I Effector T Suiteictor
—> Memory T
regulatory regulatory regulatory
cells I cells cells

Figure 3 The differentiation of CD4+ T cells (Golubovs.kaya & Wu, 2016).

T and T, (stem cell memory) cells can differentiate into different Th subsets

NAIVE
based on the cytokine environment and APC signals (Raeber et al., 2018; Y. Wang et al., 2021).
During subsequent viral infections, memory T and B cells are rapidly activated and can provide
a more robust immune response. Memory T cells consists of several subpopulations: effector
memory T cells (Ty,,), central memory T cells (T,,), terminally differentiated effector memory

cells re-expressing CD45RA (Tg, .z ») (Tian et al., 2017). Ty, cells have a short lifespan and are

found in peripheral tissues, where they can quickly respond to antigen re-exposure by producing

cytokines and performing effector functions. T, cells are a subset of memory T cells that have

homed to secondary lymphoid organs and can rapidly proliferate upon antigen re-exposure,

28



giving rise to both effector and memory T cells. T, cells are thought to be precursors to Ty,

cells and can differentiate into different Th subsets based on the cytokine environment and

antigen-presenting cell signals. Ty, , are a subset of T cells that have lost CD62L and express
CD45RA, which is a marker for naive T cells. Ty, , cells are found in peripheral tissues and

are thought to be the end-stage of effector T cell differentiation. They have a high effector
function and can quickly respond to antigen re-exposure but have a short lifespan.

It is worth emphasizing that memory T cells can rapidly expand and produce cytokines that can
eliminate infected cells and limit viral replication. CD8" cells are closely connected to CD4*
cells in the context of viral response. T helper cells are responsible for coordinating the immune
response and providing help to cytotoxic CD8" cells. During viral infections, CD4" cells
activate and differentiate CD8" cells and provide them with cytokines and signal molecules that
enhance their effector function (Kervevan and Chakrabarti, 2021).

CD8" cells play a critical role in the body’s immune response to viral infections. They are
generated in the thymus gland and mature into functional cells in response to signals from other
immune cells. They are characterized by a long lifespan and can be activated quickly in
response to a new infection. As shown in Figure 4, upon antigen exposure, CD8" cells undergo
differentiation to become effector cells that specifically recognize and destroy virus-infected
cells (Hashimoto et al., 2019). CD8" cells are often called cytotoxic cells, as once they bind to
a target cell, they become effector cells which release toxic molecules, as perforins or
granzymes, that kill target cells. Those molecules act together effectively, as perforins form
pores on the surface of the target cell, allowing granzymes to enter and trigger apoptosis. After
the infection has been cleared, some of the effector CD8" T cells can differentiate into memory

cells providing long-lasting immunity to specific pathogens.

STRONG ACTIVATION

Terminally

Stem

Cell Central Effector dlﬂ];g n:iated
ctor

Memory Mre::;)lzy Mre(l:‘e“l)ll;y Memory cells

T cells re-expressing
CD45RA

ANTIGEN EXPOSURE

Figure 4 The differentiation of CD8" T cells (Golubovskaya and Wu, 2016). CD45RA stands for Cluster of
Differentiation 45 Receptor Antigen.
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Besides cellular response, the humoral response provided by B cells is crucial in the
adaptive immune system. The process of CD19" B cell activation is regulated by a complex
network of signaling molecules, cytokines, and co-stimulatory receptors (Figure 5)
(Catalan et al., 2021). The interaction between the B cell receptor (BCR) and the antigen
triggers a series of intracellular signaling pathways that activate the transcription factors
NF-kB and IRF4 (Wen et al., 2019). In B cells, NF-kB promotes the expression of cytokines,
such as IL-6 and IL-10, which can promote cell proliferation and differentiation. It is worth
emphasizing that it also promotes the expression of co-stimulatory molecules, such as CD40,
a surface protein expressed on B cells, DCs, macrophages, and some T cells. CD40 is a member
of the tumor necrosis factor receptor (TNFR) family and plays a critical role in the regulation
of the immune responses. Interaction of CD40 with the CD40 ligand (CD154) on activated
CD4" T cells leads to the recruitment of the TNF receptor-associated factors (TRAFs),
activation of the JAK-STAT signaling pathway, activation of mitogen-activated protein kinase
(MAPK) pathway (Kawabe et al., 2011). Overall, the engagement of CD40 by CD40L is

a critical step in the activation and differentiation of B cells, but also activation and cytokine

[
[ CD24CD38h ] CD38*CD24-

production by T cells.

TRANSITIONAL CELLS | ! ‘ |
= in the process of maturing " [ CD20-CD38* ]
into fully functional immune NCS [ NAIVE ]

cells.

PLASMABLASTS
l CD38-CD24- Cells producing
antibodies.
|
cs] [ ncs | [NAiVE]

They have been shown to suppress
the function of T cells and other B
cells and are thought to play a role
in preventing autoimmunity and
excessive immune responses.

Figure 5 The differentiation of CD19+ B cells. CD stands for cluster of differentiation; CS stands for
class-switched lymphocytes; NCS stands for non-class-switched lymphocytes; hi in superscript stands
for high expression level of the cluster of differentiation on the surface.
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1.2. SARS-CoV-2 virus

Coronaviruses (CoVs.) of the family Coronaviridae consists of four classes — alpha,
beta, gamma and delta Figure 6). They are characterized by a positive-sense single stranded
RNA genome which is encapsulated within a membrane envelope studded with glycoprotein
spikes. Generally, coronaviruses like NL63-CoV, 229E-CoV, OC43-CoV were associated with
mild respiratory infections (Aitken, 2010). SARS-CoV-2 changed the view on this family,
causing the global COVID-19 pandemic.

Coronaviridae

‘ Orthocoronavirinae ’

[
| l l |

s I~

Alphacoronavirus Betacoronavirus ‘ Gammacoronavirus] ‘ Deltacoronavirus
A

* NL63-CoV * SARS-CoV
e 229E-CoV ¢ MERS-CoV
* 0C43-CoV
* HKU1-CoV
SARS-CoV-2

Figure 6 Taxonomy of coronaviruses (Kesheh et al., 2022).

SARS-CoV-2 cause multiorgan failure attacking the lower respiratory system,
gastrointestinal system, heart, kidney, liver, central nervous system (Varghese et al., 2020).
The heart, after the lungs, is the second major organ damaged by the infection
(Loganathan et al., 2021). Infection of the brain can cause fatal complications such as acute
respiratory syndrome or cardiac problems (Kempuraj et al., 2020).

SARS-CoV-2 virion contains four major proteins: the envelope protein (E), the
transmembrane protein (M), the nucleocapsid protein (N), and the spike protein (S), which
appears to be the most important during internalization of the virus (Yao et al., 2020). S protein
binds to a receptor protein called angiotensin-converting enzyme 2 (ACE2) located on the
surface membrane of host cells. The SARS-CoV-2 contains a proprotein convertase motif;
however, as opposed to other avian viruses, it does not enhance the entry into host cells
(Shang et al., 2020; Tse et al., 2014). Proteolytic modifications of the S1-ACE2 protein complex
are considered a critical step in viral entry (Hoffmann et al., 2020a). Researchers considered it

as the therapeutic target, as the inhibition of the protease with camostat mesylate blocks
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SARS-CoV-2 entry into epithelial cells. The internalization is facilitated by lysosomal
proteases and TMPRSS2, which is a serine protease priming SARS-2-S for entry
(Hoffmann et al., 2020b). Other factors contributing to internalization are high human ACE-2-
binding affinity by SARS-2-RBD and the pre-activation of the virus by furin
(Shang et al., 2020).

Figure 7 SARS-CoV-2 - colorized transmission electron microscope image
[www.commons.wikimedia.org].

ACE2 receptor is found in up to 6% of the nasal epithelial cells, mainly the apical
surface of the ciliary cells. Alveolar type 2 (AT2) cells also express this receptor and are a target
for the coronavirus, which can damage the lungs, resulting in the spread to other tissues
(Ortiz Bezara et al., 2020). It is worth emphasizing that some authors have suggested that
despite the lack of ACE2 expression, immune cells, including T cells, monocytes and
macrophages, can be infected by coronaviruses (Gu et al., 2005; Hamming et al., 2004).

SARS-CoV-2 can enter the cells expressing CD26 present in the lungs and CD147
(transmembrane protein), which is found in inflamed tissues, tumors and the brain
(Masre et al., 2021). Interestingly, several studies show that some of the organs expressing the
ACE2 receptor remain uninfected (Gu et al., 2005; Hamming et al., 2004). This implicates, that
the ACE2 receptor is not the only factor necessary for virus internalization.

Followed by the clathrin-dependent endocytosis, a viral genome is released to the host cell's

cytosol (Haque et al., 2020).
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Figure 8 SARS-CoV-2 genome annotation (Gordon et al., 2020).

The SARS-CoV-2 genome (Figure 8) is a single-strand RNA containing 14 open
reading frames (ORF). ORFla/b are translated into the replicase poliproteins (pp) — ppla and
pplab. Then, the papain-like protease (PL2pro) and chemotripsin-like protease 3 (3CLpro) cut
them into smaller sizes non-structural proteins (Nsp, Figure 8). Nsps form the replication-
transcription complex, which is responsible for the duplication of the viral genetic material and
the synthesis of mRNA - a template for structural protein translation. The role of non-structural

proteins is described in Table 1.
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Non-structural protein Role in the replication cycle
Interferes with the synthesis of host cell
proteins by binding to the 40S ribosome

Nspl , .
subunit and endonucleolytic cleavage of
mRNA.
Modulates the survival signaling pathway of
Nsp2
the host cell.
Inhibits ubiquitination. Structure
Nsp3
transmembrane domain.
Modifies the membranes of the endoplasmic
Nsp4 .
reticulum.
Participates in the process of polyprotein
NspS . -
replication. Protease activity.
Works with Nsp3 and Nsp4.
Nsp6 Transmembrane domain. Involved in
autophagy.
Nsp7 Increase the efficiency of polymerase.
Increase the efficiency of polymerase.
Nsp8 . ..
Primase activity.
Single-stranded RNA binding protein
Nsp9 involved in virulence of the virus (in
complex with Nsp8).
“Backbone protein”, forming with Nsp14
Nsp10 and Nsp16 methylation complex of the
mRNA cap.
Nsp12 RNA-dependent RNA polymerase (RdRp).
Nsp13 Helicase and RNA NTPase activity.
Two domains: exonuclease and guanine
Nspl4
methyltransferase.
Nspl15 Endoribonuclease activity.

Table 1 Role of the non-structural proteins coded in the SARS-CoV-2 genome (Raj, 2021; Snijder et
al., 2016).
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1.3. Cytokine response to SARS-CoV-2

One of the most severe complications associated with COVID-19 is the cytokine storm.
Cytokine storm is a severe immune response that can occur when the body's immune system
overreacts to an infection or other stimulus, resulting in the release of large amounts of
pro-inflammatory cytokines into the bloodstream. Cytokines play a crucial role in the immune
response, but when produced in excessive amounts, they can cause damage to tissues and organs
throughout the body (Kempuraj et al., 2020).

In COVID-19, SARS-CoV-2 viral components are recognized by innate immune cells,
particularly monocytes and macrophages, through pattern recognition receptors (PRRs;
Table 2) such as toll-like receptors (TLRs) and nucleotide-binding oligomerization domain-
like receptors (NLRs). This recognition leads to the activation of signaling pathways, including
the nuclear factor kappa B (NF-«xB) and interferon regulatory factor (IRF) pathways, resulting
in the production and secretion of pro-inflammatory cytokines, chemokines, and other

mediators.

Pattern recognition Role in COVID-19 Reference
receptor

Inducing the production of pro-
TLR3 inflammatory cytokines, such as IL-6 | (Q. Zhang et al., 2020)
and TNF-o.

Inducing the production of pro-
inflammatory cytokines and

(Vabret et al., 2020;
TLR4 chemokines, including IL-6, IL-8,

Yang et al., 2014)
and monocyte chemoattractant

protein-1 (MCP-1).

Inducing the production of type I

interferons (IFN-a and IFN-f) and o
TLR7 ) ] (Hadjadj et al., 2020)
pro-inflammatory cytokines, such as

IL-6 and TNF-a.

35



Inducing the production of pro-
TLRS inflammatory cytokines, such as IL-6 | (Kuzmicki et al., 2013)
and TNF-a.

Leading to the production of pro-
inflammatory cytokines such as IL- )
) (Jamilloux et al., 2020;
1B and IL-18. It may contribute to
NLRP3 Vabret et al., 2020; Yang
the cytokine storm and severe lung
o ' et al., 2020)
injury observed in COVID-19

patients.

Activated by SARS-CoV-2

(Albornoz et al., 2022;
nucleocapsid protein. Leading to the
NLRP4 Campbell et al., 2021;
production of pro-inflammatory
Pan et al., 2021)

cytokines such as IL-1f and IL-18.

Possible role in regulating the

(Kozlov et al., 2021;
NLRP6 immune response to SARS-CoV-2

. . . . Zhang et al., 2023)
infection (studies on mice).

Table 2 Pattern recognition receptors and their role in COVID-19 cytokine storm.

The activation of the NF-kB pathway is triggered by the binding of viral particles to pattern
recognition receptors (PRRs) on immune cells, such as toll-like receptors (TLRs) and
RIG-I-like receptors (RLRs). This activation leads to the production of pro-inflammatory
cytokines and chemokines, such as interleukin-6 (IL-6), tumor necrosis factor-alpha (TNF-a),
and interferons (Liu et al., 2022).

The Interferon Regulatory Factor (IRF) pathway is activated by the binding of viral
RNA to cytoplasmic sensors, such as RIG-I and MDAS. This leads to the activation of the IRF3
and IRF7 transcription factors, which translocate to the nucleus and induce the expression of
type I interferons (IFN-a and IFN-f) and other antiviral genes. In COVID-19, the activation of
the IRF pathway leads to the production of type I interferons, which have antiviral activity.
However, excessive activation of this pathway can also contribute to the cytokine storm, as type
I interferons can induce the production of pro-inflammatory cytokines, such as IL-6 and

TNF-a (Feng et al., 2021; Glanz et al., 2021).
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Several cytokines have been identified as key players in the cytokine storm associated

with COVID-19. These include:

e Interleukin-6 (IL-6): produced by a variety of immune cells and is known to play a
critical role in inflammation and the immune response. In COVID-19 patients, high
levels of IL-6 have been associated with more severe disease and poorer outcomes

(Abbasifard and Khorramdelazad, 2020).

e Tumor necrosis factor-alpha (TNF-alpha): involved in the inflammatory response
and has been shown to be elevated in COVID-19 patients with severe disease (Guo et

al., 2022).

e Interleukin-1 beta (IL-1 beta): involved in the inflammatory response and has been
shown to be elevated in COVID-19 patients, particularly those with severe disease

(Makaremi et al., 2022).

e Interferon-gamma (IFN-gamma): produced by T cells and natural killer cells and
plays a key role in the antiviral immune response. However, in COVID-19 patients, high
levels of IFN-gamma have been associated with more severe disease (Gadotti et al.,

2020; Todorovi¢-Rakovic¢ and Whitfield, 2021).

e Interleukin-10 (IL-10): anti-inflammatory properties and involved in regulating the
immune response. In COVID-19 patients, low levels of IL-10 have been associated with

more severe disease (Islam et al., 2021).

Other cytokines that are implicated in the cytokine storm associated with COVID-19
include IL-2, IL-4, IL-7, IL-8, IL-17, granulocyte colony-stimulating factor (G-CSF), and
macrophage inflammatory protein-1 alpha (MIP-1 alpha) (Montazersaheb et al., 2022).

The direct role of the ACE-2 receptor in cytokine storm induction remains unclear. It
was suggested that the ACE-2 receptor plays a role in the cytokine storm due to the regulation
of the renin-angiotensin system (RAS). When SARS-CoV-2 infects cells in the lungs, it binds
to the ACE-2 receptor, leading to the downregulation of ACE-2 expression and dysregulation
of RAS. The dysregulation of RAS can result in a cytokine storm leading to widespread
inflammation and tissue damage in multiple organs, including the lungs, heart, kidneys, and
brain (H. Zhang et al., 2020).

Overall, the cytokine storm associated with COVID-19 is a complex phenomenon
involving the dysregulation of multiple cytokines and other inflammatory molecules. Further
research is needed to better understand the mechanisms underlying this phenomenon and to

develop more effective treatments for patients with severe disease.
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1.4. Treatment and prevention possibilities

Treatment for COVID-19 depends on the severity of the course of the disease.
Symptomatic treatment is usually sufficient for mild infections. More severe cases may require
oxygen therapy or mechanical ventilation. Antiviral drugs with a different mechanism of action
are used in hospitalized patients. There are several groups of antiviral drugs, including viral
RNA synthesis inhibitor, viral protein synthesis inhibitors, viral internalization inhibitors, and
immunomodulators. Despite the therapeutic potential, vaccines remain the most important
factor in defeating the virus.

Currently, 8 drugs are authorized for the treatment of COVID-19 in the European Union
(EU), while the other two (molnupiravir and baricitinib) were applied for marketing
authorization. Moreover, the EU approved two mRNA vaccines (BioNTech/Pfizer and
Moderna), several adenovirus vaccines (e.g. AstraZeneca, Johnson & Johnson / Janssen
Pharmaceuticals), a protein vaccine (Novavax) and inactivated virus vaccine (Valneva)

(European Medicines Agency, EMA). Different strategies of the vaccine designs are shown in

Figure 9.
Protein and Peptide
Subunit Vaccines
Cytotoxic T Cell /’ ‘\ Attenuated Virus
Immune Cell £ F:\') \' &WQ Whole Virus
Therapy (_ J :i a ;f. Vaccines
Dendritic Cell Inactivated Virus
. 4 SARS'COV'Z (whole and subunit)

11z,

] Non-replicating

mRNA Vaccine L,, {. Viral Vector
Nucleic S’w a?'” Y
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Figure 9 Vaccine platforms being employed for SARS-CoV-2 vaccines design. Credit: (Flanagan et al.,
2020) (CC license).
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The mRNA vaccines for COVID-19 are the first vaccines of this type authorized to the
market (Dai and Gao, 2021). They have many advantages, among which the fast production
time, large possibilities of changes in the designed formulation and clinically proven ability to
generate humoral and cellular responses have proved to be particularly important.

The mRNA vaccines are based on the fact that mRNA can be translated into an antigen
(Fiedler et al., 2016; Xu et al., 2020). The genetic material encoding the antigen in the lipid
envelope is delivered to the body by intramuscular injection. This coating increases the
absorption of mRNA into cells, which at the same time reduces the possibility of degradation.
Once inside the muscle cell, mRNA is transported to the cytosol, where the ribosomes use it as
a template for the production of the spike protein (S). This protein is subsequently released,
triggering an immune response, including class I and class I MHC (major histocompatibility
complex) molecules. The MHCs transport the antigen to the cellular membrane, which leads to
dendritic cells (DCs) activation. DCs migrate to lymph nodes and present the antigen to B and
T lymphocytes. The result of this process is an antigen-specific response, which in turn leads

to the development of immunity (Batty et al., 2021).

Another approach is adenovirus (AdV) based vaccines. They have many advantages,
such as an easy scale-up, the development of balanced immunity, and a fast production process.
Previous research suggests that unlike lentivirus or retrovirus vectors, AdVs. are safer due to
the lack of viral genome integration with the host genome (Mendonga et al., 2021). In nature,
adenoviruses are responsible for mild respiratory and eye infections in humans (Lukashev and
Zamyatnin, 2016). Just like mRNA, AdVs. have been used in vaccines relatively recently. For
the purpose of using these vectors in immunotherapy, the genes responsible for replication (E1
and/or E3) are removed from the AdVs. genome. In place of these genes, a transgene enables
translation of the protein of interest, e.g., an antigen is inserted (Holm and Poland, 2021).
Further response to the antigen is similar to mRNA vaccines. The difference is that
adenoviruses can play more roles in vaccines than delivering genes. Generally, two routes of
adenoviral vaccines administration are practiced — intramuscular and intranasal (Chavda et al.,
2023). There are six intramascular vaccines that currently have emergency use authorization
(EUA) and five intranasal vaccines under the development. Between the EUA vaccines two
different types of viral vectors dominate. The exception is Astra Zenecas vaccine
Covishield/Vaxzevria, that has ChAdOx1 (chimpanzee adenovirus Oxford 1) as a vector.
Similar to other viral vectors, ChAdOx1 is modified to deliver specific genetic material into

human cells. In the case of the Oxford-AstraZeneca COVID-19 vaccine, the ChAdOx1 vector
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is engineered to carry the gene that codes for the spike protein of the SARS-CoV-2 virus. Other
adenoviral vaccines carry either rAdV5 (recombinant adenovirus serotype 5) or rAdV26
(recombinant adenovirus serotype 26) as vectors (Table 3). All vaccines in the tables are
engineered to carry the gene that codes for the spike protein of the SARS-CoV-2 virus, which

is the target for immune response.

Vector type Name of the vaccine and phase of clinical development
Ad5-nCoV Gam-COVID-Vac
rAdVS5 as a vector GamCOVID-Vac (Convidecia) Phase II (Phase III is
& GamCOVID- .
Phase 111 ongoing)
Vac Lyo
Sputnik V Ad26Cov2-S
(Sputnik V) Sputnik Light
rAdV26 as a vector Phase III (JNJ-78436735)
Phase 111
Phase 111

Table 3 Adenoviral vaccines having EMA (Chavda et al., 2023).

As our team previously reported (Garofalo et al., 2020), AdVs. can be potent adjuvants
due to acting as a strong immune activator, enhancing the immunogenicity of vaccine antigens,
attracting antigen-presenting cells to the side of infection, enhancing T-cell priming and
inducing the development of pro-inflammatory responses. Adenoviral vectors can present
various types of epitopes on their surface, such as co-stimulatory ligands CD40L and ICOSL,
which are involved in the activation of lymphocytes. The adenovirus itself acts as a strong
adjuvant enhancing the immunogenicity of vaccine antigens, e.g. by attracting immune cells to

the site of infection and inducing a pro-inflammatory response.

Protein and peptide subunit vaccines contain purified fragments of the viral epitope
recognized in the course of infection. The main component of the commercially available
antigen vaccine for SARS-CoV-2, Novavax, is the full-length spike protein (Wise, 2022). Due
to the fact that the genetic material of coronaviruses is RNA, they are characterized by the
ability to mutate very dynamically (Dufty, 2018). This means that the most effective form of
prevention, which is vaccines, can quickly become obsolete. Some variants of SARS-CoV-2,
such as omicron (B.1.1.529), are unlikely to correlate with vaccines and monoclonal antibody
therapies approved by the EMA and the Food and Drug Administration (FDA) (Khani et al.,
2022, p. 19). In order to prevent the secondary loss of epidemic control, care should be taken
not only about prevention but also about the production of effective drugs. The EMA listed
eight authorized treatments in the EU to treat COVID-19 (EMA). As shown in
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Figure 10 and Table 4, other possibilities are considered too.

Trade

name

Ingredients

Target

Mechanism of work

Reference

Evusheld

Tixagevimab

Cilgavimab

Epitopes
of

S-protein

Monoclonal antibodies
bind to non-overlapping
epitopes of the SARS-
CoV-2 virus within the
RBD binding domain.
They neutralize the
internalization of the
virion into the cell. They
show high efficiency in
pre-exposure
administration.

(Wu et al., 2022;
Yang and Du, 2022)

Regkirona

Regdanvimab

Spike

protein

Regdanvimab neutralizes
SARS-CoV-2 by binding
to the receptor binding
domain (RBD) of the
virus’ spike protein. This
leads to the inhibition of
internalization of the
virus into the cell.

(Syed, 2021)

Ronapreve
(REGEN-
COV)

Casirivimab
Imdevimab

Spike
protein

Casirivimab and
imdevimab are
monoclonal antibodies
that target
the SARS-CoV-2 spike
protein to reduce the risk
and severity of COVID-
19 in patients.

(Sidebottom and
Gill, 2021; Yang
and Du, 2022)

Xevudy

Sotrovimab

Spike
protein

The antibody binds to the
S protein ("Spike") of the
SARS-CoV-2
coronavirus, preventing
the internalization of the

virus.

(Mungmunpuntipant
ip and Wiwanitkit,
2022)
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Kineret

Anakinra

IL-1
receptor

Anakinra blocks IL-1
receptors and inhibits the
binding of IL-1a and IL-

1B.

(Khani et al., 2022,
p- 19;
Kyriazopoulou et
al., 2021)

Paxlovid

PF-07321332

Ritonavir

Mpro
protease
3CL
Protease

Ritonavir-boosted Mpro
inhibitor.

(Mabhase, 2021,
Wen et al., 2022)

RoActemra

Tocilizumab

IL-6

Humanized IgG1
monoclonal antibody
directed against the
receptor for interleukin 6
—IL-6R.

(Bednarek et al.)

Veklury

Remdesivir

RNA

Remdesivir triphosphate
is produced by
metabolizing the prodrug
veklury. It functions as an
ATP analog and engages
in competition with ATP
for viral RNA synthesis.
After RDV-TP is
incorporated into the viral
RNA template, the
production of viral RNA
can be inhibited due to
read-through by the viral
polymerase, which can
happen at greater
nucleotide concentrations.
Remdesivir nucleotide
interferes with the viral
RNA template's ability to
incorporate the
complementary natural
nucleotide, which
prevents the creation of
viral RNA.

(Pilote et al., 2021)

Table 4 Authorized treatments for COVID-19 (EMA).
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Figure 10 Therapeutic targets for COVID-19. Credits: Graphic used unchanged with permission from

Marcel Leist, PhD, University of Konstanz.
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1.5. Non-clinical evaluation of adjuvanted vaccines

Non-clinical testing is a crucial part of screening for new therapeutic approaches.
It consists of the in vitro & in vivo laboratory evaluation, including broad characterization of
the product. In preclinical studies, we prove that the first concept is true and that the proposed
formula is immunogenic and safe. The evaluation concerns the toxicity of the active reagents

on themselves and in the fixed combination.

In designing novel vaccines, in silico studies might be useful (Hagmann, 2000). Reverse
vaccinology can be used to choose a protein of the particular pathogen that will be highly
immunogenic and effective in boosting specific response to further infection. /n silico vaccine
design begins with a broad literature review to prepare a representative background of the topic
of interest. After selecting a pathogen, the process of amino acid sequence choosing starts.
It is important to consider the variety in the epitopes of different strains. With RNA viruses, the
diversity of epitopes can be significant, so choosing the correct sequence to represent
a pathogen is crucial. Most of the COVID-19 vaccines focus on receptor binding receptor
(RBD) sequence, protein relevant in internalization of the virus (Yi et al., 2021). However,
studies show that receptor-binding motif (RBM) is the most divergent region, and that’s why
SARS-CoV-2’s variants can often evade the antibody response. Thus, tracking mutations and
different variants is crucial in designing effective vaccines (Alam et al., 2021;
Baum et al., 2020; Z. Liu et al., 2021; Thomson et al., 2021). In this process, viral genome
sequencing is crucial (Chen et al., 2021). Through the FASTA sequence of the genome there is
a possibility for epitope prediction, for instance using the Immune Epitope Database and
Analysis Resource (IEDB). IEDB provides tools to predict MHC-I and MHC-II Binding
Predictions. For predicting B-cell epitopes there are few methods available, such as Chou and
Fasman beta-turn prediction, Emini surface accessibility scale, Karplus and Schulz flexibility

scale etc.
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Figure 11 Role of in silico epitope prediction roles (Martinelli, 2022). MHC stands for Major
Histocompatibility Complex, /FN-y stands for Interferon gamma.

After selecting target pathogen, literature review, selecting target proteins
and predicting the epitopes (MHC I, MHC II and B cell epitopes; Figure 11), the process of
vaccine construction starts. Antigens can be produced in a variety of ways, such as growing
the pathogen in the laboratory and extracting specific molecules from it or using genetic
engineering techniques to produce recombinant proteins. The antigens used in vaccines are
selected based on their ability to induce an immune response that will protect against
the specific pathogen. Adjuvants are added to vaccines to enhance the immune response to
the antigens. They work by activating the innate immune system, which in turn helps to
stimulate the adaptive immune response. Adjuvants can be derived from various sources, such
as bacterial cell walls or synthetic compounds, and are selected based on their ability to enhance
the immune response without causing excessive inflammation or toxicity. Once the antigens
and adjuvants have been selected, they are combined and formulated into the final vaccine
product. The vaccine may be administered in various ways, such as through injection, nasal
spray, or oral ingestion, depending on the type of vaccine and the target population

(Cid and Bolivar, 2021).

The EMA provides for the pharmaceutical researchers a guidelines on the clinical

testing of the medicines divided into 8 chapters in which are Immunogenicity, Efficacy,
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Effectiveness and Safety (‘Guideline on clinical evaluation of vaccines’). Immunogenicity
provides guidance on the evaluation of the immune response to medicinal products, including
the assessment of antibodies and cellular immune responses. The rest of them describe
the requirements for demonstrating the efficacy, effectiveness, and safety of medicinal products
through clinical trials. However, adequately justified deviations from them are allowed.
Overall, these guidelines provide a framework for pharmaceutical researchers to follow when
conducting clinical trials and developing medicinal products, with the ultimate goal of ensuring

the safety and efficacy of these products for patients.

The immune response can be characterized in various biological matrixes, such as whole
blood or PBMCs. This characterization involves several techniques, which include measuring
functional antibodies, describing the kinetics of the response, exploring the induction

of memory cells, and examining the cross-interferences of antibodies.

Measuring functional antibodies involves determining the ability of antibodies
to neutralize the targeted pathogen or toxin (Gattinger et al., 2023). There are five main

techniques used to evaluate the ability of the antibodies to neutralize the pathogen:

1. Neutralization assays, that can include plaque reduction test. It is used to determine
the ability of an antibody or other substance to neutralize the infectivity of the virus.
It involves infecting cells with the virus, then adding e.g. antibody at varying dilution
to determine what concentration is required to reduce the number of the virus plaques
by a certain percentage.

2. Antibody-dependent cell-mediated cytotoxicity (ADCC) assay, which is the process by
which NK cells and macrophages are stimulated to kill target cells that have been coated
with antibodies. The mechanism of ADCC involves multiple steps, including
the binding of the FC region of the antibodies to FC receptors on immune cells,
which triggers a signaling cascade leading to the release of cytotoxic granules and
the killing of the target cells (Hashimoto et al., 1983).

3. Complement-dependent cytotoxicity (CDC) assay is a process involving killing of
the cells by the activation of the complement system (Gazzano-Santoro et al., 1997).

4. Enzyme-linked immunosorbent assay (ELISA), which can be used to measure
the binding of the antibody to its antigen.

5. Flow cytometry, that can be used to measure the binding of an antibody to cells by

detecting a fluorescently labelled secondary antibody.

46



Examining the cross-interferences of antibodies involves evaluating the ability of
antibodies to cross-react with other related pathogens or toxins. This can help to identify

potential risks or benefits of vaccination or to inform the design of new vaccines.

Describing the kinetics of the immune response involves monitoring the levels of
specific antibodies or immune cells over time, for example in response to vaccination or
infection. This can help to determine the optimal timing for vaccination or identify potential
biomarkers of immune protection. To describe the kinetics of the immune response several
techniques can be used — ELISA, flow cytometry and cytokine assays. Immunophenotyping is
a subset of flow cytometry that focuses on identifying and characterizing immune cells in
a sample based on their surface markers (Maecker et al., 2012). This technique can be used to
evaluate the immune response to vaccines by analyzing the distribution and activation of
different immune cell subsets before and after stimulation. As shown in Figure 12,
immunophenotyping is based on fluorescent staining of the cell suspension with antibody
conjugates. Then, the optimization of the fluorescence detectors is performed. The data
acquisition is based on fluorescence detection of the events appearing in the flow cell.
Using different markers, cells can be differentiated into population-specific groups and gated

for analysis.

Sample preparation Instrument setup Data acquisition Data analysis
r r 1 T 1T 1
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Figure 12 Schematic representation of immunophenotyping (Maecker et al., 2012).
In addition to these techniques, the correlation between cytokine or gene expression
profiles can also be examined to gain insights into the mechanisms of immune response.
For example, in this study, correlation between immunophenotyping, relative gene expression

and RNA-sequencing analysis was performed.
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Animal models are often used to evaluate the immunogenicity and protective efficacy

of vaccine candidates. However, it is important to note that vaccines that appear promising in

animal studies may fail in clinical trials (Tapia-Calle et al., 2017). This underscores the need

for ex vivo human cell response studies that evaluate the qualitative and quantitative

characteristics of the immune response to vaccine candidates (Watkins et al., 2008).

Ex vivo studies involve the use of human cells or tissues outside the body, which allows for the

evaluation of the immune response to vaccine candidates in a more human-relevant setting.

These studies can provide valuable information on the safety and immunogenicity of vaccine

candidates and can help to identify potential issues that may arise during clinical trials.

Ex vivo studies of the immune response, although still not well established and studied, have

many advantages (Tapia-Calle et al., 2019):

1.

Physiological relevance: PBMCs are derived from human blood and thus provide a more
relevant model for human immune responses than animal models or cell lines.
Diversity: PBMCs are a heterogeneous mixture of immune cells, including T cells,
B cells, natural killer (NK) cells, monocytes, and dendritic cells, which allows for the
evaluation of a wide range of immune responses.

Availability: PBMCs are readily available from blood samples, making them
a convenient and cost-effective model for evaluating vaccine candidates.
Customizability: PBMCs can be isolated from individuals with different genetic
backgrounds, ages, and health statuses, allowing for customized and personalized
evaluations of vaccine candidates.

Ethical considerations: using human-derived models for vaccine evaluation may be
more ethically justifiable than using animal models, as it avoids potential ethical
concerns related to animal use in research.

Overall, using human-derived PBMC models in in vitro/ex vivo studies provides a more

relevant and customizable model for evaluating vaccine candidates and may have ethical

advantages over animal models. That is why it is crucial to establish reliable and optimized

models for immunogenic factors development.
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2. Research objectives

In the face of the SARS-COVID-2 pneumonia pandemic, my efforts have been directed
towards understanding the pathogenesis of SARS-CoV-2 infection and prevention possibilities.
My studies identified the role of the innate immune system in sensing the platform factors: the
antigen (selected epitopes of SARS-CoV-19) and adjuvant (adenovirus). I collaborated with the
scientists who previously designed the adenovirus AdV-D24-inducible co-stimulator ligand
(ICOSL)-CD40L (AdV1 serotype 5/3 which does not replicate in healthy cells due to deletion
in the E1 region) armed with two potent co-stimulatory molecules: the inducible co-stimulator
(ICOSL) and the CD40 ligand (CD40L) (Garofalo et al. 2021a). AdV serotype 5 or 3 binds to
the human CAR (coxsackie and adenovirus receptor) or desmoglein 2 (DSG2) receptor
(Garofalo et al. 2021a). The chimeric AdV5/3 vector was served as an adjuvant due to its
effective initial interaction with APC (Garofalo et al., 2021a).
ICOSL-mediated immune stimulation involves the activation of CD8" cytotoxic T cells through
ICOS expressed on activated T cells and its ligand ICOSL on antigen-presenting cells,
supporting robust anti-tumor immune responses. CD40L-mediated immune activation,
engaging CD40 on B cells, macrophages, and DCs. The synergistic effect of combining ICOSL
and CD40L within the AdV-D24 oncolytic adenovirus enhances the local activation of CD8*
cytotoxic T cells, offering immunogenicity. Studies with analogous strategies, such as NDV-
ICOSL and CD40L-expressing adenoviruses, have demonstrated improved infiltration of
activated T cells when combined with immune checkpoint inhibitors (Garofalo et al., 2021a).
This approach ensured the induction of an immune cascade leading to the recruitment of
antigen-presenting cells and the development of cellular and humoral immune responses
(against the vector and the presented antigens). Moreover, our preliminary data (Baran et al.,
2023) and the resulting hypothesis led to reliable and optimized model for immunogenic factors
evaluation by analyzing the activation of different immune cell subsets before and after
stimulation.

The main goal of my studies was the development of adequate screening and
confirmatory assays to measure immune responses against the platform factors as the basis of
the evaluation of immunogenicity. Thus, the evaluation immunogenicity was based on
particular non-clinical (in vitro) analyses of immunological efficacy and biosafety data (in vivo)
of the modulating factors, such as the adjuvant - adenovirus (AdV1 or AdV2 without ICOSL
and CD40L) and the antigen (recombinant Receptor Binding Domain (rRBD) protein or

recombinant spike-S1 and/or nucleocapsid). I accomplished the main goal by:

49



IL

I

IV.

VL

VIL

I established the in vitro model to study human immune response stimulated by the
immunogenic vectors. [ optimized the isolation of peripheral blood mononuclear cells
(PBMCs) from healthy donors and used them in combination with lung epithelial cells
Calu-3 to establish the 2D and 3D models.

I identified and quantified apoptotic hallmarks and plasma membrane integrity of
human cells stimulated with the platform. I assessed whether the immunogenic factors
affected cell viability and induced apoptosis.

I tested several mechanisms by which adenoviruses (AdV1 and AdV2 without ICOSL
and CD40L) act as adjuvants. I focused on innate and adaptive immune cells which
could be helpful in revealing cell-mediated responses. In detail, T used the flow
cytometry-based assays to assess the percentage of CD4", CD8", and CDI19"
subpopulations. ICOSL is a member of the CD28/B7 family of co-stimulatory
molecules and play a crucial role in T cell activation. When Tnaive encounter antigens
presented by APCs, the interaction between TCR and the antigen-MHC complex is
often not sufficient for full T cell activation. Co-stimulatory signals from ICOS/ICOSL
are required for optimal T cell responses. I[COS/ICOSL pathway is also particularly
involved in CD4" T cells differentiation. ICOS stimulation promotes the generation of
Th2 cells and T cells.

I explored whether the stimulation of PBMCs with the vaccine platform affects T cells
and could have lasting effects on the antiviral capacity of the CD4" and CDS8'T cells.
Thus, 1 characterized the central memory Tcwm, effector memory Tewm, and effector
memory cells re-expressing CD45RA Temra Which were targeted by adjuvant.

I tested whether the vaccine platform stimulates B cell development and
differentiation. I searched for the antigen-specific B cells after immunization. I
compared the in vitro distribution of memory, naive and transitional B cells in PBMCs
stimulated with the vaccine platform.

I studied the production of a series of cytokines which influence the effector cytotoxic
T cells or B cells.

I examined the effects of the immunogenic factors on the CD40 expression in the
VERO E6 cells. VERO E6 cells express CD40L receptors. CD40/CD40L interaction
is a critical signaling pathway in the immune system, and it can modulate immune

responses. VERO E6 cells are also highly permissive to a wide range of viruses,
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IX.

including SARS-CoV-2, which make it suitable to study the viral replication effect on
the cell line.

I performed RNA-seq gene expression data analysis of the Calu 3 and PBMC treated
with the vaccine platform. The up and down-regulations were registered in each
condition with highest number of differentially expressed genes. I identified the
signaling pathways that control immunological mechanisms by which the platform
induces protective immunity.

Finally, I conducted a 30-day biosafety analysis using BALB/c mice to determine the

potential in vivo risk of the platform.
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3. Materials and methods

The research has a comprehensive character (Figure 13). It began with preliminary
studies involving the development of a methodology for dealing with PBMC (isolation, culture,
cryopreservation), followed by the assessment of immunogenic factors’ cytotoxicity and
immunogenicity. Subsequently, a model of the alveolus was established on a 3D insert, and in

vivo tests were performed in the last phase of the study.
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- Analysis of cytokines
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Figure 13 The plan of dissertation studies.
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3.1. List of laboratory equipment

- Scanning Electron Microscope (Hitachi SU8230)

- Eppendorf Research Plus pipettes with Eppendorf tips
- Spark plate reader (Tecan, Switzerland)

- Flow cytometer (BD FACSLyricTM)

- Laminar chambers CleanAir (Baker, BioVanguard) and Alpina (BIO130 CYTO,
Alpina), both BSLII level

- Incubator (PHCBI)

- Centrifuge 5910 R (Eppendorf)

- Chambers for working with nucleic acids (ISOCIDE ESCO)
- Thermocycler PCR T100 (BioRad USA)

- BioRad CFX96 Touch Real Time PCR (BioRad USA)

- Laboratory freezer (-86°C; PHCBI)

- Laboratory freezer (-150°C; PHCBI)

- Refrigerators (4°C; SANYO)

- Inverted microscope (Leica DMIL)

- Confocal Laser Scanning Microscopy (Zeiss Axio Observer 7 with LSM 900 and
Airyscan 2 detector)
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3.2. Preparation of materials for research - cell lines, rRBD, viruses and

adenoviral vectors

3.2.1. Adherent cell culture

Depending on the experiment, different cell lines were used (Table 5). VERO E6 cell
line was used for the Spearman-Kérber method and CD40 gene relative expression analysis
(Sections 3.4. and 3.13.) H226 and MSTO-211H cell lines were used for the Spearman-Karber
method (Section 3.2.6.). Calu-3 cell line was used for the 3D model of alveoli (Section 3.2.5.).
The cells were cultured in the appropriate cell growth medium supplemented with 10%
inactivated fetal bovine serum (FBS; Gibco) (Table 5) and incubated at 37°C with 5% CO>
upon reaching semi-confluence (80-90%). The culture was carried out in 25 cm?, 75 cm? and
175 cm? culture bottles, as well as 96-well and 24-well plates were used. Cells were split upon
reaching semi-confluence using 0.25% trypsin (Biomed Lublin S.A.) and versene
(0.02% buffered with PBS; pH 7.6). Cells were seeded at a defined concentration:

- 96 well plates: 10* cells/100 pL,
- 24 well plates: 10° cells/mL.

Cell line Cell growth medium Reference
Cercopithecus aethiops
Minimum Essential Medium (1x) + monkey kidney epithelial
GlutaMAX TM (Gibco) with addition of 10% cells (ATCC) (VERO
VERO E6 FBS (Gibco), 5 mM pyruvate (Gibco), C1008 [VERO 76, clone
penicillin at final concentration E6, VERO E6])
of 100 U/mL (Gibco), streptomycin at final
concentration of 100 U/mL (Gibco) The base cell line in
virology research
RPMI Medium 1640 (1X) (Gibco) with Human lung tumor
addition of 10% .FBS (Gibco), penicilllin at (mesothelioma) epithelial
H226 final concentfatlon of 100 U/mL (-GleO), cells (ATCC) (NCI-H226
streptomycin at final concentration of [H226])
100 U/mL (Gibco)
RPMI Medium 1640 (1X) (Gibco) with
addition of 10% FBS (Gibco), penicillin at Human lung tumor
MSTO-211H final concentration of 100 U/mL (Gibco), (biphasic mesothelioma)
streptomycin at final concentration of fibroblasts (MSTO-211H)
100 U/mL (Gibco)
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Eagle's Minimum Essential Medium (1X)
(ATCC) with addition of 10% FBS (Gibco), 5 Human lung tumor

Calu-3 mM pyruvate (Gibco), penicillin at final (adenocarcinoma)
concentration of 100 U/mL (Gibco), epithelial cells (ATCC)
streptomycin at final concentration of 100 (Calu-3)
U/mL (Gibco)

Table 5 Cell lines used in the research.

3.2.2. PBMC isolation

Peripheral blood mononuclear cells (PBMCs) are a heterogeneous population of
immune cells that play a critical role in the body's defence against pathogens and foreign
substances. These cells are composed of lymphocytes, monocytes, and dendritic cells, and are
widely used as an ex vivo model of the immune response in many research studies
(Baran et al., 2022). PBMCs can be isolated from bufty coats, and their isolation is performed
using various techniques, including density gradient centrifugation and automated cell
separation systems. In this study, PBMCs were isolated from buffy coats collected from healthy
donors in Regional Centre for Blood Donation and Haemotherapy (Warsaw). The use of
PBMC:s as an ex vivo model of the immune response provides a valuable tool for investigating
immune function and may have important implications for the development of new
immunotherapeutic approaches. For the isolation, Ficoll®-Paque Premium reagent was applied.
Ficoll is a widely used density gradient medium for the isolation of PBMC from whole blood
samples or buffy coats. This method of isolation is important in many immunology studies, as
PBMC:s play a crucial role in the immune response to infections and diseases. Ficoll®-Paque
Premium is a sterile, isotonic solution containing a colloidal suspension of micron-sized
particles made of polysaccharide molecules (cytvia). When mixed with a blood sample,
Ficoll®-Paque Premium separates the blood into layers according to density. PBMCs, which
have a lower density than other blood cells, such as red blood cells and granulocytes, float to
the top of the ficoll layer. Meanwhile, the more dense cells, such as neutrophils and
erythrocytes, they are separated to the bottom of the tube. This separation method is based on
the principle of centrifugation and is performed at a specific gravity of 1.077 g/mL. The isolated
PBMCs are washed, counted, and used for various downstream applications, such as flow
cytometry, ELISA, and cell culture. Prior to isolation, buffy coats were stored at room

temperature.
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Ficoll®-Paque Premium isolation:

1. Bags with buffy coats were gently mixed and placed under the laminar. Then, the
suspension was transferred to 50 mL falcon tubes up to the 50% of the tube’s volume.
Tubes with cell suspension were then filled with growth medium (no additives).

2. 20 mL of Ficoll®-Paque Premium was transferred to empty and sterile 50 mL falcon
tubes, taking particular care not to spread the solution over the walls of the tube.

3. 25 mL of the cell suspension from step 1 was transferred to ficoll tubes without mixing
the two components with each other.

4. Tubes were centrifuged at 760xg for 20 min with the brakes OFF (Centrifuge 5910 R,
Eppendorf).

5. The PBMC layer was then transferred using pipettes to sterile centrifuge tubes. PBMCs
were washed three times with culture medium (no additives) using centrifugation

at 350xg for 8 min with brakes ON.
3.2.3. PBMCs cryopreservation and thawing

Cryopreservation is crucial in preserving biological samples for long-term storage and
analysis. It is particularly important in research involving human blood cells, as fresh samples
can be difficult to obtain and can exhibit significant variability due to factors such as donor
variability, handling, and storage conditions. The use of cryopreserved PBMCs provides
a convenient and reliable source of cells for analysis, allowing for more extensive and
comprehensive studies of the immune response. All of the samples used in the research were
cryopreserved before the tests. After the last washing of the “PBMC isolation” procedure, the
cell pellet was suspended in the freezing medium containing 20% of FBS and 10% of DMSO.
The cryovials with suspension were placed into CellCamper® and stored overnight at -
80°C. The cryovials were transferred to a low-temperature freezer (-150°C) for the long-term
storage. Before the tests, PBMCs were thawed immediately, and the cell growth medium
(warmed up at room temperature prior to use) was added dropwise till the duplicated volume
was achieved. The cells were then centrifuged at 150xg for 5 min to remove DMSO from

the suspension (Centrifuge 5910 R, Eppendorf).

56



3.2.4. PBMC culture

In the study, the cryopreserved PBMCs were used. Cells were seeded in a defined
concentration:
- 96 well plates: 10° cells/100 uL of the cell growth medium,
- 24 well plates and Corning® Transwell® Inserts: 2.5 —3x10° cells/mL of the cell growth
medium.

PBMCs were cultured in Opti-MEM (Gibco) medium with 10% inactivated fetal bovine
serum (FBS; Gibco) and incubated at 37°C with 5% CO.. Depending on the experiment,
the overnight rest was assessed. The time of the culture depended on the experiment length.
Passages were not applied when PBMCs were mature and did not proliferate.

3.2.5. 3D co-culture model of human alveoli

One of the models used in the study is a 3D alveoli-like co-culture consisting of Calu-3
cells and PBMCs onto Corning® Transwell® Inserts. Transwell inserts are widely used in vitro
systems that allow the co-culture of two different cell types separated by a porous membrane.
In the case of studying the alveoli immune response, the Transwell insert with epithelial lung
cells and PBMCs provides several benefits. The model brings insight into the alveolar cell
interactions during an immune response.

For the experiment, 10° cells/mL of the Calu-3 cell line were seeded onto Corning®
Transwell® Inserts (700 pL of cell growth medium under the insert, 300 pL of cell suspension
onto the insert) and incubated for 72 h at 37°C with 5% CO,. Then the culture medium above
the Calu-3 monolayer was discarded to create air-liquid culture allowing the Calu-3 cells to
form microvilli, which is related to the differentiation of the cells. Microvilli creation was
monitored by SEM. This provides a more physiologically relevant model, as it mimics the
in vivo architecture of the airway epithelium (Ji et al., 2022; Kreft et al., 2015). The cells were
cultured for 14 days with the medium exchange every 72 h to stimulate the cell growth.
After 14 days, the culture cell medium was switched to Opti-MEM, and PBMC:s in the total
volume of 700 pL (2.5 —3x10° cells/mL) were added to the liquid site of the culture. The model
prepared in this way was immediately used for further experiments. A schematic representation

of the model is shown in Figure 14.

57



14 days of culturing with medium exchange every 72 hours

72 h
Corning® Calu-3 cell Medium above Formation of Experimental
Transwell® attachment Calu-3 monolayer microvilli model with
Insert removed Calu-3 - PMBC

co-culture
Figure 14 Schematic of human alveolar model containing Calu-3 and PBMCs.
3.2.6. Spearman-Kérber method of determining virus titer

The Spearman-Kérber method is a widely used statistical method for determining
the titer of a virus, which represents the number of infectious particles in a given sample.
This method was first introduced by Spearman in 1908 and later modified by Kérber in 1931,
and has since become a standard technique in virology (Lei et al., 2021). The Spearman-Kérber
method is based on the principle of endpoint dilution assay, which involves diluting a virus
sample in a series of wells or tubes and determining the dilution at which 50% of the cells or
animals inoculated with the virus become infected. This dilution is referred as the endpoint
dilution, and the reciprocal of this dilution represents the virus titer. To calculate the virus titer
using the Spearman-Kérber method, the data obtained from the endpoint dilution assay is
analyzed using a statistical formula that takes into account the dilutions, the number
of replicates, and the number of infected and uninfected cells or animals. This formula is based
on the assumption that virus infectivity follows a binomial distribution and allows for the
calculation of the titer with a high degree of accuracy and precision. Overall, the Spearman-
Kéarber method is a valuable tool for determining the virus titer and is widely used in
the development and testing of vaccines, antiviral drugs, and other therapeutics (Afiez et al.,
2016).

Human betacoronavirus hCoV-OC43 was gathered from National Institute of Public
Health-National Institute of Hygiene (NIPH-NIH). Cultures of hCoV-OC43 were handled in
BSL-2 laboratory in CEZAMAT. The content of the ampoule containing virus suspension
(approximately 0.4 mL) was transferred to a 75 cm? flask of VERO E6 or H226 cells.
When 75 to 100% of cells showed cytopathic effect (CPE), the flask was transfered to < 0°C.
The content of the flask was frozen and thawed (repeated two additional times),

the semi-thawed content was shaken to ensure that all cells were disrupted. Then the cell debris
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was centrifuged (Centrifuge 5910 R, Eppendorf). The supernatant was used for determination

of the virus titer or frozen and stored at -80°C until use (WHO).

In order to determine the infectious titer of viruses according to Spearman-Kéarber
method (WHO), a viral suspension was applied to the cell monolayer and after 10 days the CPE
was assessed. In this purpose, the virus-designed cells in concentration of 10* cells/100uL were
seeded onto a 96-well plate (Adherent cell culture) and incubated for 18 h at 37°C with 5%
COs. The cell monolayer was examined for quality (i.e. an entire monolayer of healthy cells),
and absence of contamination as determined by inverted microscopic inspection.
Then the series of virus dilutions was added onto the cell monolayer (typically starting

from 10" to 106, 20 wells per each concentration (Figure 15).
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Figure 15 Plate scheme for Spearman-Karber method. Legend: Control means untreated monolayer of

cells; Dilutions stands for virus suspension 10-fold diluted.

After ten days of incubation at 34.5°C with 5% CO», CPE was observed — compared to
untreated control wells. Moreover, the inoculated culture was examined daily, using an inverted
microscope, for the appearance of CPE. All of the wells with cytopathic effect were marked as
“+”, others as “-*“. The effect was documented photographically. The virus titer was calculated
according to the Kérber formula (Formula 1):

log rcipso = L —d X (S —0.5)
Formula 1
where:
L — log of lowest dilution used in the test
d — difference between successive dilutions in log

S — sum of proportion of “positive” wells (cytopathic effect observed) to all wells used for one

dilution
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3.2.7. Adenoviral vectors

Ad5/3-D24-ICOS-CD40L (AdV1; stock concentration of 3.2x10° TCIDso/mL) was
obtained from the virus collection of the National Science Centre (NCN), MINIATURA
project (2018/02/X/NZ7/00727) (Garofalo et al., 2021a). AdV1 is equipped with two
powerful co-stimulatory molecules, namely inducible co-stimulator ligand (ICOSL) and

CD40 ligand (CD40L, CD154), which can activate the immune system (Figure 16).
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Figure 16 Schematic representation of genetic sequence of Ad5/3-D24-ICOS-CD40L. Abbreviations:
ICOSL (Inducible T cell CO-Stimulator Ligand); CD40L (CD40 receptor Ligand); Fiber 5/3 (Fiberknob
region of AdV1 and AdV2). Modified on the basis of (Garofalo et al., 2021a).

Inducible co-stimulator (ICOS) is a molecule similar to CD28 that is expressed on
activated T cells and can interact with ICOSL found on dendritic cells (DCs), B lymphocytes,
and some cancer cells. Moreover, the interaction of CD40, which is expressed on B cells,
macrophages, and DCs, with CD40L can activate the immune system, leading
to the development of CD8" cytotoxic T lymphocytes (CTLs) (Mohib et al., 2020). The
reference for AdV1 was AdV5/3-d24-E3 (AdV2; stock concentration of 7.7x10'2 VP/mL) —an
adenovirus with the same 5/3 serotype but without CD40L and ICOSL (Garofalo et al., 2021b).
In the studies, both AdVs were used as immune response inducers (adjuvants) — alone
and in combination with the proteins described below. The dissertation studies including
genetically modified adenoviruses were performed at the Department of Genetic Engineering
of National Institute of Public Health — National Institute of Hygiene established according
to the decision of Ministry of the Environment, no. 196/2017 on December 12, 2017.
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3.2.8. Recombinant Receptor Binding Domain protein

The recombinant protein (stock concentration of 0.1 mg/mL) was prepared by the team
of Anna Mazurkiewicz-Pisarek PhD (Warsaw University of Technology) and delivered for
the use in experiments of this research (Baran et al., 2023 accepted for publication). To create
the recombinant Receptor Binding Domain (rRBD) gene, genetic engineering methods were
utilized. The amino acid sequence was used to design the gene sequence for protein expression,
and the specific region of the SARS-CoV-2 virus coding protein with the highest probability
of inducing an immune response (amino acid 331-524 of SARS-CoV-2 S protein) was selected.
The T4 folded protein (F4) was added to increase the probability of correct assembly
of the protein tertiary structure. To facilitate purification, a tag was added at the N-terminus,
allowing the use of a simple affinity chromatography method. The gene sequence was
optimized for bacterial codon wusage and ordered in the pUC57 vector.
The vector was transformed into the E. coli DH50 competent cells and isolated. The vector was
then digested with Ndel/Xbal restriction enzymes, and the resulting DNA fragment of 696 bp
was isolated. The pDM vector was digested with the same enzymes and used for ligation with
the DNA fragment. The resulting ligation mixture was transformed into E. coli NEB Turbo
competent cells, and plasmid DNA was isolated from the bacterial colonies. The correctness
of the DNA sequences was confirmed by sequence analysis, and the pPDM/RBD expression
vector was transformed by electroporation into E. coli competent cells. Growing conditions
were set to 37°C for 1 h in LB medium supplemented with tetracycline (100 pg/mL).
Recombinant RBD protein was obtained in inclusion bodies form, and the method for isolating
inclusion bodies and purifying recombinant protein using Ni-NTA affinity chromatography was
developed. In the studies, rRBD protein was used as an immune response inducer (antigen) —
alone and in combination with adenoviral vectors.
3.2.9. Commercial spike and nucleocapsid proteins

Spike-S1-His is a recombinant protein created by InvivoGen (cat. code his-sars2-s1).
It contains the S1 subunit of the spike protein from SARS-CoV-2, which is responsible for
binding to the ACE2 receptor of host cells. The protein is modified with a histidine (His) tag
at its C-terminus (InvivoGen). Nucleocapsid-His is another recombinant protein generated by
InvivoGen (cat. code his-sars2-n). It contains the nucleocapsid protein from SARS-CoV-2,
which is an internal protein that plays an essential role in viral replication and packaging.
The protein is modified with a histidine (His) tag at its C-terminus (InvivoGen). In the studies,

both proteins were used as an immune response inducers (antigens) — alone and in combination
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with adenoviral vectors. However, although His-tags do not usually interfere with folding of
the protein and guarantee that the protein is well purified, it has been reported that his-tagged
antigens can alter humoral and cellular immune responses (Randolph, 2012). Spike-S1-His and
Nucleocapsid-His were generated by recombinant DNA technology, produced in HEK293
cells, and purified by Ni?" affinity chromatography (InvivoGen).
3.2.10. SARS-CoV-2 pseudovirus
Lentifect™ SARS-CoV-2 Spike is a type of pseudotyped lentivirus that uses the VS.V

vector as a backbone (GeneCopoeia, USA). VS.V is a virus that carries a negatively charged
RNA strand and enters cells with the help of the envelope glycoprotein G
(Chen and Zhang, 2021). The VS.V-G envelope glycoprotein of VS.V was replaced with
the S protein of the SARS-CoV-2 virus to create the pseudovirus. As a result, the pseudovirus
can infect cells with the ACE2 receptor, including the VERO E6 cell line. Additionally,
the SARS-CoV-2 pseudovirus encodes the luciferase gene from the Photinus pyralis firefly and
Green Fluorescent Protein gene (eGFP), which allow to detect its entry into the cell.
The successful neutralization of the pseudovirus by antibodies or antiviral compounds results
in reductions in both the number of eGFP-expressing cells (indicating pseudovirus entry) and
the level of luminescence (indicating successful inhibition of viral replication). Pseudovirus
enters the ACE-2 expressing cell by membrane fusion and then integrates luciferase and eGFP
genes with the cell genome. To measure the luciferase activity there is a need to provide
a substrate for that enzyme. eGFP analyzis do not require additional reagents — just laser
excitation (https://www.genecopoeia.com/). SARS-CoV-2 pseudovirus was used as the inducer
of immune response and for the studies concerning inhibition of the virus internalization
(expression of eGFP studied using CLSM). Cultures of pseudo-SARS-CoV-2 were handled in
BSL-2 laboratory in CEZAMAT.
3.2.11. SARS-CoV-2 spike antibody

‘SARS-CoV-2 Spike Antibody’ (Ab; stock concentration of 1 mg/mL; Genecopoeia)
an antibody directed for the SARS-CoV-2 spike protein. Ab was used in the virus

internalization studies.
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3.3. Scanning Electron Microscope (SEM) imaging of hCoV-OC43, AdV1

and Calu-3 microvilli

3.3.1. Imaging of virus on cell monolayer
SEM is a powerful imaging technique that is well-suited for visualizing the morphology
and structure of viruses. In this study, SEM was used as a visualization method of individual
virus particles. For the experiment, a 12-well plate containing a cell culture membrane and
a 24-well plate containing glass slides were used. VERO E6 and H226 suspensions were added
to 12-well plates at a density of 10* cells/mL of cell growth medium. A suspension of VERO
E6 cells at a density of 10° cells/mL of cell growth medium was added to a 24-well plates
containing glass slides. After 15 days of incubation at 37°C with 5% COz, the cell growth
medium was discarded. Two types of samples were analyzed:
e the infectious titer of the OC43 virus in 500 uL of culture medium (5% FBS) onto
the VERO E6 cell monolayer (2.84x10% VP/mL),
e 100 VP/mL of AdV1 in 500 pL of culture medium (5% FBS) onto the H226 cell
monolayer.
After 48 h of incubation at 34.5°C with 5% COg, the following sequence of washes
(1 mL per insert of each reagent) and incubation conditions were performed:
1. 5% glutaraldehyde in 0.1 M phosphate buffer, pH 7.2 for 24 h at 4°C,
. 0.1 M phosphate buffer for 10 min at room temperature (RT) x 3 times,
1% osmium tetroxide in 0.1 M phosphate buffer for 1-2 h at RT,

. Distilled water for 10 min at RT x 2 times,

2
3
4
5. 35% ethanol for 15 min at RT,
6. 50% ethanol 15 min at RT,
7. 75% ethanol 15 min at RT,
8. 95% ethanol 15 min at RT.

After fixation, membranes were cut out from the 12-well plate, and coverslips were
removed from the 24-well plate. Membranes and coverslips were then coated with a mixture of

gold and palladium and visualized using SEM (Hitachi SU8230).
3.3.2. Imaging of the Calu-3 cell culture on Corning® Transwell® Inserts

The study focused on the SEM imaging of the Calu-3 cell line grown as an air-liquid 3D

culture onto Corning® Transwell® Insert showing the formation of cilia-like structures on its
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surface. For the experiment, the untreated Calu-3 samples onto Corning® Transwell® Insert
prepared according to the “Immune response models” were used. The following washes
(1 mL of each reagent per insert) were performed:
1. 5% glutaraldehyde in 0.1 M phosphate buffer, pH 7.2 for 24 h at 4°C,
0.1 M phosphate buffer for 10 min at room temperature (RT) x 3 times,
1% osmium tetroxide in 0.1 M phosphate buffer for 1-2 h at RT,

Distilled water for 10 min at RT x 2 times,

50% ethanol 15 min at RT,

2

3

4

5. 35% ethanol for 15 min at RT,
6

7. 75% ethanol 15 min at RT,

8

95% ethanol 15 min at RT.

After fixation, membranes were cut out from the Corning® Transwell® Inserts. Membranes
were then coated with a mixture of gold and palladium and visualized using SEM

(Hitachi SU8230).

3.4. Virus Particles quantification

One way to quantify the number of virus particles (VP) presented in a sample is the
method based on the estimation of the amount of viral RNA presented in the sample.
This method is based on the assumption that there is a fixed ratio of viral RNA to VP, and
therefore, the amount of viral RNA can be used as a proxy for the number of VP. To quantify
the amount of viral RNA, the sample was first lysed, which released the RNA into solution.
Then, the measurement of the absorbance at 260 nm was performed. The dilutions of the viral
suspension were prepared in Virus Lysis Buffer (VLB: 9.75 mM Tris-EDTA pH 7.5 + 0.5%
SDS) according to Table 6.

Dilution factor Volume of viral suspension VLB buffer volume
1:3 33 ul 67 ul
1:5 20 ul 80 pl
1:10 10 ul 90 ul
1:50 2 ul 98 ul
1:100 1wl 99 ul

Table 6 Scheme for preparing dilutions of viral suspension in VLB buffer (9.75 mM Tris-EDTA at pH
7.5 +0.5% SDS) for determining the amount of VP.
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The blank sample was prepared using 100 pl of the VLB buffer. VP dilutions and blank
were incubated at 95°C for 15 min. Spectrophotometric analysis of the tested samples was
performed after a short centrifugation at 1,500 rpm for 10 s (Centrifuge 5910 R, Eppendorf).
Spectrophotometric analysis was performed using the Spark automatic plate reader
(Tecan, Switzerland), for wavelengths of 260 nm and 280 nm. Blank values were subtracted
from the test results. The VP number was averaged for dilutions for which the A260/A280

values were similar to the range of 1.2 — 1.4, VP was determined according to the Formula 2:

VP
VP = Ayeo X dilution factor x 1.1 x 1012 [ﬂ]

Formula 2
Where:
A, — absorbance at 260 nm

1.1 x 102 — extinction coefficient

3.5. Virus internalization study using Confocal Laser Scanning Microscopy
imaging

The experiment using Confocal Laser Scanning Microscopy (CLSM) was carried out to
determine whether the "SARS-CoV-2 Spike Antibody" and components of the vaccine
platform: a mixture of rRBD protein with AdV1 at tested concentrations reduce the penetration
of the SARS-CoV-2 pseudovirus into the VERO E6 cells. In this experiment, the tested
concentration of "SARS-CoV-2 Spike Antibody" and rRBD protein was twice of the IC50 value
(GeneCopoeia). The VERO E6 cells were used as a negative control, and a positive control was
examined by adding the SARS-CoV-2 pseudovirus to the VERO E6 cells at the tested
concentrations. The decreased internalization of the SARS-CoV-2 pseudovirus into the cells
was indicated by the decrease in the intensity of eGFP-induced fluorescence produced by the
VERO E6 cells after the incubation with the virus, compared to the positive control containing
the VERO E6 cells and SARS-CoV-2 pseudovirus. Hoechst 33342 dye was used to stain live

and dead cells, and propidium iodide was used to show dead cells.
3.6. Cell metabolic activity assay

Assessing the metabolic activity and viability of cells is a critical aspect of many
experimental studies, as it provides important information on cellular responses to different

stimuli, including immunogenic factors. One commonly used approach for evaluating cellular

viability is the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
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2H-tetrazolium (MTS) assay. It is based on the conversion of MTS into a colored formazan
product by active mitochondria in living cells. The amount of the produced formazan is
proportional to the number of metabolically active cells present in the sample. In this study,
the MTS assay was used to evaluate the metabolic activity of cells in response to
the immunogenic factors. The results of this assay can be used to draw conclusions about
the efficacy of immunogenic factors in promoting or inhibiting cellular activity and to estimate
their cytotoxicity. The cells in concentration of 10%/100 pL (adherent cells) or 105100 pL
(PBMCs) of culture medium were seeded in triplicates in the 96-well plate (“Cell culture ) and
left overnight at 37°C with 5% CO». Then, the cells were treated with the immunogenic factors
for 18 h at 34.5°C with 5% CO.. Untreated cells were used as controls. Then the metabolic
activity of the cells was evaluated using the MTS assay kit, according to the manufacturer’s
instruction (Promega G3582, CellTiter 96® AQueous One Solution Cell Proliferation Assay).
Briefly, after the incubation of cells with the immunogenic factors, 20 pl of MTS solution was
added to each well and incubated at 37°C with 5% CO> for 2 h. The absorbance was measured
at a wavelength of 490 nm using a microplate reader.
The following experiments were conducted:
1. Series of dilutions of AdV1 and rRBD alone and in combination (subsequent dilutions
1-8 together) were added to the VERO E6 cell monolayer (three technical replicates in
three biological replicates). The concentrations are presented in Table 7. The

experiment determined the appropriate concentrations for further testing.

Nr AdV1 [VP/mL] rRBD [pg/mL]
1 5.20x10° 5.24
2 5.20x10% 5.24x10!
3 5.20%107 5.24x102
AdV1 and
4 20%10° 24x1073
3.20%10 rRBD alone > 0
5 5.20x10° orin 5.24x10™
6 5.20x10° combination 5.24x10°
7 5.20x103 5.24x10°°
8 5.20x10° 5.24x107

Table 7 Concentrations of AdV1 and rRBD applied to study the VERO E6 cell metabolic activity. Every
number is a treatment for one well in three technical replicates. Legend: AdV1 stands for serotype 5/3
equipped with ICOSL and CD40L (Garofalo et al., 2021a). rRBD stands for recombinant receptor
binding domain protein (Baran et al., 2023 accepted for publication).
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2. Different concentrations of pseudo-SARS-CoV-2 were used to treat the VERO E6 cell
monolayer (three technical replicates in three biological replicates). The concentrations
are presented in Table 8.

3. The experiment was performed to determine the appropriate concentrations for further

testing.

Pseudo-SARS-CoV-2 [RFU/mL]
>0.000001
>1000
>100
>10

Table 8 Concentrations of pseudo-SARS-CoV-2 to study the VERO E6 cell metabolic activity. Legend:
Pseudo-SARS-CoV-2 stands for pseudotyped lentivirus (Genecopeia, USA). RFU stands for relative
fluorescence units.

4. A complete set of the treatments used for further experiments with the PBMCs (three

technical replicates in three biological replicates) are presented in Table 9.

Immunogenic factor Concentration
LPS 0.25 pg/mL
AdV1
AdV2
Pseudo-SARS-CoV-2 100 VP/mL
hCoV-0C43
rRBD 2.62 pg/mL
Spike-S1-His 0.25 pg/mL
Nucleocapsid-His 0.25 pg/mL
AdV1+rRBD 100 VP/mL+2.62 pg/mL
AdV2+rRBD 100 VP/mL+2.62 pg/mL
rRBD+Ab 2.62 pg/mL+2.62 pg/mL
Pseudo-SARS-CoV-2+Ab (IC100) 100 VP/mL+5.62 ug/mL

Table 9 Concentrations of different immunogenic factors used to study PBMC metabolic activity.
Legend: LPS stands for bacterial lipopolysaccharide. AdV1 stands for 5/3 serotype equipped with
ICOSL and CD40L (Garofalo et al., 2021a). hCoV-OC43 means human betacoronavirus. rRBD stands
for recombinant receptor binding domain protein (Baran et al., 2023 accepted for publication). ADV2
stands for serotype 5/3 without ICOSL and CD40L (Garofalo et al., 2021a). Pseudo-SARS-CoV-2
stands for pseudotyped lentivirus (Genecopeia, USA). Spike-S1-His and Nucleocapsid-His mean
recombinant protein (InvivoGen, USA).
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3.7. PBMC exposed to the immunogenic factors (24-h experiments using 2D

model)

PBMCs were seeded onto 24-well plates (Section 3.2.4.) for the overnight rest
incubation at 37°C with 5% COx. Then, the cell growth medium was replaced by 1 mL/well of
the OptiMEM medium with reduced FBS concentration (5% v/v) and the immunogenic factors
were added in concentrations showed in Table 10. All treatments were performed in triplicates.
Plates were incubated for 24 h at 34.5°C with 5% CO; and then cells were collected for the
immunophenotyping (Section 3.10.). The cell growth medium was collected and stored at -

80°C (cryopreservation for the cytokine profiling; Section 3.12.).

Immunogenic factor Concentration

LPS 0.25 pg/mL

AdV1

AdV2

100 VP/mL
Pseudo-SARS-CoV-2
hCoV-0C43
rRBD 2.62 ug/mL

AdV1+Spike-S1-His 100 VP/mL+0.25 ug/mL

AdV1+Nucleocapsid-His

100 VP/mL+0.25 pg/mL

AdV1+Spike-S1-His+Nucleocapsid-His

100 VP/mL+0.25 pg/mL+0.25 ng/mL

AdVI1+rRBD 100 VP/mL+2.62 pg/mL
AdV2+rRBD 100 VP/mL+2.62 pg/mL
rRBD+ADb 2.62 pg/mL+2.62 pg/mL

Pseudo-SARS-CoV-2+Ab

100 VP/mL+5.62 pg/mL

Table 10 Concentrations of different immunogenic factors and viruses used in the immune response
preliminary studies (24-h experiment). Legend: LPS stands for bacterial lipopolysaccharide. AdV1
stands for serotype 5/3 equipped with ICOSL and CD40L (Garofalo et al., 2021a). hCoV-OC43 means
human betacoronavirus. rRBD stands for recombinant receptor binding domain protein (Baran et al.,
2023 accepted for publication). ADV2 stands for serotype 5/3 without ICOSL and CD40L (Garofalo et
al., 2021a). Pseudo-SARS-CoV-2 stands for pseudotyped lentivirus (Genecopeia, USA). Spike-S1-His
and Nucleocapsid-His mean recombinant protein (InvivoGen, USA).
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3.8. 7-day exposition of PBMCs to the immunogenic factors with increased

AdV1 concentrations (7-day experiment using 2D model)

To stimulate higher immune response, the increased concentration of adjuvant in the
form of AdV1 was assessed. PBMCs were seeded into the 24-well plates (Section 3.2.4.) in
triplicates to study all of the immunogenic factors and left for the overnight rest incubation at
37°C with 5% COa. Then, the cell growth medium was replaced by 1 mL/well of the OptiMEM
medium with reduced FBS concentration (5% v/v) and the immunogenic factors were added in
the concentrations showed in Table 11. Plates were incubated for 7 days at 34.5°C with 5%
CO2 and then the cells were collected for the immunophenotyping and apoptosis assay. The cell

growth medium was collected and stored at -80°C (cryopreservation for the cytokine profiling).

Immunogenic factor Concentration

Untreated control

AdV1 100 VP/cell

Spike-S1-His 0.25 pg/mL

Nucleocapsid-His 0.25 pg/mL
AdV1+Spike-S1-His+Nucleocapsid-His 100 VP/cell+0.25 pg/mL+0.25 ng/mL

Table 11 Concentrations of different immunogenic factors and viruses used in the immune response
preliminary studies (7-day experiment). Legend: AdV1 stands for serotype 5/3 equipped with ICOSL
and CD40L (Garofalo et al., 2021a). Spike-S1-His and Nucleocapsid-His mean recombinant protein
(InvivoGen USA).

3.9. Immune response of PBMCs using 3D co-culture model of human

alveoli

The development of effective immune response models is crucial to prevent the spread
of infectious diseases and protect public health. The process of vaccine development involves
testing the immunogenicity of various factors to ensure a robust immune response. In this study,
the immunogenic factors were added to cell growth medium including PBMCs located under
the insert with the human lung epithelial cell line (Calu-3), and plates were incubated to assess
their effect on the immune response. The schematic representation of the experiment is shown

in Figure 17.
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Experimental

model with "
Calu-3 - PMBC Cell growth
medium
co-culture
exchange
Immunophenotyping
] 72h 96 h Cytokine profiling
PBMC \ + immunogenic
Calu-3 factor

Figure 17 Schematic presentation of the PBMCs’ response to the immunogenic factors in 3D co-culture
model of the human alveoli experiment.

Immunogenic factors representing the vaccination process were added to the cell growth
medium (OptiMEM with 5% of FBS) including PBMCs located under the insert. The
incubation was performed for 72 h at 34.5°C with 5% CO: (Table 12). 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 at 34.5°C with 5% CO, and PBMCs
were collected to perfrom the immunophenotyping and apoptosis assay. The cell growth
medium was used to assess the cytokine profiling, the untreated Calu-3 inserts standing as the
control were used in the SEM analysis. Every individual treatment was repeated at least three
times, the appropriate controls were included without the immunological factors (named
vaccination), and untreated (control). The concentrations used in the experiments are shown in

Table 12. Different models applied are represented in Table 13.

Immunogen Concentration / infectivity
AdV1 100 VP/cell
Spike-S1-His 0.25 pg/mL
Nucleocapsid-His 0.25 pg/mL

Table 12 Concentrations of immunogens used in the 3D model experiment. Legend: AdV1 stands for
serotype 5/3 equipped with ICOSL and CD40L (Garofalo et al., 2021a). Spike-S1-His and
Nucleocapsid-His mean recombinant protein (InvivoGen, USA).
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Nr Immunogenic factor (“vaccination”) Comment

1 - Untreated control
2 AdV1+Spike-S1-His
3 AdV1+Nucleocapsid-His Vaccination without

infection - control
4 AdV1+Spike-S1-His+Nucleocapsid-His

) Wild type adenovirus -
5 AdVS5 wild type
control

Table 13 Different experimental approaches to assess the immune response using the 3D co-culture
model of human alveoli. Legend: AdV1 stands for 5/3 serotype equipped with ICOSL and CD40L
(Garofalo et al., 2021a). Spike-S1-His and Nucleocapsid-His mean recombinant protein (InvivoGen
USA). AdV5 stands for wild type adenovirus serotype 5.

3.10. Immunophenotyping

Immunophenotyping is a technique that is commonly used to identify and characterize
different types of cells in a biological sample, based on the expression of cell surface markers.
This method involves labeling cells with specific antibodies that bind to unique cell surface
molecules, and analyzing the resulting fluorescence using flow cytometry. In this study, the
development and use of three antibody panels for immunophenotyping of PBMCs were
assessed. The composition of each panel is optimized for the full picture of cellular and humoral
response. The resulting data provide valuable insights into the immune cell populations present
in the samples treated with different immunogenic factors, allowing the analysis of the immune
response.Cell staining was performed according to the manufacturer's protocol (BD
Biosciences, USA). Briefly, the 50 pL of the antibodies mixture was added to 50 uL of the
PBMC suspension containing 10° cells. Three panels of antibodies were developed, they were
described in Tables 14, 15, and 16. The suspension was then mixed, incubated for 30 min and
protected from light at room temperature. After the incubation, the cells were washed twice.
Two milliliters of BD® Cell WASH were added do each tube, and the cells were centrifuged
at 150xg for 5 min (Centrifuge 5910 R, Eppendorf). The each cell pellet was suspended in 250
pL of BD® Cell WASH and flow cytometry analysis was performed.
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Analyzes were performed using a BD FACSLyric ™ Flow Cytometry System. Before
each series of analyzes, the Performance QC protocol was conducted as recommended by the

supplier. Gating strategies and hierarchy are shown in Figures 18-21.
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Figure 18 Gating strategy for "Panel 1" of immunophenotyping.

75



24/38/19/1gD/27/20 - Al 24/38/19/\qD/27/20 - Al S——

<1000 Events
250° . %1000 Events =¥ g
2000 - SINGLET 20
< 1502 i 2 2 200-
B ‘ B
é . y
05 N T i i — = 7
s 0 S0 100 150 200 |ﬁ _[:!, ,ﬂ.ﬁé‘ e (TR
=) FSC-A : 2 CD19 BB700-A
M -
24/38/19/1gD/27/20 M| 24/38/19/1gD/27/20 - CD38 M 24/38/19/1gD/27/20 - CD38-
CD19+ _ +CD24- ey
W0 —RANSITI=; 5
< = 10%
A g .
! .z U 19 ey
= IC?! - &
5 = i
S, g +
b o b
u agfe ot e - | S % + NAIVE
) CD38 PE-A O o w w© w i R e e
— 0 10* 1wt w0t
CD20 APC-Cy7-A = 1gD PE-CyT-A

Figure 19 Gating strategy for "Panel 2" of immunophenotyping.
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Figure 20 Gating strategy for "Panel 3" of immunophenotyping.
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3.11. Apoptosis assay

In the context of studying immunogenic factors, the apoptosis assay is an important tool
to assess the effect of these factors on cell death. The assay can determine whether the
immunogenic factors trigger programmed cell death, and if so, through which pathway. This
assay provides important information on the effect of immunogenic factors on cell viability and
apoptosis, which is crucial for understanding the immune response.

In the apoptosis assay, the following solutions were used (BD Biosciences, USA):
e 10X Binding Buffer (cat. no. 556454): 0.1 M HEPES, pH 7.4; 1.4 M NaCl; 25 mM

CaCly,

e BD® Cell WASH (cat. no. 349524),
e Propidium lodide (PL, cat. no. 556463),
e Annexin V-FITC (cat. no. 556420, 556419).

The cell staining was performed according to the manufacturer’s protocol. PBMCs were
collected, washed with cold BD® Cell WASH and suspended in 1X Binding Buffer
(BD Biosciences, USA) at a concentration of 1x 10° cells/mL. Then, 100 pL of the cell
suspension (about 10° cells/100 uL) was transferred to a 5 mL tube. PI (0.5 uL) and Annexin
V-FITC (2.5 pL) were added to a suspension and incubated for 15 min (protected from light).
Then, 400 pL of 1X Binding Buffer was added. Analyzes were performed using a BD
FACSLyric™ Flow Cytometry System (BD Biosciences, USA). Before each series of analyzes,
the Quality Control protocol was performed as recommended by the supplier (BD Biosciences,

USA). Gating strategy is shown in Figure 21.
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Figure 21 Gating strategy for Apoptosis assay.

3.12. Cytokine profiling

The levels of cytokines produced by immune cells indicate the activation status of the
immune system. Therefore, cytokine profiling has become an important tool in the study of
immunogenic factors and their effect on the immune cell function. This approach enables the
simultaneous quantification of multiple cytokines in a single sample, providing
a comprehensive view of the cytokine profile in response to the immunogenic factors.

The culture medium of the immunostimulated PBMC cell suspensions in 3D models were
examined for the profile of cytokines. The cell supernatant after first centrifugation before the
cell wash was cryopreserved and stored at -80°C until analysis (Centrifuge 5910 R, Eppendorf).
Freshly thawed culture medium was diluted 100 times in the Assay buffer (BD Biosciences,
USA), followed by the procedure according to the manual instruction of BD Cytometric Bead
Array (CBA) Human Soluble Protein Master Buffer Kit:

1. Preparing Human Flex Set Standards

e Lyophylized standards were pooled into 15 mL centrifuge tube labeled as Top Standard
(Centrifuge 5910 R, Eppendorf).
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e 4 mL of the Assay Diluent were added to the tube. After 15 min incubation at room

temperature the suspension was mixed by gently pipetting 4-5 times.

500 puL of the Assay diluent were pipetted to twelve cytometric tubes labelled as in Figure 22
and Top standard was serially diluted. The standards’ concentrations in each Standard tube were

presented in Table 18.

500 uL 500 uL 500 uL 500 uL 500 uL 500 uL 500 pL 500 uL

(XN OYMMY

AARRANN)

Top I:2 g o ; 1:32 1:64 1:128 1:256 ,,0”
Standard

Standard tubes

Figure 22 Preparation of Standard tubes. “0” stands for negative control. As negative control Assay
buffer was used. Modified on the basis of: [BD CBA Human Soluble Protein Master Buffer Kit

Instruction manual].
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Standard tubes

Dilution Top
1:2 | 1:4 | 1:8 | 1:16 | 1:32 | 1:64 | 1:128 | 1:256 | 0
standard

Protein
concentration 2,500 1,250 | 625 | 312.5 | 156 80 40 20 10 0

[pg/mL]

Table 18 Protein concentration in Standard tubes.
2. Mixing Human Soluble Protein Flex Set Capture Beads
e Vials with capture beads were vortexed for 15 s to achieve uniform suspension.
e Volumes of the reagents were calculated as follows:
VMixed capture Beaas = 1 X 50 pL
Where:
'VMixed Capture Beads Stands for the final volume of capture beads suspension

n stands for number of the assay tubes, including standards.

Individual Capture Beads are added following the rule 1.0 pL per test.

VCapture Beads Diluent = VMixed Capture Beads ~— nx1 |J-L
The appropriate volumes of each capture beads (Table 18) were pipetted into a tube
labeled Mixed Capture Beads.

Cytokine name Catalogue number (BD Biosciences)
Human TNF 558273
Human IFN-y 558269
Human IL-1a 560153
Human IL-1 558279
Human IL-2 558270
Human IL-4 558270
Human IL-6 558276
Human IL-8 558277
Human IL-10 558274

Human IL-12p70 558283

Human 17A 560383
Human IL-17F 562151

Table 19 List of cytokines used in flow cytometry assay.

80



. Preparing Human Soluble Protein Flex Set PE Detection Reagents

Using the calculations from the point 2, Human Detection Reagents were prepared:
VhMixed Capture Beads — Viuman petection Reagents>

VCapture Beads Diluent = VDetection Reagent Diluent.

The appropriate volumes were pipetted into a tube labeled Mixed PE Detection

Reagents and stored at 4°C, protected from light until use.

. Assay procedure

50 uL of Flex Set Standard dilutions (Table 17) were added to the labeled tubes
(1-10) according to increasing concentration.

50 pL of each unknown samples were added to the separate test labeled tubes
(11-X).

Mixed Capture Beads were vortexed for 5 s.

50 uL of the Mixed Capture Beads were added to the assay tubes (test and standard

tubes). The samples were then gently mixed.
Assay tubes were incubated for 1 h at room temperature, protected from the light.

50 puL of the Mixed PE Detection Reagents were added to all assay tubes. The tubes
were then gently mixed.

Assay tubes were incubated for 2 h at room temperature (RT), protected from the
light.

1 mL of the Wash Buffer was added to assay tubes. Tubes were centrifuged
at 200 g for 5 min (Centrifuge 5910 R, Eppendorf).

The supernatants were discarded from assay tubes.

300 pL of the Wash Buffer was added to each assay tube. Tubes were vortexed

before the analysis.

. Acquisition of the samples using the flow cytometer. Analyzes were performed using a

BD FACSLyric ™ Flow Cytometry System. Data was analyzed using FCAP Array v 3
software (BD Biosciences, USA).
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3.13. CD40 gene expression using RT-qPCR

CDA40 is a key protein in the immune response, playing a critical role in the activation
and differentiation of B cells, as well as the maturation of dendritic cells. To study CD40 gene
expression in the context of immune response, RT-qPCR was performed.

The VERO E6 cells were seeded onto 24 well plates in triplicates as described in Section
3.2.1. Then, the cell growth medium was replaced with solutions of different immunogenic
factors in the cell culture medium with reduced FBS and without antibiotics
(MEM with 5% FBS v/v). Concentrations of the tested factors were shown in Table 20.

RNA was extracted from the cell pellets using Total RNA Mini Kit
(A&A Biotechnology, Gdansk, Poland) and reverse-transcribed using High-Capacity cDNA
Reverse Transcription Kit with RNase Inhibitor (ThermoFisher Scientific, Waltham, USA).
RNA and cDNA were measured with two complementary methods — NanoQuant plate, Spark
plate  reader (Tecan, Switzerland) and Qubit Fluorometric = Quantification
(Thermo Fisher Scientific Inc., USA) (described in Paragraph 3.14).

cDNA was diluted to obtain similar levels of the GAPDH reference gene, then 1 pL was
added to 20 pL of the PCR reactions containing random primers, MultiScribe™ Reverse,
Transcriptase, and buffer (ThermoFisher Scientific, Waltham, USA, Cat. 4374966). RT-qPCR
was performed using a CFX96 (Bio-Rad, USA) for 5 min at 95°C followed by 45 cycles of
95°C for 30 s, 61°C for 1 min, 72°C for 1 min, and melting at 50-95°C. The sequences of the
primers is shown in Table 20. The GAPDH reference gene was run together with each target

to normalize target gene levels relative to mRNA levels.

Gene name Primer
GAPDH Forward 5’TGGACTCCACGACGTACTCA3’
Housekeeping gene Reverse 5S’ATGCTGCATTCGCCCTCTT3’
CD40 Forward 5’GAGGCTGCAAATGGAAGTGC3’
Gene of interest Reverse 5’GCTGCTGGAGTCCCCATATC3’

Table 20 Primer sequences for RT-PCR. Legend: GAPDH stands for glyceraldehyde 3-phosphate
dehydrogenase. CD40 means cluster of differentiation 40, a type I transmembrane protein found on
antigen-presenting cells.
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Immunogenic factor Concentration

Untreated control

50 VP/mL
AdV1
100 VP/mL
50 VP/mL
AdV2
100 VP/mL
2.62 pg/mL
RBD He
5.24 pg/mL
50 VP/mL +2.62 pg/mL
AdV1 +rRBD
100 VP/mL + 5.24 pg/mL
50 VP/mL + 2.62 pg/mL
AdV2 + rRBD
100 VP/mL + 5.24 pg/mL
50 VP/mL
pseudo-SARS-CoV-2
100 VP/mL
50 VP/mL + 50 VP/mL
AdV1 + pseudo-SARS-CoV-2
100 VP/mL + 100 VP/mL
50 VP/mL + 50 VP/mL

AdV2 + pseudo-SARS-CoV-2

100 VP/mL + 100 VP/mL
50 VP/mL + 2.62 ng/mL
100 VP/mL + 5.24 pg/mL
2.62 pg/mL + 2.62 pg/mL

pseudo-SARS-CoV-2 + Ab

rRBD + Ab
5.24 pg/mL + 5.24 pg/mL
50 VP/mL
hCoV-0C43
100 VP/mL

Table 21 Concentrations of immunogenic factors used for the CD40 gene relative expression analysis.
Legend: AdV1 stands for 5/3 serotype equipped with ICOSL and CD40L (Garofalo et al., 2021a). hCoV-
0OC43 means human betacoronavirus. rRBD stands for recombinant receptor binding domain protein
(Baran et al., 2023 accepted for publication). ADV2 stands for serotype 5/3 without ICOSL and CD40L
(Garofalo et al., 2021a). Pseudo-SARS-CoV-2 stands for pseudotyped lentivirus (Genecopeia, USA).
Spike-S1-His and Nucleocapsid-His mean recombinant protein (InvivoGen, USA).
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A minimum of 3 technical repetitions were used for each sample. The results were

analyzed and the relative fold gene expression was calculated as follows (Formula 3 — 5):

1. Calculating ACT for each sample:

ACT = (CT¢pao) — (CTgappn)
(€))

CTepao and CTgappy — Average Ct values for any technical replicates

2. Selecting calibrator sample and calculating —AACT:

—AACT = —((ACT¢pao) — (ACTygro £6))
“@

3. Calculate the fold gene expression values:
Fold gene expression = 27A4CT
6
3.14. RNA-seq sample preparation

RNA was extracted from cell pellets using Total RNA Mini Kit (A&A Biotechnology,
Gdansk, Poland) and measured with two complementary methods — on NanoQuant plate, Spark
plate reader (Tecan, Switzerland) and Qubit Fluorometric Quantification (Thermo Fisher
Scientific Inc., USA). RNA samples were stored at -80°C and shipped in dry ice within 24 h to
CeGaT GmbH (Tiibingen, Germany).

RNA quantification using Spark plate reader capabilities

RNA was measured using NanoQuant plate and Nucleic Acid Quantitation application.
Firstly, based on the number of samples, wells on the plate were selected and procedure
appropriate for RNA was chosen. Individual blanking with molecular grade water was
performed for all of the chosen wells (2 pL/well). Then, the quartz wells were wiped with a
piece of lint-free paper to remove any remaining blanking buffer from the sample positions,
and 2 pL of the samples were applied. The plate was then inserted into the plate carrier with
the sample-side facing up, and the measurement was started by selecting Start. Incoming values
were retrieved from the information header of the Measurement Progress window. The
measurements were recorded and analyzed accordingly. Total RNA quality was documented as

an absorbance ratio A260/280 = 2.0.
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Qubit fluorometric quantification

The Qubit Fluorometric Quantification of RNA was carried out with two assay kits
(Qubit RNA Assay Kit and Qubit RNA HS Assay Kit, where HS stands for High Sensitive. The
Qubit RNA Assay Kit (or Qubit RNA HS Assay Kit) and RNA samples were warmed to room
temperature before use. The Qubit 2.0 Fluorometer was set up according to the manufacturer's
instructions. The working solution of the Qubit RNA Assay Kit (or Qubit RNA HS Assay Kit
) was prepared by adding 200 uL of Qubit RNA reagent to 20 mL of Qubit RNA Buffer (Qubit
RNA HS Buffer) and mixed well. The Qubit 2.0 Fluorometer was turned on and RNA was
selected as the assay type. The instrument was allowed to warm up for a few min. Then, 190
pL of the Qubit RNA working solution (or Qubit RNA HS working solution) was added to each
microcentrifuge tube. Ten pL of the RNA sample was added to the respective microcentrifuge
tube containing the working solution and mixed well. The samples were then incubated for 2
min at room temperature. The microcentrifuge tubes were inserted into the Qubit 2.0
Fluorometer, and "Read Sample" was selected. The RNA concentration for each sample was

recorded as displayed on the Qubit 2.0 Fluorometer.

3.15. RNA sequencing

RNA sequencing, also known as RNA-seq, is a powerful tool used to analyze gene
expression levels and identify novel transcripts. In the context of immunology, RNA-seq is used
to investigate the immune response of PBMCs to various immunogenic factors. In this study,
RNA-seq was performed by CeGaT GmbH (Tiibingen, Germany) (Table 22). RNA-seq studies
can provide valuable insights into the complex mechanisms involved in the immune response.

The sequencing reads were demultiplexed using Illumina bcl2fastq (2.20). Skewer
(version 0.2.2) (Jiang et al., 2014) was used to trim adapters. Quality trimming of the reads was
not performed. For samples prepared with the Takara kit, the first three nucleotides of the
second sequencing read were derived from the Pico v2 SMART adapter. Skewer (version 0.2.2)
(Jiang et al., 2014) was used to trim those three nucleotides. In paired-end sequencing, read 2
corresponds to the sense strand. The quality of the FASTQ files was analyzed using FastQC
(version 0.11.5-cegat) (Andrews). Plots were created in R (version 4.0.4) (R Core Team 2015)
using ggplot2 (Wickham, 2009).
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Sample Sent
Sample description
number material
1 PBMC control 1
PBMC:s cultured for 72 h in cell
2 PBMC control 2
growth medium.
3 PBMC control 3
4 PBMC AdVI+rRBD 1
PBMCs treated with AdV1 (100
5 PBMC AdV1+RBD 2 VP/mL) and rRBD (2.62 pg/mL),
incubated for 72 h 34.5°C with 5%
6 PBMC AdV1+rRBD 3 COa.
7 PBMC AdVI+S+N 1
PBMCs treated with AdV1 (100
8 PBMC AdV1+S+N 2 VP/mL), S-His and N-His (0.25 RNA
pg/mL), incubated for 72 h at 34.5°C
9 PBMC AdVI1+S+N 3 with 5% CO..
10 Calu-3 control 1
Calu-3 cells cultured for 72 h in cell
11 Calu-3 control 2 )
growth medium.
12 Calu-3 control 3
13 Calu-3 AdV1+S+N 1
Calu-3 cells treated with AdV1 (100
14 Calu-3 AdV1+S+N 2 VP/mL), S-His and N-His (0.25
pg/mL), incubated for 72 h at 34.5°C
15 Calu-3 AdVI+S+N 3 with 5% COsz.

Table 22 Sample types used in the study of the RNA transcripts. Legend: PBMC stands for peripheral
blood mononuclear cells, AdV1 stands for serotype 5/3 equipped with ICOSL and CD40L (Garofalo et
al., 2021a). rRBD stands for recombinant receptor binding domain protein (Baran et al., 2023 accepted
for publication). Spike-S1-His and Nucleocapsid-His mean recombinant protein (InvivoGen, USA).

Calu-3 means human lung tumor epithelial cells (ATCC).
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To prepare the sequencing libraries, rRNA depletion was conducted. The sequencing
process was carried out on an Illumina NovaSeq 6000 machine, which produced 2 x 100 bp
reads. The company trimmed the reads from adapters and excluded nucleotides with a Phred
score below a certain threshold. Only reads that were longer than 35 nucleotides were kept. The
reads were aligned to the human GRCH.38 genome with GENCODE version 43 primary
annotation, using RSEM-1.3.3 coupled with STAR-2.7.10b pipeline. Estimated read counts per
gene were used for differential expression analysis using the DESeq2-1.34.0 R package.
However, sample nr 8 from PBMC AdV1+S+N condition was identified as an outlier due to its
clustering outside of all PBMC cell samples and almost double the read count compared to
other samples. The samples were clustered using the complete linkage hierarchical clustering
method. The transformed read counts were measured by R dist (Distance Matrix Computation)
function with default parameters using the Euclidean distance between samples. All conditions
were included in the DE-seq2 model, and three comparisons were made. Differentially
expressed genes were analyzed separately for gene ontology enrichment with GPrifiler or the
DAVID tool. The threshold of Benjamini-Hochberg adjusted FDR was used to extract
differentially expressed genes from each comparison. Genomic data were provided by PhD

Teresa Szczepinska (CEZAMAT, WUT).
3.16. In vivo analysis of adenovirus-based platform

The in vivo experiment was focused on the safety assessment of an adenovirus-based
vaccine platform. The study employed a mouse model BALB/c to evaluate the potential adverse
effects and safety profile of the therapeutic intervention. Three mice were included in each
experimental group, and the animals' health and well-being were monitored daily. The
therapeutics were administered via subcutaneous injections, with a standardized dose of 500 pl.
The administration of therapeutics begins on the Day 0 of the experiment. These injections were
provided in a series of up to three doses, with intervals of 3-4 days between each injection.

Precise administration dates were documented to monitor the timing of interventions.
The experiment encompasses three cycles of therapeutic administration to assess the safety
profile over an extended period. The weight of the mice was evaluated before each injection to
track any changes that may indicate safety concerns. In Table 23 the details of experiment are
shown. The in vivo experiments including breeding, platform administration, euthanasia were
performed by specialist Marta Prygiel PhD (superior of Animal Laboratory) at the National
Institute of Public Health — National Institute of Hygiene — National Research Institute. The
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whole procedure was performed according to the Ethical Statement no WAW2/150/2022 of

December 7, 2022 of the Local Ethical Commission for Animal Experiments in Warsaw.

Experiment
Name of N=mouse Treatment Place of injection | Volume | Repetition
eppendorf
1 3 PBS
5 3 AdVwt
(1x10' VP/mL)
3 3 AdV1
(1x10' VP/mL)
S-His (10 pg/mL)
4 3 +
N-His (10 pg/mL)
500 L 3
AdVwt Subcutaneously H injections
(1x10'° VP/mL)
5 3 .
S-His (10 pg/mL)
+
N-His (10 pg/mL)
AdV1
(1x10' VP/mL)
+
6 3 S-His (10 pg/mL)
+
N-His (10 pg/mL)

Table 23 In vivo analysis of adenovirus-based platform. The table contains the conversion of the
concentration of the viruses and proteins (S-His and N-His) into 500 pL dose volumes.

3.17. Statistical analyses

The quantitative and qualitative data obtained in this study were subjected to statistical
analysis. The mean = SD was used to express continuous data, unless stated otherwise. Various
tests were employed to evaluate multiple variables, such as multiple unpaired t-tests, Wilcoxon
signed rank test, paired t-test, RM one-way ANOVA, and correlation (Pearson r). These tests
were used to identify any significant changes in variables between the different groups. A P-
value of <0.05 was considered statistically significant for all tests performed. GraphPad Prism

9.5.1.733 (San Diego, USA) was used to analyze the data.
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4. Results

4.1. Optimization and validation of an ex vivo Peripheral Blood Mononuclear
Cell (PBMC): cell viability and programmed cell death

As it was reviewed (Baran et al., 2022), PBMC:s are very sensitive to many physical and
chemical factors. Low temperature and cryopreservation can influence the population contents,
it can reduce the number of Tnaive and Tcewm cells, and increase CD8" population. The isolated
cells are mature and do not have an ability to effectively proliferate, so the changes in their
response are not very strong. However, the observed tendencies in a well-established research
model are good for studying immune response and bridging the gap between animal tests and
clinical trials (Tapia-Calle et al., 2019). As a result of the literature review (Baran et al., 2022)
and preliminary studies (Baran et al., 2024), it was found that it is beneficial to isolate PBMCs
from buffy coats at room temperature. This prevents the formation of agglomerates and
facilitates the cell separation. Subsequently, it is preferable to use PBS with culture medium
(RPMI or OptiMEM) for washing the cells. According to the literature review
(Baran et al., 2022), the cells were frozen in a gradient temperature using a CellCamper, in
which the temperature drops by an average of 1°C/min successively in -80°C, and after 24 h
cryotubes were moved to -150°C. The composition of the OptiMEM cryopreservation medium
was as follows: 20% of FBS and 10% of cryopreservant - DMSO. Then, cryopreserved PBMCs
were thawed at room temperature prior to the scheduled experiment, washed with fresh culture
medium, and plated in OptiMEM (10% FBS, 1% penicillin-streptomycin). The cells were
leaved for overnight incubation, during which it was possible to remove apoptotic cells
(so-called rest day).

The MTS viability test and cytometric analysis to detect cell apoptosis were performed.
Firstly, it was studied how the PBMCs viability was changing over time of culture.
Measurements after 24 h, 48 h and 7 days were performed. As shown in Figure 23, there are
no statistically significant differences between the 24-h culture and 48-h culture, however after
7 days the decrease in cell viability was significant. Due to the planned long-term experiments,

the conditions of the 7-day culture were optimized.
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Figure 23 PBMCs viability over the time of culture (before optimization). *P < 0.05, **P <0.01.

The cell apoptosis in seventh day of culture before and after optimization is shown in
Figure 24. The approximately 40% increase in the number of viable cells was achieved in the
7-day culture after optimizing the PBMCs handling conditions. PBMCs isolated from the buffy

coats of healthy donors were used as the ex vivo model to study the immune response.
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Figure 24 Apoptosis assay results of PBMCs after 7-day culture, before and after optimization of cell
isolation and culture conditions. Legend: AnnV FITC-A stands for annexin V, 35 — 36 kD Ca*-
dependent phospholipid-binding protein conjugated to the FITC fluorochrome. PI means propidum
iodide. Singlets mean single cells separated from aggregates using forward side channel-Aria (FSC-A)
vs. forward side channel — Height (FSC-H). EARLY APO stands for early apoptosis. LATE APO means
late apoptosis.

4.2. Cytopathic effect (CPE) generated by viruses: examples

The viruses were propagated using the appropriate cell line and banked in collaboration
with the National Institute of Public Health - National Institute of Hygiene (NIPH-NIH).
CPE was photographically documented (Figures 25, 26). Coronavirus titer was determined

using the VERO E6 (ATCC CRL-1586) cell line derived from green monkey kidney
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(Figure 25). The cells were selected due to their very high susceptibility to the SARS-CoV-2

infection compared with the human lines such as Caco-2 or Huh-7 (Zupin et al., 2021).

Determination of adenovirus 5 (wt) titer was performed in H226 cells (human lung tumor

epithelial cells, NCI-H226 ATCC) (Figure 26). Spearman-Kérber infection titers were

determined for the following viruses:

Human coronavirus OC43 (hCoV-0OC43) is a respiratory virus that causes mild cold
symptoms (D. X. Liu et al., 2021). Titer was determined using the VERO E6 cell line:
1.5x107 TCID50/mL. Both, hCoV-OC43 and SARS-CoV-2 belong to the coronavirus
family and share certain structural and genomic features, including the presence of
spike proteins on their surface. Studying hCoV-OC43 can provide insights into general
coronavirus biology, replication strategy, and immune responses, at the same time
being a easy to handle option in a laboratory setting. hCoV-OC43 is a BSL2
coronavirus, which makes it a safer option than highly pathogenic SARS-CoV-2.

VERO E6 cell monolayer Lysis of the VERO E6 cells
Control by hCoV-OC43
Cythopatbhic effect

Figure 25 Representative visualisation of human betacoronavirus OC43 (hCoV-OC43) cythopathic
effect using the VERO E6 cell line.

Adenovirus 5 wt (AdVS5) titer was assessed in the H226 cell line: 1x10* TCID50/mL.
In the studies, AdV5 served as a control to modified adenovirus expressing co-
stimulatory molecules. It is important to include proper controls in the set of
experiments aiming at assessing immune response and to verify which virus backbone
or genetic component of used adjuvant has more potent boosting properties on different

subpopulations of lymphocytes.
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H226 cell monolayer Lysis of the H226 cells
Control by AdV5
Cythopathic effect

Figure 26 Representative visualisation of Adenovirus 5 wt (AdV5) cythopathic effect using the H226
cell line.

4.3. Cytotoxicity study of the immunogenic factors

Immunogenic factors were tested in various concentrations and combinations to
establish their influence on viability and metabolic activity of the VERO E6 and PBMC cells.
The VERO E6 cells were exposed to different dilutions of RBD. As presented in

Figure 27, the VERO E6 cells treated with rRBD in the concentration of 5.24 pg/mL for
24 h showed significant decrease in the viability (13.3+0.7%) compared to the untreated control
(100.0£12.0%). The VERO E®6 cells were exposed to different dilutions of AdV1 (Figure 28).
The VERO E6 cells treated with AdV 1 in the concentration of 5.2x10* VP/mL for 24 h showed
slight increase in the viability (127.0£3.0%) compared to the untreated control (100.0+16.0%)
(Figure 28). The remaining results did not show any statistically significant deviations
compared to the untreated control.

As presented in Figure 29, the VERO E6 cells treated with the mixture of AdV1 and rRBD
in concentrations of 5.2x10° VP/mL and 5.24 pg/mL for 24 h showed significant decrease in
the cells’ viability (7.5£1.0%) compared to the untreated control (100.00+13.00%). The
remaining results did not show any statistically significant deviations compared to the untreated
control. The VERO E6 cell line exposed to different concentrations of pseudo-SARS-CoV-2
(Figure 30), did not show any significant changes in the viability. After selecting the
immunogenic factors’ concentrations to be tested in further experiments, the PBMC metabolic
activity was assessed using the MTS assay (Figure 31). No significant changes compared to

the control were noted (Figure 31).
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Viability of VERO E6 exposed to series
of dilutions of rRBD

-

o

o
J

A -rRBD 5,24 pg/ml

B - rRBD 5,24x10"" ug/ml
C - rRBD 5,24x102 pg/ml
D - rRBD 5,24x1073 ug/ml
E - rRBD 5,24x10 pg/ml
F - rRBD 5,24x10°° ug/ml
G - rRBD 5,24x10°8 ug/ml
H - rRBD 5,24x1077 pg/ml
| - Untreated control

k%%

100

v

(5]
o
1

T A Y

<
N
RRRRHRTHTHTHH

X
RS

Vi

AN

Viability [% of untreated control]
W

1 N
BEERRBODEAD

o
L

Sk (I

m
y
®
I

Figure 27 Viability of the VERO EG6 cell line exposed to series of dilutions of rRBD (recombinant
Receptor Binding Domain protein) for 24 h.
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Figure 28 Viability of the VERO E6 cell line exposed to series of dilutions of AdV1 for 24 h. Legend:
AdV1 stands for adenovirus serotype 5/3 with ICOSL and CD40L.
Viability of VERO E6 exposed to series
of dilutions of AdV1 and rRBD
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C - AdV1 5,2x107 VP/ml; rRBD 5,24x102 pg/ml
D - AdV1 5,2x10° VP/ml; rRBD 5,24x10 ug/ml
E - AdV1 5,2x10% VP/ml; rRBD 5,24x10 pg/ml
F - AdV1 5,2x10* VP/ml; rRBD 5,24x10° ug/ml
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Figure 29 Viability of the VERO E6 cell line exposed to series of dilutions of AdV1 and rRBD
combinations for 24 h. Legend: rRBD (recombinant Receptor Binding Domain protein, Baran et al.,
accepted for publication). AdV1 means adenovirus serotype 5/3 with ICOSL and CD40L (Garofalo et
al., 2021a).
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Viability of VERO E6 exposed to series of
pseudo-SARS-CoV-2 dilutions
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Figure 30 Viability of the VERO E6 cell line exposed to series of dilutions of pseudo-SARS-CoV-2
(pseudotyped lentivirus, GeneCopoeia, USA) for 24 h.
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Figure 31 Viability of PBMC exposured to different immunogenic factors for 24 h. Legend: LPS means
bacterial lipopolysaccharide. AdV1 stands for 5/3 serotype equipped with ICOSL and CD40L (Garofalo
et al., 2021a). hCoV-OC43 means human betacoronavirus. rRBD stands for recombinant receptor
binding domain protein (Baran et al., 2023 accepted for publication). ADV2 stands for serotype 5/3
without ICOSL and CD40L (Garofalo et al., 2021a). Pseudo-SARS-CoV-2 stands for pseudotyped
lentivirus (Genecopeia, USA). Spike-S1-His and Nucleocapsid-His mean recombinant protein
(InvivoGen, USA).

4.4. Scanning electron microscopy (SEM) analyses of viruses

SEM analyses of human coronavirus hCoV-OC43 allowed to identify individual virus
particles of the size about 120 — 150 nm, depending on the unimpaired viral capsid or destroyed
one (Figure 32). The size of pseudo-SARS-CoV-2 capsids ranged from 80 to 100 nm (Figure
33). Adenovirus (AdV1) showed a chain of capsids (marked by yellow arrow in Figure 34),

which is unique for adenoviruses.
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SU8230 5.0kV 8.9mm x40.0k SE(UL)
Figure 32 SEM (Hitachi SU8230): human betacoronavirus OC43 hCoV-OC43 titer exposed
onto the VERO E6 monolayer (yellow arrows — capsid of the virus).

SU8230 10.0kV 8.9mm x50.0k SE(UL) "1.00um

Figure 33 SEM (Hitachi SU8230): pseudo-SARS-CoV-2 titer determined onto the VERO E6
monolayer (yellow arrows — capsid of the virus). Legend: pseudo-SARS-CoV-2 stands for
pseudotyped lentivirus (Genecopeia, USA).
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SU8230 10.0kV 8.1mm x70.0k SE(U) 500nm

Figure 34 SEM (Hitachi SU8230): AdV1 titer determined onto the VERO E6 monolayer (yellow arrow
— chain of capsids characteristic of adenoviruses). Legend: AdV1 means adenovirus serotype 5/3 with
ICOSL and CD40L.

4.5. Confocal Laser Scanning Microscopy analyses

Pseudo-SARS-CoV-2 internalization was studied using Confocal Laser Scanning
Microscopy (CLSM, Zeiss, Germany). Three different approaches were tested as follows: (1)
pseudo-SARS-CoV-2 preincubated with the tested formulation including rRBD+AdV1 (100
VP/mL+100 VP/mL+2.62 pg/mL); (2) pseudo-SARS-CoV-2 preincubated with anti-spike
antibody (100 VP/mL+2.62 pg/mL); (3) pseudo-SARS-CoV-2 (100 VP/mL) standing for
positive control. The sample containing pseudo-SARS-CoV-2+AdV1+rRBD showed
decreased expression of green fluorescence protein GFP (Figure 35 C1, G1, PI1) compared to
the pseudo-SARS-CoV-2 control (Figure 35 C3, G3, PI3). A few necrotic nuclei were observed
(Figure 35 PI1). Pseudo-SARS-CoV-2 was effectively internalized by the VERO E6 cells
(Figure 35 C3, G3, PI3). GFP was expressed inside the cells (Figure 35 G3). Small number of
necrotic nuclei occurred (marked red with propidium iodide in Figure 35 PI3). Pseudo-SARS-
CoV-2 displayed internalization blocked by the anti-spike antibody (preincubated for 24 h
before applying onto the cell monolayer) in Figure 35 (C2, G2, P12). GFP signal significantly
decreased in the VERO E6 cells (Figure 35 C2, G2, PI2) compared to the control - pseudo-
SARS-CoV-2 (Figure 35 C3, G3, PI3). There were also no necrotic nuclei visible in the
approach (Figure 35 C2, G2, P12).
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Figure 35 Confocal Laser Scanning Microscopy (CLSM) analysis of pseudo-SARS-CoV-2
internalization. Legend: 1 - Pseudo-SARS-CoV-2+AdV1+rRBD (100 VP/mL+100 VP/mL+2.62
ug/mL), 2 — Pseudo-SARS-CoV-2+Ab (100 VP/mL+2.62 pg/mL), 3 — Pseudo-SARS-CoV-2 (100
VP/mL). C — phase-contrast, G — GFP, PI — propidium iodide. AdV1 stands for 5/3 serotype equipped
with ICOSL and CD40L (Garofalo et al., 2021a). rRBD stands for recombinant receptor binding domain

protein (Baran et al., 2023). Pseudo-SARS-CoV-2 stands for pseudotyped lentivirus (Genecopeia,
USA).



4.6. The CD40 gene expression

To study the effect of activation of the VERO E6 function under the immunogenic

factors’ treatment, real-time RT-qPCR was used to assess the expression of CD40. The cells

were incubated for 24 h with or without the immunogenic factors at 34.5°C with 5% COx. As

shown in Figure 36, CD40 gene was significantly upregulated when cells were stimulated with

the following factors compared to the untreated control:

1.

2
3
4
5
6.
7
8
9

10.
11.

12

13.

AdV1 50 or 100 VP/mL,;

. tRBD 2.62 or 5.24 ng/mL;

. AdV1 50 VP/mL+rRBD 2.62 ng/mL;

. AdV2 50 VP/mL+rRBD 2.62 pg/mL;

. AdV2 100 VP/mL+ rRBD 5.24 pg/mL;

AdV1 50 VP/mL+ pseudo-SARS-CoV-2 50 VP/mL;

. AdVI1 100 VP/mL+ pseudo-SARS-CoV-2 100 VP/mL;
. AdV2 50 VP/mL+ pseudo-SARS-CoV-2 50 VP/mL;
. AdV2 100 VP/mL+ pseudo-SARS-CoV-2 100 VP/mL;

pseudo-SARS-CoV-2 50 VP/mL+Ab 2.62 pg/mL;
pseudo-SARS-CoV-2 100 VP/mL+Ab 5.24 ng/mL;

.TRBD 2.62+Ab 2.62 pg/mL,;

rRBD 5.24 pg/mL+ Ab 5.24 pg/mL. A strong upregulation of the CD40 gene
was shown when VEROEG6 was treated with hCoV-OC43 (50 or 100 VP/mL).
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VERO E6 untreated control
hCoV-0C43 100 VP/ml
hCoV-0C43 50 VPImIV/Z/H A/
rRBD 5.24 ug/ml + Ab 5.24 pg/mi||||#
rRBD 2.62 ug/ml + Ab 2.62 pglml-g

pseudo-SARS-CoV-2 50 VP/mL + Ab 2.62 pg/ml
AdV2 100 VP/ml + pseudo-SARS-CoV-2 100 VP/mL -4
AdV2 50 VP/ml + pseudo-SARS-CoV-2 50 VP/mL+ *
AdV1 100 VP/ml + pseudo-SARS-CoV-2 100 VPImL-ﬁ
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pseudo-SARS-CoV-2 100 VP/mL=

g — )
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AdV2 100 VP/mL + rRBD 5,24 ug/ml
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Figure 36 Relative expression of the CD40 gene of VERO E6. Legend: Values are given as the cycle
threshold (Ct, mean of triplicate samples). Normalization factors were calculated as the geometric mean
of the expression levels of the most stable reference gene GAPDH. As a calibrator, untreated VERO E6
sample was used (=1). Fold gene expression 2"24“'was calculated according to the formula: AACt = ACt
(Sample) — ACt (Control average) and ACt = Ct (gene of interest) — Ct (housekeeping gene). AdV1
stands for 5/3 serotype equipped with ICOSL and CD40L (Garofalo et al., 2021la).
hCoV-0OC43 stands for human betacoronavirus. rRBD stands for recombinant receptor binding domain
protein (Baran et al., 2023). ADV2 stands for serotype 5/3 without ICOSL and CD40L (Garofalo et al.,
2021a). Pseudo-SARS-CoV-2 stands for pseudotyped lentivirus (Genecopeia, USA).
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4.7. Human PBMC for the immunogenicity assessment of the vaccine
factors. T lymphocyte subsets in response to the immune-stimulatory
molecules after 24 h

The aim of the experiment was to study how isolated and cryopreserved PBMCs react
to the immunogenic agents in a short time (24 h). The optimization of the PBMC culturing,
the process of cell immunophenotyping, and selection of the immunogenic factors’
concentrations were presented in the previous stages. To accomplish the current topic, PBMCs
were seeded into 24-well plate and incubated for 24 h with the following factors:

LPS (0.125 pg/mL), rRBD (2.62 pg/mL), rRBD+Ab (2.62 ng/mL+2.62 pg/mL preincubated

for 24 h at 34.5°C with 5% CO»;), AdV1 (100 VP/mL), AdV2 (100 VP/mL), AdV1+rRBD

(100 VP/mL+2.62 pg/mL), AdV2+rRBD (100 VP/mL+2.62 pg/mL), pseudo-SARS-CoV-2

(100  VP/mL), pseudo-SARS-CoV-2+Ab (100 VP/mL+5.24 pg/mL), hCoV-OC43

(100 VP/mL), MIX1 (AdVI1+rRBD+pseudo-SARS-CoV-2: 100 VP/mL+2.62 pg/mL+

100 VP/mL) and MIX2 (AdV2+rRBD+pseudo-SARS-CoV-2: 100 VP/mL+2.62 pg/mL+

100 VP/mL at 34.5°C with 5% COz). After the incubation, the cells were stained as described

in the “Immunophenotyping”. CD4" T cells, CD8" T cells, and their subpopulations:

central memory (CM), effector memory (EM), effector memory terminally differentiated

(EMRA) were analyzed. The results were compared with the untreated control and with

the LPS treated control (MOCK). Statistically significant differences in different populations

of T and B lymphocytes compared to the untreated control were observed. Decrease in the
amount of CD4" T cells was observed in the samples treated with rRBD+Ab (57.50+2.30%),

AdV1+rRBD (55.40+0.00%), AdV2+rRBD (54.87+0.00%) compared to the untreated control

(72.60+2.84%) (Figure 37). Increase in the amount of CD8" T cells was observed in

the samples treated with AdV1+rRBD (37.17£0.00%) and AdV2+rRBD (37.27+£1.03%)

compared to the untreated control (23.13£2.10%). The amount of CD4*CD8" increased in the
sample treated with AdV2+rRBD (2.1540.13%) compared to the untreated control

(1.444+0.38%). CD4"CD8" subpopulation when treated with rRBD decreased (1.30+0.05%)

compared to MOCK (1.53+0.06%). By comparing samples to MOCK, it is possible to check

whether the changes observed after the rRBD treatment are due to rRBD itself, or to bacterial
contamination with LPS, as it is a recombinant protein produced in E. coli.

Moreover, CD4"CD8" increased when treated with the combination of adenoviruses and rRBD

(AdV1+rRBD: 2.05+0.04, AdV2+rRBD: 2.15+0.13%) compared to the untreated control.

Population of CD4'CD8 T cells increased significantly when treated with AdV1+rRBD
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(5.38£0.18%) and AdV2+rRBD (5.70+0.44%) compared to the untreated control
(2.79+0.42%).
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Figure 37 Percentage of T cells (CD4", CD8*, CD4'CD8", CD4'CD®") incubated for 24 h with the
immunogenic factors: MOCK (LPS), rRBD, rRBD+Ab, AdV1, AdV2, AdV1+rRBD, AdV2+rRBD.
Legend: MOCK means peripheral blood mononuclear cells (PBMCs) treated with lypopolysacharide
(LPS) in conc. of 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.

Analysis of the samples treated with hCoV-OC43 showed as follows: decrease in CD4" T cells
(58.00+1.85%) compared to the untreated control (72.60+2.84%), increase in CD8" T cells
(35.00£1.2% vs. 23.13+£2.10%) and CD4CD8 T cells (4.45£0.68% vs. 2.79+0.42%)
(Figure 38). Similar trends were observed in the samples treated with MIX2
(AdV2+rRBD+pseudo-SARS-CoV-2): decrease in CD4" T cells (54.87£1.31%) vs.
the untreated control (72.60+£2.84%), increase in CD8" T cells (37.27£1.03%) vs.
(23.13+£2.10%), and increase in CD4°CD8" T cells (5.70+£0.44%) vs. (2.79£0.42%).
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Figure 38 Percentage of T cells (CD4+, CD8+, CD4+CD8+, CD4-CDS8-) incubated for 24 h with
immunogenic factors: MOCK (LPS), pseudo-SARS-CoV-2, pseudo-SARS-CoV-2+Ab, hCoV-OC43,
MIX1, MIX2. Legend: MOCK means peripheral blood mononuclear cells (PBMCs) treated with
lypopolysacharide (LPS) in conc. of 0.125 pg/mL. Pseudo-SARS-CoV-2 (100 VP/mL) stands for
pseudotyped lentivirus (Genecopoeia, USA). Ab (5.24 pg/mL) means antibody against spike protein.
MIX1 (AdV1+rRBD+pseudo-SARS-CoV-2: 100 VP/mL+2.62 pg/mL+100 VP/mL) and MIX2
(AdV2+rRBD+pseudo-SARS-CoV-2: 100 VP/mL+2.62 ng/mL+100 VP/mL), where AdV1 stands for
5/3 serotype equipped with ICOSL and CD40L (Garofalo et al., 2021a), ADV2 stands for serotype 5/3
without ICOSL and CD40L (Garofalo et al., 2021a), rRBD stands for recombinant receptor binding
domain protein in conc. of 2.62 pg/mL (Baran et al., 2023). hCoV-OC43 (100 VP/mL) stands for human
betacoronavirus OC43.

It was analyzed how the population of cells was changed: NATVE and stem-cell like
memory T cells (SCM) with a high potential for differentiation into the effector cells.
The decrease in the number of SCM CD4" and CD8" T cells was observed in all of the treated

samples compared to the untreated control (Figure 38, Figure 40).
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Figure 39 The heat map analysis of markers expressed by the subpopulations of CD4*CD45RA*CD197*
of PBMCs treated with LPS, rRBD, rRBD+Ab, AdV1, AdV2, AdV1+rRBD, AdV2+rRBD, MIXl,
MIX2, pseudo-SARS-CoV-2, pseudo-SARS-CoV-2+Ab and hCoV-OC43. Legend: Control means
untreated peripheral blood mononuclear cells (PBMCs). MOCK means PBMCs treated with
lypopolysacharide (LPS) in conc. of 0.125 pg/mL. rRBD stands for recombinant receptor binding
domain protein in conc. of 2.62 pg/mL (Baran et al., 2023). Ab (5.24 pg/mL) means antibody against
spike protein. AdV1 (100 VP/mL) stands for 5/3 serotype equipped with ICOSL and CD40L
(Garofalo et al., 2021a). ADV2 (100 VP/mL) stands for serotype 5/3 without ICOSL and CD40L
(Garofalo et al., 2021a). Pseudo-SARS-CoV-2 (100 VP/mL) stands for pseudotyped lentivirus
(Genecopoeia, USA). MIX1 (AdV1+rRBD+pseudo-SARS-CoV-2: 100 VP/mL+2.62 pg/mL+
100 VP/mL) and MIX2 (AdV2+rRBD+pseudo-SARS-CoV-2: 100 VP/mL+2.62 ng/mL+100 VP/mL).
hCoV-0C43 (100 VP/mL) stands for human betacoronavirus OC43.
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Figure 40 The heat map analysis of markers expressed by the subpopulations of CD8'CD45RA*CD197*
of PBMCs treated with LPS, rRBD, rRBD+Ab, AdV1, AdV2, AdV1+rRBD, AdV2+rRBD, MIX1,
MIX2, pseudo-SARS-CoV-2, pseudo-SARS-CoV-2+Ab and hCoV-OC43. Legend: Control means
untreated peripheral blood mononuclear cells (PBMCs). MOCK means PBMCs treated with
lypopolysacharide (LPS) in conc. of 0.125 pg/mL. rRBD stands for recombinant receptor binding
domain protein in conc. of 2.62 pg/mL (Baran et al., 2023). Ab (5.24 ug/mL) means antibody against
spike protein. AdV1 (100 VP/mL) stands for 5/3 serotype equipped with ICOSL and CD40L (Garofalo
etal., 2021a). ADV2 (100 VP/mL) stands for serotype 5/3 without ICOSL and CD40L (Garofalo et al.,
2021a). Pseudo-SARS-CoV-2 (100 VP/mL) stands for pseudotyped lentivirus (Genecopoeia, USA).
MIX1 (AdV1+rRBD+pseudo-SARS-CoV-2: 100 VP/mL+2.62 pug/mL+
100 VP/mL) and MIX2 (AdV2+rRBD+pseudo-SARS-CoV-2: 100 VP/mL+2.62 ng/mL+100 VP/mL).
hCoV-OC43 (100 VP/mL) stands for human betacoronavirus OC43.

Detailed analysis of CD4" T cell subpopulations is shown in Figure 41 and TablelA
(Annex). It was studied whether PBMCs undergo the process of differentiation into effector
and memory cells when exposed to the immunogenic factors. Both proposed vaccine platforms
caused statistically significant changes in T cell subpopulations compared to the untreated
control. The AdV1+rRBD treatment caused increase in the number of CM CD4" T cells
(21.50£0.00% vs. 14.50£1.47%), EM CD4" T cells (9.67+0.00% vs. 4.77+0.99%),
and EMRA CD4" T cells (6.87+0.00 vs. 2.13+0.84). Decrease in the number
of CDI197'CD45RA™ (61.93+0.00%) was noted compared to the untreated control
(78.6340.87%). Treatment the cells with AdV2+rRBD caused increase in the number of CM
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CD4" T cells (21.83+0.65% vs. 14.50+1.47%), EM CD4" T cells (9.50£1.06% vs.
4.77+0.99%), and EMRA CD4" T cells (6.57+0.49% vs. 2.13+0.84%). Decrease in the number
of CD197'CD45RA" was observed (62.10+1.28%) compared to the untreated control
(78.634+0.87%). Treatment the cells with rRBD caused a significant increase in the amount
of EM CD4" T when compared to the untreated control (7.20+3.11% vs. 4.77+0.99%).
The slight increase in EMRA CD4" T cells (2.25+0.49%) compared to the untreated control
(2.13+0.84%) was observed. Decrease in the number of CD197'CD45RA" occurred when
compared to the untreated control (71.4549.12% vs. 78.63+0.87%) and MOCK
(71.4549.12% vs. 74.23+10.28%).
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Figure 41 Percentage of central memory (CM), effector memory (EM), effector memory terminally
differentiated (EMRA), and CD197+CD45RA+ among CD4+ after 24 h incubation with LPS, rRBD,
rRBD+Ab, AdV1, AdV2, AdV1+rRBD and AdV2+rRBD. Legend: Control means untreated peripheral
blood mononuclear cells (PBMCs). MOCK 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). ADV?2 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.

As shown in Figure 42, significant changes were observed in all of the subpopulations

treated with MIX2 (AdV2+rRBD+pseudo-SARS-CoV-2: 100 VP/mL+2.62 pg/mL+
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100 VP/mL). There were changes as follows: CM CD4" T cells (19.07+0.00% vs. untreated
control of 14.50+1.47%), EM CD4" T cells (26.70£9.00% vs. 4.77+0.99%),
EMRA CD4" T cells (9.63£0.00% vs. 2.13+£0.84%) and CD197'CD45RA" CD4" T cells
(44.604£9.00% vs. 78.63+0.87%). Increase in the number of EM CD4" T cells (26.70+£9.00%)
proved to be statistically significant also when compared to MOCK (5.70£3.89%). The sample
treated with hCoV-OC43 showed increase in the EMRA CD4" T cells vs. the untreated control
(4.00+£0.65% vs. 2.13+0.84%).
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Figure 42 Percentage of central memory (CM), effector memory (EM), effector memory terminally
differentiated (EMRA), and CD197"CD45RA" among CD4" after 24 h incubation with LPS, pseudo-
SARS-CoV-2, pseudo-SARS-CoV-2+Ab, hCoV-OC43, MIX1 and MIX2. Legend: Control means
untreated peripheral blood mononuclear cells (PBMCs). MOCK means PBMCs treated with
lypopolysacharide (LPS) in conc. Of 0.125 pg/mL. Pseudo-SARS-CoV-2 (100 VP/mL) stands for
pseudotyped lentivirus (Genecopoeia, USA). Ab (5.24 pg/mL) means antibody against spike protein.
hCoV-0OC43 (100 VP/mL) stands for human betacoronavirus OC43. MIX1 (AdV1+rRBD+pseudo-
SARS-CoV-2: 100 VP/mL+2.62 pg/mL+100 VP/mL) and MIX2 (AdV2+rRBD+
pseudo-SARS-CoV-2: 100 VP/mL+2.62 pug/mL+100 VP/mL), where AdV1 (100 VP/mL) stands for
5/3 serotype equipped with ICOSL and CD40L (Garofalo et al., 2021a), ADV2 (100 VP/mL) stands for
serotype 5/3 without ICOSL and CD40L (Garofalo et al., 2021a), rRBD stands for recombinant receptor
binding domain protein in conc. Of 2.62 ug/mL (Baran et al., 2023).

CD8" cells play a critical role in the body's immune response to viral infections.
It was checked how CDS8" cytotoxic lymphocytes change their phenotype when exposed to
the immunogenic factors. Figure 43 shows changes in the levels of CM, EM, EMRA,
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and CD197"CD45RA" among CD8" after 24 h incubation with LPS, rRBD, rRBD+Ab, AdV1,
AdV2, AdV1+rRBD and AdV2+rRBD. The PBMCs treated with rRBD displayed several
changes in CD8" T cells, as follows: increase in the number of EM CD8" T cells vs. the
untreated control (7.23+1.86% vs. 7.90+0.50%) or MOCK (7.23+1.86% vs. 7.23+1.86%),
increase in the number of EMRA CDS8" T cells vs. MOCK (41.40+0.85% vs. 36.03£3.20%),
decrease in the number of CD197'CD45RA" CD8" T cells vs. the untreated control
(42.80+5.52% vs. 48.27+3.73%) or MOCK (42.80+5.52% vs. 52.20+4.54%). Samples treated
with the combination of AdV1 and rRBD showed elevated amount of EM CD8" T cells vs. the
untreated control (6.33+0.40% vs. 7.90+0.50%). EMRA CD8" T cells increased in both,
AdV1+RBD (50.17+1.34% vs. 36.03+3.20%) and AdV2+rRBD vs. MOCK (49.40+1.04% vs.
36.03+3.20%).
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Figure 43 Percentage of central memory (CM), effector memory (EM), effector memory terminally
differentiated (EMRA), and CD197+CD45RA+ among CDS8+ after 24 h incubation with LPS, rRBD,
rRBD+Ab, AdV1, AdV2, AdV1+rRBD and AdV2+rRBD. Legend: Control means untreated peripheral
blood mononuclear cells (PBMCs). MOCK 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.

EMRA CD197'CD45RA"
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In Figure 44, the samples exposed to MIX2 showed changes in a few populations. CM
CD8"' T cells increased vs. the untreated control (1.33£0.05% vs. 4.07+0.82%) or MOCK
(1.33+0.05% vs. 4.53+1.16%). In the samples treated with MIX2, EMRA CD8" T cell level
increased vs. the untreated control (57.57+3.16% vs. 39.77+4.83%) or MOCK (57.57+3.16%
vs. 36.03+3.20%). The subpopulation of CD197'CD45RA" CD8" T cells decreased vs. the
untreated control (23.53£3.21% vs. 48.27+£3.73%) or MOCK (23.53£3.21% vs. 52.20+4.54%).
Samples treated with hCoV-OC43 showed significant changes in CM subpopulation of CD8"
T cells, 2.55+0.55% compared with the untreated control (4.07+£0.82%) or MOCK
(4.53£1.16%).
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Figure 44 Percentage of central memory (CM), effector memory (EM), effector memory terminally
differentiated (EMRA), and CD197"CD45RA" among CD8" after 24 h incubation with LPS, pseudo-
SARS-CoV-2, pseudo-SARS-CoV-2+Ab, hCoV-OC43, MIX1 and MIX2. Legend: Control means
untreated peripheral blood mononuclear cells (PBMCs). MOCK means PBMCs treated with
lypopolysacharide (LPS) in conc. of 0.125 pg/mL. Pseudo-SARS-CoV-2 (100 VP/mL) stands for
pseudotyped lentivirus (Genecopoeia, USA). Ab (5.24 pg/mL) means antibody against spike protein.
hCoV-0OC43 (100 VP/mL) stands for human betacoronavirus OC43. MIX1 (AdV1+rRBD+pseudo-
SARS-CoV-2: 100 VP/mL+2.62 pg/mL+100 VP/mL) and MIX2 (AdV2+rRBD+pseudo-SARS-CoV-
2: 100 VP/mL+2.62 ug/mL+100 VP/mL), where AdV1 (100 VP/mL) stands for 5/3 serotype equipped
with ICOSL and CD40L (Garofalo et al., 2021a), ADV2 (100 VP/mL) stands for serotype 5/3 without
ICOSL and CD40L (Garofalo et al., 2021a), rRBD stands for recombinant receptor binding domain
protein in conc. of 2.62 pg/mL (Baran et al., 2023).

EMRA CD197'CD45RA"
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4.8. CD19" B cell subsets after the 24-h stimulation with the immunogenic
factors
CD19" B cells play a critical role in the adaptive immune response, particularly
in humoral immunity, by recognizing and binding to foreign antigens, leading to the production
of antibodies. Due to its specific expression on B cells, CD19 is commonly used as a marker
for identifying and isolating B cells in research studies. In this study, a specific panel was used
to investigate the influence of immunogenic factors on CD19* B cells (Figure 45).
Statistically significant changes were observed in PBMCs treated with rRBD (11.93+0.31%),
MIX1  (12.10+0.10%), rRBD+Ab (7.15+1.06%), AdV1+rRBD (12.60+0.00%),
and AdV2+rRBD (12.33+0.29%) compared with the untreated control (9.70+0.50%) or MOCK
(9.67+0.42%).
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Figure 45 Percentage of CD19+ B cells after 24-h incubation with LPS, rRBD, rRBD+Ab, AdV1,
AdV2, AdV1+rRBD, AdV2+rRBD, pseudo-SARS-CoV-2, pseudo-SARS-CoV-2+Ab, hCoV-OC43,
MIX1 and MIX2. Legend: Control means untreated peripheral blood mononuclear cells (PBMCs).
MOCK means PBMCs treated with lypopolysacharide (LPS) in conc. of 0.125 pg/mL. AdV1
(100 VP/mL) stands for 5/3 serotype equipped with ICOSL and CD40L (Garofalo et al., 2021a). ADV2
(100 VP/mL) stands for serotype 5/3 without ICOSL and CD40L (Garofalo et al., 2021a). rRBD stands
for recombinant receptor binding domain protein in conc. of 2.62 pg/mL (Baran et al., 2023).
Pseudo-SARS-CoV-2 (100 VP/mL) stands for pseudotyped lentivirus (Genecopoeia, USA).
hCoV-0C43 (100 VP/mL) stands for human betacoronavirus OC43. Ab (5.24 ng/mL) means antibody
against spike protein. MIX1 (AdVI1+rRBD+pseudo-SARS-CoV-2: 100 VP/mL+2.62 pg/mL+
100 VP/mL) and MIX2 (AdV2+rRBD+pseudo-SARS-CoV-2: 100 VP/mL+2.62 pg/mL+100 VP/mL).
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The subsets of memory B cells were sorted based on their CD27 and IgD status, as
shown in Figure 46. The CD27" B cells were further categorized into two groups: the class-
switched memory B cells (IgD") and non-switched memory B cells (IgD"). The NAIVE B cells
were identified as CD27 IgD", while the double negative population (CD27IgD") was not well-
defined and reported to have memory B cell-like properties. Numerous statistically significant
changes in the content of individual subpopulations were observed in the samples treated with
LPS, rRBD, rRBD+Ab, AdV1, AdV2, AdVI+rRBD, AdV2+rRBD when compared to the
untreated control (Figure 46, Table2A (Annex)). The changes in CD19" CS population were
noted when PBMCs were treated with AdV1 (6.07+0.35% vs. 9.67+0.21%), rRBD
(13.80+0.87% vs. 9.67+0.21%), and rRBD+AD (19.05£1.34% vs. 9.67+0.21%), compared with
MOCK. Class-switched CD19" B cells are a subset of B cells that have undergone a process
called class-switch recombination (CSR). They play an important role in the adaptive immune
response by producing antibodies with different effector functions. The significant decrease
comparing to MOCK was observed in NAIVE B cells in the samples treated with rRBD
(49.10+1.85% vs. 54.83+0.55%) and rRBD+Ab (38.20+0.85% vs. 54.83+0.55%). Similarly,
changes in the content of individual subpopulations were observed in the samples treated with
pseudo-SARS-CoV-2, pseudo-SARS-CoV-2+Ab, hCoV-OC43, MIX1 and MIX2 when
compared to the untreated control (Figure 47, Table2A (Annex)). The statistically significant
changes in CS CD19" subpopulation occurred when compared to Mock. These changes were
noted for PBMCs treated with pseudo-SARS-CoV-2 (5.97+0.06% vs. 9.67+0.21%), MIX1
(17.73+2.61% vs. 9.67+0.21%) and MIX2 (5.77+0.06% vs. 9.67+£0.21%). The statistically
significant changes in NATVE B cells were observed when PBMCs were treated with MIX1
(45.17+2.25 vs. 54.8340.55%).
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Figure 46 The subsets of the memory B cells (CD19+CD24+CD38-) CS, NCS, and NAIVE incubated for
24 h with immunogenic factors: LPS, rRBD, rRBD+Ab, AdV1, AdV2, AdV1+rRBD, AdV2+rRBD. Legend:
Control means untreated peripheral blood mononuclear cells (PBMCs). MOCK means PBMCs treated with
lypopolysacharide (LPS) in conc. 0.125 pg/mL, AdV1 stands for 5/3 serotype equipped with ICOSL and
CDA40L (Garofalo etal., 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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Figure 47 The subsets of the memory B cells (CD19+CD24+CD38-) CS, NCS, and NAIVE incubated for
24 h with immunogenic factors: LPS, pseudo-SARS-CoV-2, pseudo-SARS-CoV-2+Ab, hCoV-OC43, MIX1
and MIX2. Legend: Control means untreated peripheral blood mononuclear cells (PBMCs). MOCK means
PBMCs treated with lypopolysacharide (LPS) in conc. of 0.125 pg/mL. Pseudo-SARS-CoV-2 (100 VP/mL)
stands for pseudotyped lentivirus (Genecopoeia, USA). hCoV-OC43 (100 VP/mL) stands for human
betacoronavirus OC43. MIX1 (AdV1+rRBD+pseudo-SARS-CoV-2: 100 VP/mL+2.62 ng/mL+100 VP/mL)
and MIX2 (AdV2+rRBD+pseudo-SARS-CoV-2: 100 VP/mL+2.62 pg/mL+100 VP/mL), where AdV1
(100 VP/mL) stands for 5/3 serotype equipped with ICOSL and CD40L (Garofalo et al., 2021a), ADV2
(100 VP/mL) stands for serotype 5/3 without ICOSL and CD40L (Garofalo et al., 2021a), rRBD stands for
recombinant receptor binding domain protein in conc. of 2.62 pg/mL (Baran et al., 2023).
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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.

115



0,029430

0,002852
0,003725

100- @ Untreated

3 Adv1
80+ {

5 [ AdV2
e M S-His
0,037004 N-His
60 0,001622 £ AQVI+SHN
0,001463
[ [J AdV2+S+N
404
0,016132
0,040941
20+ 0,021814
\Z

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).
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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.)

125



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.
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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).

129



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.

143



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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Figure 58 The heat map analysis of NATVE and SCM cells from the subpopulations of
CD8'CD45RACDI197" 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. AdV?2 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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Gating hierarchy for panels 1-3

maIA uonendod A

1SY18VNZVY1d/OSY [l
-¥ead+8¢ad M =
IVNOILISNVYL [l
IANVN
SON [
O M
+¥20D-8¢a0 [l =
+6L00 [ =
1319NIS [ &
ALADO4WN [ =
SWaA3 IV [ =
Apiessig a1en

suonejndod/saies |ed1sHeIS moys

¢ pued

maip uonejndod A

-v2ad+8¢d> M
IVYNOILISNVYL [l
IAVN Il
SON [
SOl
+$202-8¢a> [l
+6L0D [ =
1319NIS [ =
ALADO4NN [ =
SWaAT |IV [ =
Aysesaiy a1y

suone|ndod/saies [ea11siiels moys

4l CLLP |

M3IA uoneindod A

Wl +a> [l
Wivad [
IAIVN ¥@D [l
WIS vad> Il
+VuSy+261 ¥aD [l =
VN3 +aD [l
0 de
+7aD [l @
-8a2-¥a> [l
8a>ra> [l
WD 8ad> [
W3sad
JAIVN 80D [l
WS 8a> [l
+vysy+261 800 [l =
VW3 8ad [l
w[e
+8aD0 M =
Ww[e
+€00 W =
ALIONIS O &
ALADO4WIN [ =
SIURAT ||V [ =
Ayuesaiq alen

suone|ndod/saies) [ea1SHels Moys

I IPued

190



g:Profiler GO analysis
PBMC AdVI1+S+N vs. PBMC control
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