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Abstract: Cells, the basic structures of all living organisms, reside in an extracellular matrix consisting
of a complex three-dimensional architecture and interact with neighboring cells both mechanically
and biochemically. Cell–cell and cell–extracellular matrix interactions form a three-dimensional
network that maintains tissue specificity and homeostasis. Important biological processes in a cell
cycle are regulated by principles organized by the microenvironment surrounding the cell. The
conventional cell culture methods failed to mimic in vivo-like structural organization and are insuffi-
cient to examine features such as connectivity of cells, cellular morphology, viability, proliferation,
differentiation, gene and protein expression, response to stimuli, and drug/vaccine metabolism.
Three-dimensional cell culture studies are very important in terms of reducing the need for in vivo
studies and creating an intermediate step. Three-dimensional cell culture methods have attracted
attention in the literature in recent years, especially in examining the cellular distribution of organs
in the presence of infectious diseases, elucidating the pathogenic mechanism of action of viruses,
and examining virus–host interactions. This review highlights the use and importance of three-
dimensional cell culture methods in the design and characterization of novel vaccine formulations
and the pathogenesis of infectious diseases.
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1. Introduction

Cell-based assays provide a simple, rapid, and low-cost option to avoid large-scale and
costly animal testing. Therefore, cell culture studies are an important step in the vaccine
development process. Conventional cell culture studies are based on the development
of a monolayer of adherent cells grown on flat, two-dimensional (2D) substrates such as
polystyrene or glass. 2D cell culture studies play an important role in advancing viral
biology, tissue morphogenesis, disease mechanisms, vaccine studies, large-scale protein
production, tissue engineering, and regenerative medicine [1–5]. However, the need for
new methods such as three-dimensional (3D) cell culture has increased, especially due to
the inability to mimic in vivo conditions and provide adequate physiological compatibility.

In recent years, 3D cell culture studies have attracted great interest in vaccine develop-
ment studies in terms of host-virus interaction, infection mechanisms, vaccine screening,
and replication kinetics. Considering COVID-19, the 21st century pandemic, the virus–
host interaction, and cellular entry of SARS-CoV-2 clarified by conventional cell culture
studies [6,7]. Performing cell culture studies, which are important at every stage of vaccine
development studies, in 3D models that can imitate the natural morphology of the virus
and cells, provides many indisputable advantages.

Cell-based assays are the main tool used in vaccine development to evaluate the
potential efficacy of a new antigen, adjuvant, delivery system, or vaccine formulation [8,9].
To obtain the most reliable results, the cell culture model used as the test platform should
work similarly to in vivo models. There are several reasons for the differences between
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the 2D and 3D cell culture methods. One of the most important of these reasons is that
the cell morphology changes according to the culture method. In 2D cell culture, cells are
stretched in an unnatural state on a flat surface, while cells replicated in 3D on a biological or
synthetic scaffold material maintain normal morphology. In addition, the expression level
and membrane arrangement of cell surface receptors are quite different in 3D and 2D cell
culture methods. This directly affects many parameters, especially virus–host interactions.
Another important difference between these cell culture methods is that the gene expression
levels of the cells vary according to the method used. Cells growing in 2D and monolayers
are under stress, and therefore some expressed genes and proteins are altered as a result
of this unnatural state [10–12]. These genes and proteins directly affect the efficacy and
cellular response of the tested vaccine formulation. Moreover, 3D cell culture also has some
advantages in vaccine development and virus–host interaction studies compared to the
in vivo animal model. Although the results obtained with rodents are accepted, they cannot
adequately mimic the virus-cell interaction and the pathophysiology of the disease due to
the lack of human cells [13–15]. The purpose of this review is to provide an overview of the
use of 3D cell culture techniques in vaccine development and pathogen-host interaction
studies in infectious diseases.

2. Three-Dimensional Cell Culture Methods

Cells, the building blocks of tissues and organs in the organism, reside in a complex
3D extracellular matrix (ECM) environment. This complex 3D architecture allows cells
to interact both with each other and with the ECM. In this way, each cell acquires its
own morphology and maintains the specificity and homeostasis of the tissue. Today, new
methods have been developed that enable cells to grow in this complex 3D architecture
in a laboratory environment. These methods are basically divided into two categories:
scaffold-free methods and scaffold-based methods (Figure 1).
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Figure 1. Schematic representation of three‐dimensional cell culture methods.  75 Figure 1. Schematic representation of three-dimensional cell culture methods.

2.1. Scaffold-Free 3D Cell Culture Method

The most commonly used scaffold-free 3D cell culture techniques are cell suspension
culture on non-adhesive or ultra-low attachment plates (liquid overlay), hanging drop,
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magnetic levitation, and microfluidic. Scaffold-free methods are generally fast and eco-
nomical. This method is a “bottom-up” approach and is based on the fact that cells come
together to form a spheroid structure. The formation of 3D spheroids depends entirely on
the natural abilities of the cells because there is no material that can be used as a scaffold in
these techniques. The hanging drop technique gravitationally collects cells in the form of
suspended drops at a spherical air–liquid interface, thus facilitating the formation of a 3D
cell structure without a scaffold [16]. Similar to the cell suspension method, the cell density
of the suspension can be varied depending on the desired cell aggregate size. Spheroid
formation, in contrast to these approaches, can be accomplished through external physical
intervention in some scaffold-free techniques such as magnetic levitation or agitation biore-
actor. The biggest shortcoming of scaffold-free 3D cell culture methods is the absence of
an ECM component. Since there is no ECM in the environment, only cell–cell interaction
occurs. Cell–ECM interaction is missing, unlike in their natural environment [17]. The
wells of the plates can also be coated with various chemicals, such as poly (2-hydroxyethyl
methacrylate), agar, agarose, or pol (N-p vinyl benzyl-D-lactone amide), to produce a
non-attached surface. However, this incurs additional equipment and/or costs. These
approaches might not be adequate because they lack the scaffold support necessary for the
cell–matrix interaction needed for cell biology and proper functioning [18,19].

2.2. Scaffold-Based 3D Cell Culture Method

In scaffold-based 3D cell culture methods, ECM components are also added to the
culture to provide extracellular components that mimic the biological environment. For
this purpose, commercially available, ready-to-use scaffolds as well as suitable ECM com-
ponents can be used. Unlike scaffold-free methods, the ECM is a complex and dynamic
structure found between cells in these methods. In addition to providing structural support,
ECM plays an active role in helping cells acquire tissue-specific properties. Although its
content varies according to the characteristics of tissues and cells, ECM basically consists of
two components: proteins (collagen, elastin, fibronectin, laminin, fibrillin, etc.) and proteo-
glycans (heparan sulfate, chondroitin sulfate, etc.) [20,21]. Each of these components varies
according to the task undertaken by the cell, and they also change in different physiological
and biochemical events such as proliferation, genetic changes, differentiation, attachment,
and migration. Therefore, the ECM is defined as a dynamic structure. In scaffold-based
3D cell culture, natural polymers such as collagen, hydroxyapatite, agar, fibrin or alginate
are used as scaffolds, as well as biodegradable synthetic polymers such as poly (ethylene
glycol) and poly (lactide-co-glycolide) [20,21].

In addition to homologous 3D cell culture, heterologous 3D spheroids and organoids
can be prepared by scaffold-based methods. Organoids called “Culturable Mini-Organs”
are thought of as miniature versions of organs. On the other hand, spheroids can be
prepared either homogeneously (from a single cell type) or heterogeneously (from different
cell types) (Figure 2). Mostly, immortal cell lines are used for spheroids, while organoids
are prepared from adult or embryonic stem cells. For this reason, organoids are complex
structures that can better mimic organs [22,23]. On the contrary, spheroids are more
economical and easy-to-prepare structures that can also be called “cell aggregates” or
“organotypic culture” [24,25]. Although both approaches are used in vaccine and drug
research and in in vitro disease modeling, spheroids are frequently preferred in tumor and
drug development studies. Organoids are preferred in vaccine and pathogen interaction
studies for assessing immune responses, especially in mimicking complex and multi-
component organs such as the respiratory tract. Heterologous 3D models, in which more
than one cell type is cultured together, also provide cell–cell interactions where growth
factors and other biological factors can be exchanged [26,27]. The interactions of cells with
each other and with the ECM are very important in terms of cell polarity. Cell polarity plays
a direct role in the viral–host relationship as it affects the expression of the relevant receptor.
For this reason, heterologous 3D cell culture studies attract attention as an effective in vitro
study method in infection and virology studies.
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Bioprinting, which is used to create a 3D cell culture model, is a very successful
method of mimicking the complexity of biological structures and is a computer-based
approach. Although it mostly has applications in tissue engineering studies, it also allows
the production of 3D tissues by printing a solution consisting of one or more cell types and
ECM, called bioink, on the desired surface layer by layer with a printer. In the bioprinting
process, since the modeling and printing are carried out under computer control, the
printing of the cells into the layers can be carried out in a very sensitive and controlled
manner. Although it is a costly approach compared to other 3D cell culture models, it
offers unique opportunities in artificial tissue production and artificial disease models.
Another advantage of this method is that it allows the interaction of cells with each other
and with the ECM, as well as the ability to diversify the printing pattern. The addition
of bioactive components to the pattern, which can be changed by cells after printing,
provides the cells with physiological conditions in the biological environment [28–30].
Furthermore, bioprinting offers the opportunity to make copies of tissues and even organs
with different tissues in a biological environment. Since the first years of bioprinting
studies, the production of artificial organs has been the most attractive field of biomedicine.
However, nowadays, they are preferred not only in the production of artificial organs or
tissues but also in the use of these organs in the investigation of the pathology of the disease
and its relationship with the pathogen.

Bioreactors are another method used to prepare 3D cell cultures and organoid models.
This method was originally designed to minimize the effect of gravity and allow cells to
clump together in a liquid medium to form spheroids. Bioreactors can generally be classi-
fied into four groups: perfusion bioreactors, spinner flask bioreactors, rotating vessels, and
mechanical force systems. In the spinner flask approach, one of the two most commonly
used types, there is a constantly rotating impeller inside the bioreactor tank and it moves
the liquid, allowing the cells to interact with each other. The second method was developed
to eliminate the physical effect of the propeller on the cells. In this method, which is called
a rotating vessel bioreactor, the tank containing the cells rotates. The most important advan-
tage of bioreactors over other methods is that they provide the same physical conditions to
all cells in a dynamic environment. With the continuous movement of the bioreactor tanks,
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nutrients can be delivered to the cells in many ways. The bioreactor approach is frequently
used in studies of pathogen–host interactions. It allows the expression of cell connections
and surface molecules that play a direct role in the entry of viruses into cells and thus
infecting them. Bioreactors are also suitable for large-scale production when compared to
other methods [31–33].

Organ-on-a-chip systems promise much more than current 3D cell culture studies,
and they are seen as the future of these studies. Organ-on-a-chip technology, which
has become more popular in the last 10 years, provides the desired artificial organ to
mimic the biology of the disease [34,35]. Besides providing a 3D structure like other
methods, it makes it possible to design a system with adjacent tissues. This approach
allows for tissue and organ formation that more realistically mimics the biological structure
in vitro. Especially thanks to the advances in nanotechnology, the diversity of applications
has increased in the organ-on-chip approach. There are organ-on-a-chip models on the
market that are designed separately for almost every organ and are commercially available.
Moreover, there are organ-on-a-chip designs developed with sensors for imaging and
biological/physiological changes designed in accordance with the experiments to be carried
out. Virus–host interaction is one of the areas where organ-on-a-chip technology is used
most frequently. Since this technology allows the formation of miniature tissues and
organoids, studies on the examination of the interaction of pathogens with the host and the
determination of the subsequent physiological changes with sensors are quite surprising
and promising [36,37]. It is a very useful approach, especially in the elucidation of complex
systems in which multiple biological factors play an active role, such as the development
of resistance in infectious diseases and the evaluation of the immune response developing
after vaccination.

As already mentioned, each of the different 3D cell culture methods has its own advan-
tages and limitations. When all methods are compared, it can be said that organoids and
organ-on-a-chip approaches are the best imitation techniques in terms of containing more
than one tissue type and using stem cells. The lack of vascularization and blood vessels,
interorgan communication, and immune system components prevent even organoids from
fully mimicking in vivo conditions. As one of the most researched organoid models in the
field of infectious illnesses, intestinal organoids include a variety of cell types from human
tissues, enabling the investigation of heterocellular interactions. The major drawbacks are
the absence of neural innervation, lumen content, and fluid flow, in addition to vasculariza-
tion. One of the most popular techniques for the lung, another organ where pathogen–host
interaction is frequently studied, is air–liquid interface (ALI) culture. The key advantage
of ALI culture over other techniques is that it gives the cells an apical-basal configuration,
enabling cell development towards a mucociliary phenotype. In this method, the apical
surfaces of the cells are exposed to air, while the basal surfaces are in the liquid cell culture
medium. Despite the fact that lung organoids better mimic the real functioning of the
organ than the ALI method, they are still insufficient, particularly in terms of immune cell
depletion and lack of vascularization. Furthermore, all 3D cell culture models developed
for the lung are under ambient air pressure. Given the close correlation between respiratory
rate and pressure in vivo, the models are insufficient to depict this relationship.

3. Three-Dimensional Cell Culture in Virus–Host Interaction

Cells can grow and multiply in an environment where their morphological develop-
ment is supported and the biological factors necessary for their development are provided.
A niche is a dynamic environment that varies with cell type. This dynamic and multi-
component environment in cell culture is provided by the ECM. One of the most important
features that distinguishes 3D cell culture from conventional cell culture is the availability
of ECM. The biological structure can be better imitated by adding the components required
by the cell to the medium according to the cell type. Mimicry of the organism in vitro also
allows for more realistic investigation and understanding of complex and multifactorial
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processes such as pathogen–cell interaction. As seen in the recent SARS-CoV-2 pandemic,
the first studies were to elucidate the structure and cellular interactions of the virus.

The spike proteins on the surface of the virus assume the primary role in the entry of
the SARS-CoV-2 virus into the cell. Glycan-coated spike proteins play a role in the initiation
of infection by penetrating the virus into the cell. The receptor-binding domain in the
spike protein binds to a receptor called angiotensin-converting enzyme 2 (ACE2), which
is expressed in type 2 alveolar epithelial cells in the human lungs [38]. The interaction of
the pathogen with the cell and the understanding of its infecting pathways are modeled
by molecular dynamics simulations. Vaccine studies for the unpredictable pandemic were
initiated after elucidating the pathogen–host cell interaction. Therefore, it is very important
to determine the pathogen–host cell interaction in vaccine and drug development, especially
for infectious diseases. The most basic purpose of developing an effective vaccine is to
mimic the pathogen and stimulate the immune response. Infection formation consists of
many sequential events: pathogen exposure, adhesion, invasion, colonization, and cell
damage [39] (Figure 3).
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Figure 3. Mechanisms of microbial infections.

Developing an experimental design that can mimic the in vivo environment for each
of these steps will yield more realistic results. Imitation of complex pathophysiological
mechanisms in infectious diseases in vitro will be very beneficial in determining the stages
of the disease and accelerating vaccine development. For this purpose, there are various
3D cell culture studies in the literature for different pathogens. In order to summarize the
examples of different studies performed in this field in recent years, the literature samples
are presented in Table 1.

Table 1. Selected studies of three-dimensional cell culture and emphasized results.

Pathogen/Targeted Organ Cell line(s)/3D Method Results Ref

Respiratory Syncytial virus and
human Metapneumovirus/ Lung

Ciliated cells, Goblet cells, Basal Cells /
Commercially available in vitro

reconstituted 3D airway epithelium.

HMPV was less pathogenic and more
sensitive to IFNs than RSV.

RSV-infected epithelia were less receptive to
HMPV in dual infections.

Including the innate immunological
response of the epithelium in both single-
and dual-infection viral-host interactions.

[40]
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Table 1. Cont.

Pathogen/Targeted Organ Cell line(s)/3D Method Results Ref

Cryptosporidium parvum/ small
intestinal and lung

Small intestinal: duodenal biopsy samples
were embedded in Matrigel.

Lung: bronchial airway tissue
resection from cancer patients

embedded in BME type 2.

Organoids used to demonstrate the complex
life cycle of a parasite.

The oocysts produced in organoids are
infectious and comparable to those seen in

infected host animals.

[41]

Influenza A virus / lung
Human epithelial lung carcinoma cells

containing bioink /
3D Bioprinting.

A549 cells are effectively infected by the
virus in both 2D and 3D culture, but the

clustered.
infection pattern of 3D culture is more

similar to the normal biological state seen in
human lung cells.

Antiviral IL-29 was released in 3D
printed cells.

[42]

Influenza A virus/Lung
Monocytic THP-1 and A549 alveolar

epithelial cells / Bioprinted human lung
model.

Immune response generated through
proinflammatory cytokines in organoids

treated with bacterial toxins.
[43]

Hepatitis B virus / liver
Human induced pluripotent stem cell,

HUVEC and BM-MSCs / 3D
microwell plate.

Compared to conventionally grown cells,
organoids demonstrated increased

sensitivity toward HBV infection. Organoids
with viral infections may acquire

hepatic dysfunction.

[44]

Zika virus / brain hPSC-derived cerebral organoids / Cerebral
Organoid Kit.

The endoplasmic reticulum is specially
reorganized by pathogen. [45]

SARS-CoV-2/ eye
Whole-eye organoid model from human

embryonic stem cells onto
Matrigel-coated dishes.

Eye organoids and cadaver samples both
showed comparable viral replication. [46]

BM-MSCs Bone Marrow Mesenchymal Stem Cells, HUVEC Human umbilical vein endothelial cell; HMPV human
Metapneumovirus; RSV Respiratory Syncytial virus; HBV Hepatitis B virus; hPSC Human pluripotent stem cell.

In research on the pathogen–host interaction, a novel model is primarily required
since microenvironmental elements cannot be provided in conventional cell culture. The
dynamic microenvironment of tissues and organs contributes to the harmony of homeosta-
sis. This microenvironment is superior in many ways, including immunology, due to its
abundance of different types of cells with various activities. For example, secretions act as a
barrier and provide defense against viruses. In vitro modeling of the microenvironment is
unavoidable, particularly in organs like the lungs and intestines where mucosa and polarity
directly influence pathogen interaction. The use of 3D cell culture and organoid models to
study pathogen–host interactions has been received special attention, especially during the
pandemic. Organoids were developed to examine the function, virulence, and pathogenic-
ity of the SARS-CoV-2 virus in various organs such as the brain [47–49], intestinal [50–52],
and respiratory tract [53–55]. Following SARS-CoV-2 infection, significant chemokine
induction was shown in a lung organoid model established using human pluripotent stem
cells, similar to that reported in COVID-19 patients. Additionally, hPSC-derived colonic
organoids were developed for gastrointestinal symptoms typically seen in COVID-19 pa-
tients. It is interesting to note that ACE2 expression and its interactions with the virus were
observed in the derived colonic organoids. In addition to pathogen interaction, inhibition
of virus entry by drugs approved by the FDA for the treatment of SARS-CoV-2 was also
determined [56]. A related study found that SARS-CoV-2 infection mimics IFN signaling
in colonic epithelial cells, inducing ACE-2 expression. Based on the findings and research
done in the human colon organoid model it was hypothesized that a therapeutic that is
effective on the IFN-γ signaling pathway can limit or inhibit viral replication [50].

Studies with the Zika Virus (ZIKV) are among the first examples of the use of organoids
in infectious diseases. Studies were carried out on the effect of the disease on the brain,
viral tropism, and cell death on the brain organoids. Garceaz et al. used neural stem
cells, neurospheres, and brain organoids to investigate the effects of ZIKV infection on
neuronal differentiation and neural stem cell growth. Firstly, human-induced pluripotent
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stem cells were cultured in a suitable medium on a Matrigel-coated surface. The cells
were then differentiated into neural stem cells using neurobasal medium and pluripotent
stem cell neural induction medium before being exposed to ZIKV. After 24 h, viral RNA
and the viral envelope protein were detected in neural stem cells. The effects of ZIKV
on neural differentiation were investigated on spheroids prepared from neural stem cells.
Spheroids were prepared by growing virus-infected or uninfected neural stem cells under
90 rpm rotation. It was reported that round neurospheres were obtained with uninfected
neural stem cells, but the cells were separated while the spheroids were prepared from
virus-infected cells. Furthermore, it was stated that the survival time of virus-infected
spheroids decreased in cell culture conditions. The effect of ZIKV infection on neurogenesis
was investigated in brain organoids derived from human-induced pluripotent stem cells.
Differentiation into brain organoids was performed by the spin flask method under 40 rpm
rotation. Organoids grown in neuronal differentiation media were subsequently embedded
in Matrigel and grown for 35 days. When the growth rates of virus-infected or non-infected
organoids were examined, it was observed that ZIKV infection reduced the growth rate
of organoids by 40% [57]. Escherichia coli strain Nissle is used as a probiotic. It has
also been reported that this strain protects mice from some enterohemorrhagic E. coli
strains that cause infection in humans. Therefore, mouse models are not well-suited to
studying E. coli infection. Pradhan et al. investigated the safety of the Nissle strain and the
pathogenicity of enterohemorrhagic E. coli strains in human intestinal organoids. Human
intestinal organoids were prepared by directed differentiation of the H1 line, one of the
most commonly used human embryonic stem cell lines. Spheroids were obtained from a
hospital pluripotent stem cell facility, embedded in Matrigel, and incubated in reconstituted
intestinal medium. It was emphasized that human intestinal organoids were able to mimic
the architecture and function of human small intestinal tissue thanks to their internal
lumens and epithelial barriers surrounded by a single layer of differentiated epithelial cells
(enterocytes, goblet cells, and enteroendocrine cells) surrounded by a diffuse mesenchymal
layer. It was reported that the Nissle strain injected into the lumen of the human intestinal
organoids can be recovered from the lumen after 3 days. Interestingly, it was observed
that pathogenic strains (enterohemorrhagic E. coli and uropathogenic E. coli) were removed
from the lumen by disrupting the epithelial barrier. In addition, it was determined that the
effect of pathogenic strains decreased in organoids pre-incubated with the Nissle strain.
As a result of the co-culture of the organoids with Nissle and pathogenic strains, it was
observed that the pathogenic strains replicated while the Nissle strain did not replicate.
Studies in stem cell-derived human intestinal organoids showed that the Nissle strain
eliminates pathogenic strains through activation of host defenses [58].

Utilizing multiple pathogens simultaneously in a study is one of the biggest advan-
tages of using 3D cell culture in pathogen–host interaction. This type of co-infection allows
for natural and complex infection patterns to be mirrored, offering more realistic results.
Human papillomavirus (HPV) and Chlamydia trachomatis virus and bacteria, respectively,
are sexually transmitted infections and appear quite common. There is an increase in the
coinfection of these two pathogens in patients with cervical and ovarian cancer, but the
mechanism has not been clarified yet. Koster et al. developed organoids with ectocervical
stem cells from cancer patients and healthy donors to investigate the mechanism of the
increase in the incidence of coinfection. Human ectocervical organoids were prepared
by embedding stem cells in Matrigel. The stem cells were isolated from biopsy samples
obtained from standard surgical procedures. As a second approach, primary cells were
cultured in a collagen-coated cell culture flask and then cultured in irradiated mouse fi-
broblasts (J2-3T3) for long-term culture prior to embedding in Matrigel. 3T3-J2 irradiated
feeder cells are mitotically inactivated by radiation but retain metabolic activity. Organoids
prepared from HPV-negative and E6E7-expressing HPV-positive stem cells were infected
with C. trachomatis and used to illuminate the pathways of both single and coinfection. As
a result of the study, they reported that the bacteria significantly inhibited the mismatch
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repair pathway at both the transcriptional and post-translational levels. It was also stated
that this effect is more effective in HPV-induced organoids [59].

4. Three-Dimensional Cell Culture in Vaccine Development Studies: Future Direction

Animal models are still used in vaccine development studies as the only preclinical
models demonstrating the vaccine’s efficacy. For a newly developed vaccine, choosing
which animal species to utilize is crucial. The need for a novel preclinical approach
is heightened by the inadequacy of the animals employed to mimic humans’ immune
response systems and the ethical responsibility to reduce the use of animal experiments.
The effectiveness of 3D cell culture studies is encouraging for the application of these
techniques in vaccine research. 3D cell culture methods can be an effective tool for modeling
the immune system in vitro. However, there has not yet been a 3D cell culture technique
developed for vaccine research. The recent SARS-CoV-2 pandemic, which claimed many
lives, demonstrated that next-generation technologies and delivery systems can be used in
vaccine formulations. The addition of nanoparticulate delivery systems or new adjuvants
to vaccine formulations is inevitable, but new in vitro methods involving immune system
components are required for preclinical testing of these.

For centuries, vaccination has been the most trusted and secure way to protect people
from infectious diseases. Thanks to the vaccine developed in 1796, smallpox was defeated
and eradicated by the World Health Organization in 1980. An extensive and organized
vaccination program was implemented globally as part of the 1967-launched struggle
to eradicate smallpox [60,61]. Additionally, diphtheria, polio, and measles may all be
prevented by immunization today. The first experiments in the fight against SARS-CoV-2,
which was classified as a pandemic in 2019 and is currently active, were focused on creating
vaccines and therapeutics. Safety is the essential feature of a prophylactic vaccine designed
against an infectious disease. Therefore, a vaccine candidate must comply with regulatory
health agency standards for safety, toxicity, and immunogenic response. Various techniques
are used to evaluate the efficacy and toxicity of the vaccine, and clinical trials are initiated
based on the preclinical results obtained. Unfortunately, the results of three-stage clinical
trials often do not correspond to preclinical trial results obtained in vitro. According to
reports, only 16.2% of vaccine development studies conducted in the United States between
2006 and 2015 received FDA approval [62]. The primary reason for this problem in vaccine
development studies is the inadequate biological mimicking of the biological system and
organism by the preclinical tests currently available and in use for the evaluation of immune
response and toxicity. The development of vaccines is a challenging and drawn-out process
that necessitates funding, effort, and time before it reaches the clinical stage. The need for
novel preclinical studies is heightened by the fact that the majority of vaccine candidates
generated through this drawn-out and expensive procedure failed in clinical trials [63–65].

Nowadays, the immunogenicity of developed vaccines is determined by in vivo stud-
ies. Although it varies according to the disease, studies using mostly mice may be insuffi-
cient to determine the true immunogenic properties of the vaccine. The different quantities
and distribution of viral ligands in human cells are the most fundamental aspects of this.
The viral infection cycle is directly impacted by this distinction. Additionally, because
different species’ immune systems interact differently, mimicking human pathophysiology
is insufficient. In addition to all of these, ethical issues exist [64,65].

Cell culture studies are one of the most crucial and fundamental phases in vaccine
development as well as drug research. The cell culture method serves as the foundation
for investigations prior to vaccine formulation development, as well as for analyzing the
vaccine’s effectiveness and toxicity. The vaccine must resemble the pathogen causing the
disease at the highest rate possible in order to generate a lengthy and effective immune re-
sponse, which is the most crucial attribute required from the vaccine candidate. Hundreds
of vaccine and therapeutic research investigations were launched shortly after the virus’s
shape, pathogenicity, and genetic sequence were found in the SARS-CoV-2 pandemic. A
pathogen’s structural and genetic properties, its interaction with the target organ and cells,
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and the course and pathogenicity of the disease it produces are all necessary for a successful
immune response with a vaccine. However, current in vitro cell culture assays are based on
conventional methods and investigate vaccination toxicity in monolayer cells planted on
plastic plates. When it comes to measuring the immune response, conventional single-cell
culture is inadequate. Vaccine immunogenicity is an extremely complicated process involv-
ing several cytokines, immunological components, and cells. Only by mimicking biological
components in vitro can this process be measured in preclinical research. In recent years, 3D
cell culture technologies have been developed to address these shortcomings, particularly
in pathogen–host interactions. The in vitro imitation of the target organ allows for the
study of the pathogen–cell interaction as well as the prediction of undesired side effects
and/or insufficient immune responses in vaccines, thereby saving time and money and
avoiding unnecessary in vivo research.

In vitro studies involving components of the immune system must be part of the
preclinical studies used to assess the immunogenicity and potency of vaccine candidates.
In addition to the gastrointestinal, respiratory, and genital-urinary systems, the mucous
membrane covers many organs and cavities in the body, such as the conjunctiva and
inner ear. The mucosa is frequently exposed to pathogens. To combat pathogens, a
specialized immune system has evolved along mucosal surfaces. This local immune
system, called the mucosal immune system, includes lymphoid tissue clusters (mucosal-
associated lymphoid tissue) just like the lymph node and spleen [66,67]. The mucosa is
home to roughly 75% of the total lymphocytes. Additionally, because of the microflora they
create, non-pathogenic bacteria that coexist with their hosts offer defense against diseases.
In addition to these, IgA is the most fundamental component of mucosal immunity. In
the light of this knowledge, preclinical in vitro studies investigating the efficacy of the
vaccine should be tested in a method that also includes immune system components
such as macrophages, T cells, dendritic cells, and neutrophils [68]. Only a system with
immune system cells will allow for meaningful investigation of infection development and
vaccine immunogenicity in a cell culture medium. In this context, alternative techniques are
utilized to include immune system cells in cell culture studies. The most common technique
involves isolating peripheral blood mononuclear cells from healthy human blood. Cells
can only survive for a few passages, making it impossible to use them in in vitro cell
culture for an extended period. In the second method, commercially available cell lines
like THP-1 (human monocytic cell line derived from an acute monocytic leukemia patient),
are preferred. However, the presence of immune system cells in the study significantly
limits repeatability and reproducibility, in addition to the already present constraints of
conventional cell culture.

Although novel in vitro models are required for vaccine development studies, there
have been very few studies in this field. Studies utilizing organoids and 3D cell culture are
mostly focused on pathogen–host interactions and anticancer research. In a recent study,
human tonsil organoids were used to assess the vaccines’ immunogenicity. Wagar et al.
performed a surgical harvest of healthy tonsils from patients, which were then roughly
mechanically divided into cells and maintained in optimal conditions. Transwell mem-
branes were used to develop organoids, and complete media containing recombinant
human B cell activating factor were used to promote the growth of organoids underneath
the membranes. Tonsil organoids were used to evaluate the immune response to the live
attenuated influenza vaccination, the measles, mumps, and rubella vaccine, the rabies
vaccine, and the Ad5-vectored SARS-CoV-2 vaccine candidate. Tonsil organoids were used
in this study to assess the effectiveness of several adjuvants, including alum and imiquimod.
It was reported that follicular dendritic cells and follicular helper T cells interact when
the tonsil organoids are stimulated by the influenza vaccine, aiding in the development of
memory B cells. In particular, 14 days after the organoids received the vaccine treatment,
it was revealed that a considerable increase in CD8+ T cell activation was seen compared
to the control group. Increased levels of specific IgG and IgA also suggest that tonsil
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organoids may be a useful tool for assessing the immunogenicity of vaccines and predicting
personalized responses [69].

5. Conclusions

Thanks to the many features and innovations they offer, three-dimensional cell cul-
ture studies continue to advance the field. The use of 3D cell culture techniques shows
promise for assessing vaccines’ ability to elicit an immune response as well as for filling
the preclinical research gap in the study of pathogen traits like virulence and intracellular
entry. The long-term culture of immune cells and the availability of various ECM and cell
culture media for various tissues on a single platform are two significant gaps that must be
filled in addition to the successful work. The development of tissue-specific growth organs,
spheroid and organoid approaches, commercially available kits for specific organs, and
biological factors are all promising advancements in this field. Complex immunocompe-
tent 3D in vitro models will enable more accurate results prior to in vivo studies and will
serve as better models for vaccine screening and development studies. Day after day, new
techniques are helping to close the gap between traditional cell culture and in vivo studies.
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