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Preface

There has been tremendous progress in the field of immunology in recent years,
which could be attributed to the recent adoption of high-throughput technological
approaches for genomics, transcriptomics, and proteomics. New techniques have
revolutionized biomedical science in terms of innovative platforms for diagnostics,
therapeutics, and prophylactics. These technological advances and their role in
accelerating basic and clinical research sparked the idea for this book, which brings
together relevant research of the methodology and applications for gaining better
insight into human diseases.

Cells sense and respond to a variety of signals in terms of the physiological
functions of living organisms. In the context of immune cells, signalling events are
crucial drivers in recruiting the cells to the site of infection and interaction with
other cells (cell-cell interaction) that leads to the release of soluble factors such

as cytokines. These soluble factors travel through the bloodstream and mediate
their effects on neighbouring or distant cells, which eventually determines the
outcome of disease via a series of complex cellular interactions. Cellular interactions
involved in the recognition of pathogens and their molecules begins the cell
signalling cascade by ligation of cell surface receptors, activation of transcription
factors and downstream components that drives the outcome of infection. Overall,
signal transduction cassettes include the membrane receptors, effector signalling
and regulatory proteins that coordinate to detect, amplify, and orchestrate the
external signals of cellular responses. During infection, the main immunological
players, innate and adaptive immune cells, are key in combatting the infection. As
per the conventional cell signalling process, binding of the antigen generates an
intracellular signalling cascade, however, there are a diversity of antigenic receptors
that trigger many signals for orchestrating immunological outcomes.

We have focussed on understanding the innate and adaptive arms of immunity that
recognize foreign protein segments based on a programmed series of immune cell
synapses between T cells and antigen-presenting cells (APCs). These interactions
are crucial for immediate and long-term responsiveness of T cells to major histo-
compatibility complex (MHC)-peptide complexes depending on the thresholds that
are tuned at the cell synapses and determine immune responses. The fine-tuning of
these thresholds remains vital for the host, as an overreaction to self-proteins can
be the cause of autoimmune dysfunctions, whereas underreaction to pathogens can
equally be detrimental in terms of the development of susceptibilities to a variety
of infections and tumours. Apart from immunological synapses, the importance of
cytoskeleton dynamics, cell asymmetry, and membrane patterning for the setting
threshold for immune cell activation also play an important role in immune cell
signalling and regulation of immune response.

Currently, much attention has been paid to understanding the role of molecular
events in immunological processes. Our current understanding is based on an array
of model systems and with the advent of recent technological platforms, it is likely
that many surprises will be revealed.



Keeping these facts in mind and expanding our knowledge about immune cell
signalling and its role in disease management, this book has been organized into two
sections. It begins with the tools and recent use of model systems for understanding
disease pathology, which will eventually help in designing strategies for disease
management, which has been covered in the second section. Briefly, the chapter
outlines are as follows:

Chapter 1 reviews the flow cytometric approach for primary immunodeficiency dis-
eases. It examines different techniques for immunophenotyping molecules for better
understanding of immunological interactions. Chapter 2 briefly discusses the use of
organoid models for cell-cell interactions and their benefits for regenerative medicine
and designing personalized therapies. Chapter 3 discusses recent innovative models
for studying lung diseases. It includes a comprehensive outlook on organ-on-chip and
organoids for a better understanding of lung pathologies and designing strategies for
the management of lung fibrosis. Chapter 4 examines nanoparticle-based immuno-
therapy for managing cancer. Chapter 5 comprehensively reviews immunological
signalling for the development of allergies. The chapter briefly covers eosinophils,
basophils, immunoglobulins, Th2 responses, and histamines as the crucial determi-
nants for the development of allergies. Chapter 6 provides up-to-date information on
the molecular understanding of SARS-CoV2 and other coronavirus ancestors. The
chapter gives an outlook about the molecular tools for dissecting the virus and that
help in targeting specific molecular structures for designing vaccines and managing
the epidemic outbreak. Chapter 7 provides a comprehensive outlook on the molecular
dynamics of vector and malarial parasite interactions, with the aim to provide insight
into host-parasite cellular interactions to abrogate disease transmission. Chapter 8
reviews and summarizes the recent advances in understanding dendritic cells for
pathogenic infections. It covers different aspects of immunological interactions
orchestrated via dendritic cells for regulating immunological outcomes. Chapter 9
covers recent information and gaps in the understanding of modulation in innate
immune responses against Zika virus infection during pregnancy. It provides a brief
discussion on recent technological advances that can overcome current knowledge
gaps. Finally, Chapter 10 addresses the role of toll-like receptors (TLRs) in cancer
progression and how these receptors can be targeted for the management of a disease.

The two sections of this volume include the study of different molecular phenomena
that eventually drive infection outcomes as well as manipulation of this phenomena
for effective treatment of disease symptoms. Different signalling mediators drive the
production of messenger molecules that mediate their action, leading to the elicitation/
suppression of immune responses. The book presents a balanced approach in line with
the previous edition, which also explained various molecular and immunological tools
for better understanding of cellular interactions. I hope this edition provides students
and researchers comprehensive information on cellular interactions in terms of disease
management aspects and their utility in bench side as well as bedside applications.

Bhawana Singh

Department of Medicine,
Institute of Medical Sciences,
Banaras Hindu University,
Varanasi, India
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Chapter1

Flow Cytometric Approach
in the Diagnosis of Primary
Immunodeficiencies

Sevil Oskay Halacli

Abstract

Primary Immunodeficiencies (PIDs) compose of a large spectrum of diseases
characterized by abrogated or dysregulated functions of innate and adaptive
immune system components that cause susceptibility to recurrent infections, auto-
immunity, neoplasia/malignancy and dysfunction of organs and skeletal system.
PIDs are also evaluated as molecular diseases due to the mutations in one or more
genes. That affects transcripts and protein expressions as well as their functions.
Today, 430 different genes are known to have various functional effects which are
related to 403 different PIDs. Analyzing the effects of the mutations on relevant
protein expression and function is significant to diagnose and the follow-up of the
PIDs. Application of flow cytometry for analyzing protein expression levels and
functions in immune cells as well as investigating the cellular functions tender
arapid, quantitative and reliable approach to identify and to prove the genetic
background of PIDs. Therefore, the use of flow cytometry aids to have a large
spectrum of data from gene to function and from function to clinical relevance in
the first-step and differantial diagnosis of PIDs.

Keywords: Primary immunodeficiency, flow cytometry, molecular diagnosis,
immunophenotyping, PBMC culture, functional assays, intracellular staining,
PI3K pathway analysis- flow, CFSE cell proliferation

1. Introduction

Primary immunodeficiencies (PIDs) are rare and heterogenous genetic dis-
eases of the immune system. According to updated IUIS (International Union of
Immunological Societies) classification in 2019, there is a large spectrum of PIDs
including 403 different diseases caused by mutations in 430 genes categorized
10 different subclasses with these topics: Severe combined immunodeficiencies
(SCIDs), combined immunodeficiencies (CIDs) less profound than SCID, CIDs
with associated or syndromic features and predominantly antibody deficiencies
including common variable immunodeficiency (CVID), immune dysregulation,
phagocyte system defects, innate immune defects, auto-inflammation, complement
deficiencies, bone marrow abnormalities and phenocopies of PIDs. Each disease has
unique laboratory and clinical manifestations. Decreased or increased immune cell
counts, unbalanced immune cell plasticity, decreased or increased immunoglobulin
levels and complement factors, dysregulated functions of immune cells due to

3 IntechOpen
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abrogated intracellular molecular functions cause developing clinical manifesta-
tions of PIDs [1]. Use of flow cytometry in these laboratory investigations is a
significant approach that offers a quantitative, reliable and rapid results. Evaluation
of these laboratory findings helps to clinicians for proper diagnose of PIDs [2, 3].

2. Analysis of inflammatory and regulatory cell profiles in PIDs

Immune dysregulation with autoimmunity is observed in many PIDs such
as LRBA, CTLA4, STAT3 GOF, PIK3CD deficiencies as well as IPEX syndrome
caused by loss or dysfunctional FOXP3 expression [4-18]. Disrupted T helper
cell plasticity is pointed out as a prominent feature of the autoimmunity in PIDs.
Deregulated numbers and functions of Treg cells are observed in most of the
patients with IPEX or IPEX-like (such as in patients with LRBA deficiency) [6, 7,
19-21]. Decreased Treg cell numbers or loss of Treg cell functions are related to
severe form of autoimmunities in PIDs. In contrast, deregulated inflammatory
cell numbers/ratios and the inflammatory cytokines produced by inflamma-
tory cells are observed as autoimmune manifestations of PIDs such as LRBA and
STAT3 LOF deficiencies. In LRBA deficiency, increased number of circulating
T folicular helper (Tfh) is associated with autoimmune manifestations of the
disease [5]. Moreover, decreased Th17 cell numbers are related to inflammatory
response to Candida infections observed in patients with LOF mutations in STAT3
deficiency [22-24].

In these cases, the first attempt is to analyze regulatory and inflammatory cell
ratios in the clinical immunology laboratory to clarify the cellular background of
autoimmunity.

2.1 Analysis of Treg cells in PIDs

Treg cells are unique subset of T helper cells through its equilibrating functions
on immune response to self and foreign antigens. Tregs suppress inflammatory T
cell function and proliferation, therefore it plays critical roles to prevent autoim-
mune disorders. In PIDs with autoimmunity, impaired functions of Treg cells in
parallel with decreased number of Treg cells are observed. IPEX is a well-known
syndrome affecting Treg cell development due to mutations of FOXP3 which
is a main transcription factor in the development of Treg cells. In patients with
IPEX syndrome, loss of circulating and tissue associated Treg cells are thought to
cause the multi-organ autoimmune manifestations [6, 20, 21]. Patients with CD25
(IL-2Ra) deficiency have IPEX-like phenotype as well as in patients with LRBA
deficiency. Decreased Treg ratio is a significant laboratory characteristics in these
PIDs [7, 25]. In patients with AIRE deficiency which is related to Autoimmune Poly
Endocrinopathy, Candidiasis and Ectodermal Dystrophy (APECED) syndrome,
decreased Treg cell ratio and function are associated with the occurrence of the
disease [26].

Investigating Treg cell ratio by flow cytometry provides an important insight to
understand autoimmunity from the benchside to bedside.

Below, it was described the Treg staining protocol and the gating strategy for
human peripheral blood Treg cells (Figure 1).

2.1.1 Treg staining protocol

* Peripheral blood mononuclear cells (PBMCs) are separated by ficoll density
gradient protocol from 4 ml of whole blood in tube with EDTA.
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Figure 1.

Representative image of CD4+ CD127°CD25" FOXP3+ Treg cells in peripheral blood of healthy control and a
patient.

* Wash PBMCs with Phosphate Buffer Saline (PBS) buffer, centrifuge at 300 g
for 5 min and discard the supernatant

* Add appropriate volume of PBS and add 100 ul cell to flow cytometer
tubes

* Add appropriate volume of CD4, CD127 and CD25 antibodies and incubate at
room temperature and dark conditions for 20 min

* Following incubation wash with PBS, centrifuge at 500 g for 5 min and discard
the supernatant

* Fix the cells with a fixation buffer for 10-20 min
* Wash with PBS, centrifuge at 500 g for 5 min and discard the supernatant
* Treat with the permeabilization buffer for 10-30 min
* Wash with PBS, centrifuge at 500 g for 5 min and discard the supernatant
* Add FOXP3 antibody for 30 min at room temperature and dark conditions
* Wash with PBS, centrifuge at 500 g for 5 min and discard the supernatant
* Add 300 ul PBS, vortex and analyze in flow cytometer

2.2 Analysis of circulating Tfh and TH17 cells in PIDs

Tth cells are specialized Th cell subset which plays important role in B cell
differentiation in lymph nodes, in producing high affinity antibodies and the
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development of memory cells. Therefore, Tfh provides help germinal center

(GC) formation and selection of plasma cells [27-30]. Tth cells have unique
molecules that are expressed in cell surface and have special functions such as
CXCR5. CXCRS5 is a chemokine receptor and provides migration of Tth cells to

GC zone. Besides, Tfh expresses B Cell Lymphoma (BCL-6) and (Inducible T Cell
Costimulator) ICOS or CD278 on their surfaces. Increased Tfh cell numbers in
peripheral blood are investigated as an inflammatory marker of some PIDs such as
LRBA deficiency [5].

Th17 cells are also a subset of helper T cells which are responsible for produc-
ing IL-17, a pro-inflammatory cytokine recruiting neutrophils to infection site to
combat infection [22, 23, 31, 32]. IL-6 expression and STAT3 activation are required
for the differentiation of Th17 cells from CD4+ T lymphocytes. Therefore in STAT3
deficiency caused by autosomal dominant loss of function mutations of STAT3
gene, decreased number of circulating Th17 cells are associated with susceptibil-
ity to Candida infections in STAT3 LOF deficiency which is a type of Autosomal
Dominant- hyper IgE Syndrome (AD-HIES) [24].

Detection of Tfh and Th17 cell ratios in the peripheral blood of the patients
with designated PIDs in clinical immunology laboratory by flow cytometry using
various surface and intracellular markers which are unique to circulating Tth
and Th17 cells is important step to understand the inflammatory background of
the autoimmune manifestations (Figures 2 and 3). See the Section 2.1.1. for the
staining protocol.

Below, it was demonstrated Tfh and Th17 gating strategy.

cTFH
Gated on CD4 CD45RA-
>
A
CD45RA- CD4ASRA+ T
| ] 43%
1
(8] Lt LR L | T g T ™y
al . g
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L B L B i e s
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Figure 2.
Analysis of cTfh cells in a healthy control (top) and a patient with PID (below). In the patient, increased vatio
of cTfh is observed.
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Thaiy gating strategy. Increased ratio of Thay cells expressing IL17A and IL17F are observed in a patient (below)
compared to healthy control (top).

3. Analysis of surface molecules in PIDs
3.1 Evaluation of molecules which are constitutively expressed on cell surface

In the diagnosis of suspicious patients for PID, flow cytometry is frequently
applied to detect specific molecules which are expressed on specific subset of
immune cells in clinical immunology research laboratory [2, 3]. It is used for immu-
nophenotyping as well as in the detection of specific protein expression in cells. In
the evaluation of constitutively expressed proteins on cell surface, activation with
specific stimulus is not required. CD40 and CD55 deficiencies are the examples
which are described in detail in Section 3.1.1. and 3.1.2 for the surface protein
expression analysis in PIDs.

In the staining of surface proteins, fixation and permeabilization steps are not
needed. Therefore staining protocol is easier and faster than intracellular staining of
the proteins which is described in Section 4. Following staining protocol is used to
detect surface protein expressions in PIDs:

Add 100 ul of whole blood to flow cytometer tube.

* Add appropriate volume of specific antibodies to detect specific proteins and
incubate at room temperature and dark conditions for 20-30 min.

* Lyse the erythrocytes using appropriate volume of lysis buffer and incubate for
10-15 min at room temperature and dark conditions.

* Centrifuge at 500 g for 5 min and discard the supernatant
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* Wash with PBS, centrifuge at 500 g for 5 min and discard the supernatant

* Add 300 ul PBS, vortex and analyze at flow cytometer

3.1.1 CDA40 deficiency in hyper IgM syndrome

CDA40 is a costimulatory molecule which is expressed on antigen presenting cells
such as B cells, macrophages and dendritic cells. CD40 interacts with CD40L on T
cells in GC zones and is activated in the maturation of B cells and isotype switching
[33, 34]. Similar to CD40L deficiency, CD40 deficiency is investigated for suspi-
cious Hyper IgM syndromes. Decreased or unfunctional CD40 expression on B
lymphocyte as well as CD40L expression defects on T cells in suspicious patients for
Hyper IgM syndrome is related to disease occurrence [35, 36]. See the Section 3.1.
for the staining protocol.

3.1.2 CD55 expression in CHAPLE syndrome

Decay-accelerating factor (DAF) or CD55 is an inhibitor molecule of comple-
ment system and it is related to various diseases and a recently described PID which
is named as (CD55 deficiency with hyperactivation of complement, angiopathic
thrombosis, and PLE) CHAPLE syndrome. Because CD55 acts as an inhibitor of
complement system, low or loss of expressions due to mutations in its encoding
gene, complement system is more active in patients than healthy individuals [37-39]
(see the Section 3.1. for the staining protocol).

3.2 Analysis of the expression of induced surface proteins in PIDs
3.2.1 CD40L expression in T lymphocytes in hyper [gM syndrome

CDA40L, also known as CD154, is expressed on T cells and responsible for
the interaction with CD40 which is expressed on antigen presenting cells such
as B cells. CD40L is a member of TNF-receptor superfamily and its interaction
with CD40 on B cells is associated with Ig class switching, affinity matura-
tion and GC formation. In most of the patients with CD40L deficiency, loss or
decreased CD40L protein expression on T cells are associated with increased
levels of soluble IgM levels and decreased IgG and IgA levels are investigated
[35, 36]. Expression of CD40L protein on T cell surface is very low and increased
by activation using Phorbol Myristate Acetate (PMA) and ionomycin inducing
transcriptional activity of NFAT and AP-1 transcription factors in T cells follow-
ing T cell receptor stimulation. Following 3 hours of activation of PBMCs, CD69
which is an early activation marker and CD40L expression are detected on T cell
surface (Figure 4). Staining protocol of CD40L and CD69 on CD3+ CDS8- T cells
are as in below:

* Peripheral blood mononuclear cells (PBMCs) are separated by ficoll density
gradient protocol from 1 to 2 ml of whole blood in tube with EDTA.

* Wash PBMCs with Phosphate Buffer Saline (PBS) buffer, centrifuge at 300 g
for 5 min and discard the supernatant and resuspend the cells with serum free
media.
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Gating strategy for CD40L and CD69 expression on CD3+ CD8- T cells in unstimulated and stimulated
samples from a healthy control (top) and a patient (below).

* Prepare two flasks for each sample to analyze unstimulated and stimulated
samples

* Put the appropriate number of cells to culture flask. Add 1 ug/ml PMA and
500 ng/ml ionomycin to the stimulated culture flask

* Following 3 hours incubation in humidified incubator, wash the cells with PBS
and centrifuge at 300 g for 5 min and discard the supernatant

* Resuspend the cells with 1 ml PBS and collect 100 ul of cell to a fresh flow
cytometer tubes

* Add CD3, CD8, CD69 and CD40L antibodies at the appropriate
concentrations

* Wash with PBS, centrifuge at 500 g for 5 min and discard the supernatant
* Add 300 ul PBS, vortex and analyze at flow cytometer
3.2.2 CD70 expression

CD27/CD70 signaling pathway is significant for the immune response to
Epstein-Barr virus (EBV) infections. CD27 is expressed on T lymphocytes as well as
B lymphocytes and whereas its ligand, CD70, is limited to induced T and B lympho-
cytes and dendritic cells. CD27-CD70 signaling is responsible for T cell survival, Treg
activity, B cell differentiation and proliferation. Due to CD27-CD70 partnership in
immune response against to EBV, similar clinical characteristics are monitored in
patients with CD27 and CD70 deficiencies [40-42]. EBV-associated lymphoprolif-
erative disorder, lymphoma, hypogammaglobulinemia and autoimmune manifesta-
tions are generalized clinical symptoms in both deficiencies [41, 42]. Therefore,
analyzing of CD27 and CD70 proteins in PBMCs using flow cytometry due to its
rapid and quantitative analysis guide to clinicians as a first step molecular diagnosis
of patients with these clinical manifestations before sequencing. Figure 5 shows the
gating strategy for CD70 staining. Staining protocol for CD27 is as in Section 3.1.
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Figures.
A representative image of CDy0 expression on CD19+ B lymphocyte in a healthy control and a patient.

CD70 activation and staining protocol is as below:

3.2.2.1 Activation of surface expression of CD70 and staining for flow cytometric
analysis

* Peripheral blood mononuclear cells (PBMCs) are separated by ficoll
density gradient protocol from 1 to 2 ml of whole blood in tube with
EDTA

* Wash PBMCs with Phosphate Buffer Saline (PBS) buffer, centrifuge at 300 g
for 5 min and discard the supernatant and resuspend the cells with serum free

media

* Prepare two flasks for each sample to analyze unstimulated and stimulated
samples

* Put the appropriate number of cells to culture flask and add 2,5 ug/ml phyto-
hemagglutinin (PHA) in the completed culture media

* Incubate the cells in humidified incubator for 72 hours

* After 72 hours add appropriate volume of IL-2 to the cells
* Atthe day of 8, wash the cells with PBS

* Centrifuge at 500 g for 5 min and discard the supernatant

* Add appropriate volume of CD70 antibody and incubate for 30 min at room
temperature

* Wash the cells with PBS and Centrifuge at 500 g for 5 min and discard the
supernatant

* Resuspend the cells with 300 ul PBS and analyze at flow cytometer.
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3.2.3CTLA4 (CD152)

Cytotoxic T lymphocyte Antigen-4 (CTLA4) is an inhibitor ligand of T lymphocytes
which bind to CD80/CD86 which is found on antigen presenting cells with higher
affinity than a costimulator molecule CD28 [8-10]. CTLA4 ceases signaling axesin T
lymphocytes due to its ITIM motifs in the intracytoplasmic domain. Therefore CTLA4
blocks T cell proliferation and act important function in homeostasis and peripheral tol-
erance. CTLA4 is constitutively expressed on T lymphocytes and it is expressed on cell
surface only after stimulation via TCR and Ca+/Calcineurin pathway iz vitro. In patients
with autosomal dominant mutation of CTLA4, lymphadenopathy/splenomegaly, hypo-
gammaglobulinemia, cytopenia and organ specific autoimmunity are observed. This
disease is also called “haploinsufficiency with autoimmune infiltration (CHAI) disease”
and characterized by unfunctional or loss of CTLA4 expression on T lymphocytes
[8-10]. Using flow cytometric approach, suspicious patients with CHAI disease may
be investigated for molecular diagnosis before sequencing. Figure 6 demonstrates the
gating strategy for CTLA4 expression in healthy control and a patient with PID. Flow
cytometry protocol for CTLA4 activation and staining are below:

3.2.3.1 Staining protocol of CTLA4 in activated PBMCs

* Peripheral blood mononuclear cells (PBMCs) are separated by ficoll density
gradient protocol from 1 to 2 ml of whole blood in tube with EDTA

* Wash PBMCs with Phosphate Buffer Saline (PBS) buffer, centrifuge at 300 g for
5 min and discard the supernatant and resuspend the cells with serum free media
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Figure 6.
A representative image of CTLA4 expression in unstimulated and stimulated PBMC samples obtained from

in a healthy control (top) and a patient (below). Decreased CTLA4 expression was observed in the patient
compared to the healthy control.
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Prepare two flasks for each sample to analyze unstimulated and stimulated
samples

Put the appropriate number of cells to culture flask and add 5 ug/ml (PHA) in
the completed culture media

Incubate the cells overnight in humidified incubator
Wash the cells with PBS
Centrifuge at 500 g for 5 min and discard the supernatant

Add appropriate volume of CTLA4 antibody and incubate for 30 min at room
temperature

Wash the cells with PBS and centrifuge at 500 g for 5 min and discard the
supernatant

Resuspend the cells with 300 ul PBS and analyze at flow cytometer

4. Analysis of intracellular molecules in PIDs

4.1 Single protein evaluation in related cell population by flow cytometry

The following protocol is applied to the patients who have suggestive clinical
history related to LRBA, STK4, DOCKS and BTK deficiencies before and after
sequencing to evaluate the alteration of designated protein expressions.

12

Peripheral blood mononuclear cells (PBMCs) are separated by ficoll density
gradient protocol from 1 to 2 ml of whole blood in tube with EDTA

Wash PBMCs with Phosphate Buffer Saline (PBS) buffer, centrifuge at 300 g
for 5 min and discard the supernatant and resuspend the cells with PBS

Add appropriate volume of PBS and add 100 ul cell to flow cytometer tubes

Add appropriate volume of antibodies related to cells which are interested for
30 min

Following incubation wash with PBS, centrifuge at 500 g for 5 min and discard
the supernatant

Fix the cells with a fixation buffer for 10-20 min

Wash with PBS, centrifuge at 500 g for 5 min and discard the supernatant
Treat with the permeabilization buffer for 10-30 min

Wash with PBS, centrifuge at 500 g for 5 min and discard the supernatant

Incubate with related antibody for 30 min
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* Wash the cells with PBS and centrifuge at 500 g for 5 min and discard the
supernatant

* Resuspend the cells with 300 ul PBS and analyze at flow cytometer
4.1.1 LRBA deficiency

(Lipopolysaccharide responsive beige-like anchor protein) LRBA plays impor-
tant roles in vesicle trafficking and receptor recycling. LRBA is responsible for
CTLA4 trafficking from vesicular compartments to the cell membrane. In patients
with LRBA mutations, an autosomal recessive form of combined immunodeficiency
arises and this deficiency is associated with hypogammaglobulinemia, recurrent
respiratory infections, multiple autoimmune manifestations and frequently suscep-
tibility to inflammatory bowel disease and malignity in some cases [4, 6, 7, 43-45].
See the Section 4.1. for the staining protocol. Figure 7 shows a representative image
of LRBA expression in LRBA deficient patient and a healthy control.

4.1.2 STK4 (MST1) deficiency

STK4 (serine-threonine protein kinase 4), also known as MST1 (Macrophage
Stimulating 1), was first found in Drosophila as a member of the Hippo pathway,
which regulates proliferation and cell survival. Human STK4 is principally discov-
ered as a constitutively expressed kinase, structurally homologous to the Drosophila
Hippo, and plays roles in vital biologic processes such as morphogenesis, prolifera-
tion, apoptosis, and stress response [46-49]. STK4 deficiency was first defined
in 2012 by 3 separate groups as causing a novel autosomal recessive CID, which is
characterized by a profoundly decreased level of CD4+ T cells with the concomitant
tendency to recurrent viral and bacterial infections and mucocutaneous candidiasis
[46, 49]. Mutations in STK4 gene cause the lack of protein expression or severely
reduced level of protein expression [50] (Figure 8). See the Section 4.1. for the
staining protocol.
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Figure?7.
A representative image of LRBA expression in a negative control (NC or isotype control), positive or healthy
control (PC) and a patient (P). Decreased LRBA expression was observed in the patient compared the PC.
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4.1.3 DOCKS deficiency

DOCKS is a member of DOCK-C family and is responsible for activation of
GTPases such as CDC42 and RAC. Therefore it transmit the signals from the
membrane to intracellular compartment of cells and involves the cytoskeletal rear-
rangement of the cells. Decreased expression or total loss of DOCKS protein due to
bi-allelic mutations of DOCKS gene cause Autosomal-Recessive Hyper-IgE Syndrome
(AR-HIES) which is associated with eosinophilia and elevated IgE levels in the
effected patients [51-53] (Figure 9). See the Section 4.1. for the staining protocol.

4.1.4 BTK deficiency in XLA

BTK is a member of Tec family of non-receptor tyrosine kinases and plays a role
in the transmission of the signals from the membrane into the cell. BTK localizes

120

Count

40

=
100 10" 102 103 104
STKA-FITC
Figure 8.

A representative image of STK4 expression in isotype control (blue), healthy control (green) and the patient
(ved). Decreased STK4 expression was observed in the patient compared to the healthy control [50].
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Figure 9.
A representative image of DOCKS expression in healthy control (top) and the patient (below). Decreased
DOCKS expression was observed in the patient compared to the healthy control.
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next to BCR in B cells, therefore it is important for B cell development. In mutations
of BTK which is present on X-chromosome cause X-linked agammaglobulinemia

in patients who suffered from recurrent bacterial infections due to low or nearly
undetectable immunoglobulins and B lymphocytes [54]. Lymphocyte phenotyping
is frequently used to diagnose the diseases in patients with suspicious clinical find-
ings and BTK expression is analyzed for molecular diagnosis underlying the XLA.
Figure 10 demonstrates the BTK expression in a patients’ and a healthy controls’
samples. See the Section 4.1. for the staining protocol.

4.2 Pathway characterization in PIDs

4.2.1 PI3K pathway characterization

Activated phosphoinositide-3 kinase-8 syndrome (APDS) also known as p1105-
activating mutation causing senescent T cells, lymphadenopathy and immunode-
ficiency (PASLI) occurs in patients with combined immunodeficiency due to gain
of function mutations of phosphoinositide 3-kinase (PI3K) genes PIK3CD and
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Figure 10.

BTK expression in isotype control (top) healthy control (middle) and the patient (below). BTK expression was
lower in the patient than the healthy control.
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Figure 11.

Ratio of cells expressing p-Akt and p-mTOR in a patient with PIK38 GOF deficiency and a healthy control
following pathway stimulation as described in section 4.2.1.1.

PIK3R1 [14, 16-18]. Although clinical manifestations are heterogenous among the
patients, recurrent and persistent infections with herpes family viruses, lympho-
proliferation, immune cytopenia are observed in the majority of the patients.
Investigating the pathway in patients with suggestive to APDS or PASLI, PI3K
pathway analysis, downstream kinase phosphorylations with or without stimula-
tion with specific receptors such as TCR or BCR are investigated by flow cytometry
[16]. In the latter section, staining protocol of the PIK38, p-Akt and p-mTOR

are summarized. Figure 11 shows a representative image of p-Akt and p-mTOR
expression in a patient with PIK38 GOF deficiency and a healthy control sample.

4.2.1.1 PIK38 and downstream pathway activation and staining protocol

* Peripheral blood mononuclear cells (PBMCs) are separated by ficoll density
gradient protocol from 1 to 2 ml of whole blood in tube with EDTA

* Wash PBMCs with Phosphate Buffer Saline (PBS) buffer, centrifuge at 300 g

for 5 min and discard the supernatant and resuspend the cells with serum free
media

* Prepare two flasks for each sample to analyze unstimulated and stimulated
samples

* Put the appropriate number of cells to culture flask and add an appropriate
receptor activating agent to induce the pathway and incubate in humidified
incubator in suggested time depend on the agent used in the activation

* Centrifuge at 500 g for 5 min and discard the supernatant
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* Add appropriate volume of PIK38, p-Akt and p-mTOR antibodies and incubate
for 30 min at room temperature

* Wash the cells with PBS and centrifuge at 500 g for 5 min and discard the
supernatant

* Resuspend the cells with 300 ul PBS and analyze at flow cytometer

5. Analysis of cellular functions of immune cells
5.1 Cell proliferation

Severe combined immunodeficiencies (CIDs) including T-B + NK-, T-B-NK+,
T-B-NK- and T-B + NK+ and/or isolated T cell deficiencies are severe forms of PIDs
due to important roles of T lymphocytes to combat directly or indirectly protein and
viral antigens [55]. T lymphocytes have specific subsets to achieve their superior
roles on specific antigenic determinant. Their deficiencies due to specific molecular
defects affect their activation, receptor editing, functions and proliferative capacity
cause critically ill disease phenotype. They need to re-regulate their receptors and
proliferate to expand agent-specific clones such an army to combat during vari-
ous specific-infections. Therefore detecting cell proliferation is significant for the
diagnosis and/or the course of the disease. Non-radioactive cell tracking dyes such
as CFSE (carboxyfluorescein succinimidyl ester) has been started to use for the
assessment of cell proliferation in flow cytometry. CFSE is a non-fluorescent dye
and becomes permeable through its two acetate groups and passing through the cell
membrane. After entering the cells, following the separation of acetate groups via
esterases, it becomes fluorescent and its permeability is decreased. Succinimidyl
group of CFSE reacts with amino groups of mostly from lysine residues of intracel-
lular molecules such as cytoskeletal proteins and forms stable covalent bonds. In
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Figure 12.

Comparison of CD3+ T lymphocyte proliferation between a patient with SCID and a healthy control
individual. Normal proliferation in the healthy control sample (top) and loss of CD3+ T lymphocyte
proliferation in the patient with SCID (below).
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each cell division its fluorescent density is decreased and this decrease in cells is
evaluated in flow cytometry [56-58]. Severely affected lymphocyte proliferation in
a patient with severe combined immunodeficiency is shown in Figure 12. See the
CFSE cell staining protocol in Section 5.1.1.

5.1.1 CFSE staining protocol

* Peripheral blood mononuclear cells (PBMCs) are separated by ficoll density
gradient protocol from 1 to 2 ml of whole blood in tube with EDTA

* Wash PBMCs with Phosphate Buffer Saline (PBS) buffer, centrifuge at 300 g
for 5 min and discard the supernatant and resuspend the cells with serum free

media

* Prepare two flasks to analyze the proliferation in unstimulated and stimulated
cells

* Put the appropriate number of cells to culture flask and label them with the
appropriate concentration of CFSE for 5-10 minutes in dark conditions

* Centrifuge at 500 g for 5 min and discard the supernatant for two times

* Add appropriate volume of T cell activator such as PHA (Phorbol Myristate
Acetate) to stimulate the cells

* Incubate cells for 72-96 hours in humidified conditions

* Wash the cells with PBS and centrifuge at 500 g for 5 min and discard the
supernatant

* Incubate with appropriate volume of anti-CD3 antibody

* Wash the cells with PBS and centrifuge at 500 g for 5 min and discard the
supernatant

* Resuspend the cells with 300 ul PBS and analyze at flow cytometer.

Acknowledgements

I would like to express my sincere thanks to Prof. Ilhan Tezcan, MD, PhD and
Prof. Deniz Cagdas Ayvaz, MD, PhD for their valuable supports. This study was
supported by the grants with the number TSA-2018-17339 and 3155125 from
Hacettepe University and TUBITAK, respectively. The authors would like to thank
participants for being a part of this study.

18



Flow Cytometric Approach in the Diagnosis of Primary Immunodeficiencies
DOI: http://dx.doi.org/10.5772/intechopen.g6004

Author details
Sevil Oskay Halacli
Department of Basic Sciences of Pediatrics, Division of Pediatric Immunology,

Hacettepe University, Ankara, Turkey

*Address all correspondence to: seviloskay@gmail.com

IntechOpen

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/

by/3.0), which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work is properly cited.

19



Cell Interaction - Molecular and Immunological Basis for Disease Management

References

[1] A. Bousfiha et al., “Human Inborn
Errors of Immunity: 2019 Update of
the TUIS Phenotypical Classification,” J.
Clin. Immunol., vol. 40, no. 1, 2020, doi:
10.1007/s10875-020-00758-x.

[2] H. Kanegane et al., “Flow
cytometry-based diagnosis of

primary immunodeficiency diseases,”
Allergology International, vol. 67, no. 1.
2018, doi: 10.1016/j.alit.2017.06.003.

[3] T. Takashima et al., “Multicolor
Flow Cytometry for the Diagnosis of
Primary Immunodeficiency Diseases,” J.
Clin. Immunol., vol. 37, no. 5, 2017, doi:
10.1007/s10875-017-0405-7.

[4] G. Lopez-Herreraet al., “Deleterious
mutations in LRBA are associated with
a syndrome of immune deficiency and
autoimmunity,” Am. J. Hum. Genet.,
vol. 90, no. 6, 2012, doi: 10.1016/j.
ajhg.2012.04.015.

(5] F. J. Alroqi et al., “Exaggerated
follicular helper T-cell responses

in patients with LRBA deficiency
caused by failure of CTLA4-mediated
regulation,” J. Allergy Clin. Immunol.,
vol. 141, no. 3, 2018, doi: 10.1016/j.
jaci.2017.05.022.

[6] L. M. Charbonnier et al., “Regulatory
T-cell deficiency and immune
dysregulation, polyendocrinopathy,
enteropathy, X-linked-like disorder
caused by loss-of-function mutations

in LRBA,”J. Allergy Clin. Immunol.,

vol. 135, no. 1, 2015, doi: 10.1016/j.
jaci.2014.10.019.

[71S. Eren Akarcan et al., “Two male
siblings with a novel LRBA mutation
presenting with different findings of
IPEX syndrome,” JMM Case Reports,
vol. 5, no. 10, 2018, doi: 10.1099/
jmmcr.0.005167.

[8] A. M. Paterson et al., “Deletion of

CTLA-4 on regulatory T cells during
adulthood leads to resistance to

20

autoimmunity,” J. Exp. Med., vol. 212,
no. 10, 2015, doi: 10.1084/jem.20141030.

[9] L. R. Watson et al., “Pitfalls of
immunotherapy: lessons from a patient
with CTLA-4 haploinsufficiency,”
Allergy, Asthma Clin. Immunol.,

vol. 14, no. 1, 2018, doi: 10.1186/
s13223-018-0272-7.

[10] K. D, R. K., and U. G., “Multilineage
cytopenias in CTLA4 deficiency
due to autoimmune destruction: A

retrospective review,” J. Clin. Immunol.,
vol. 38, no. 3, 2018.

[11] S. Jagle et al., “Distinct molecular
response patterns of activating

STAT3 mutations associate with
penetrance of lymphoproliferation and
autoimmunity,” Clin. Immunol., vol. 210,
2020, doi: 10.1016/j.clim.2019.108316.

[12] F. Consonni, L. Dotta, F.
Todaro, D. Vairo, and R. Badolato,
“Signal transducer and activator
of transcription gain-of-function
primary immunodeficiency/
immunodysregulation disorders,”
Current Opinion in Pediatrics,

vol. 29, no. 6. 2017, doi: 10.1097/
MOP.0000000000000551.

[13] W. Rae et al., “Autoimmunity/
inflammation in a monogenic primary
immunodeficiency cohort,” Clin.
Transl. Immunol., vol. 6, no. 9, 2017, doi:
10.1038/cti.2017.38.

[14] C. L. Lucas, A. Chandra, S.
Nejentsev; A. M. Condliffe, and K.
Okkenhaug, “PI3K6 and primary
immunodeficiencies,” Nature Reviews
Immunology, vol. 16, no. 11. 2016, doi:
10.1038/nri.2016.93.

[15] S. Preite, B. Huang, J. L. Cannons, D.
B. McGavern, and P. L. Schwartzberg,
“PI3K orchestrates T follicular helper
cell differentiation in a context
dependent manner: Implications for



Flow Cytometric Approach in the Diagnosis of Primary Immunodeficiencies

DOI: http://dx.doi.org/10.5772/intechopen.9g6004

autoimmunity,” Frontiers in Immunology,
vol. 10, no. JAN. 2019, doi: 10.3389/
fimmu.2018.03079.

[16] C. L. Lucaset al., “Heterozygous
splice mutation in PIK3R1 causes
human immunodeficiency with
lymphoproliferation due to dominant
activation of PI3K,” J. Exp. Med.,

vol. 211, no. 13, 2014, doi: 10.1084/
jem.20141759.

(171 E. S. J. Edwards et al., “Activating
PIK3CD mutations impair human
cytotoxic lymphocyte differentiation
and function and EBV immunity,” J.
Allergy Clin. Immunol., vol. 143, no. 1,
2019, doi: 10.1016/jjaci.2018.04.030.

(18] G. L. Dornan, B. D. Siempelkamp,
M. L. Jenkins, O. Vadas, C. L. Lucas,
and J. E. Burke, “Conformational
disruption of PI3K3 regulation by
immunodeficiency mutations in
PIK3CD and PIK3R1,” Proc. Natl. Acad.
Sci. U. S. A., vol. 114, no. 8, 2017, doi:
10.1073/pnas.1617244114.

[19] F. Barzaghi, L. Passerini, and R.
Bacchetta, “Immune dysregulation,
polyendocrinopathy, enteropathy,
X-linked syndrome: A paradigm of
immunodeficiency with autoimmunity,”
Front. Immunol., vol. 3, no. JUL, 2012,
doi: 10.3389/fimmu.2012.00211.

[20] C. L. Bennettet al., “The immune
dysregulation, polyendocrinopathy,
enteropathy, X-linked syndrome (IPEX)
is caused by mutations of FOXP3,”

Nat. Genet., vol. 27, no. 1, 2001, doi:
10.1038/83713.

[21] R. Bacchetta, F. Barzaghi, and M.
G. Roncarolo, “From IPEX syndrome to
FOXP3 mutation: A lesson on immune
dysregulation,” Annals of the New York
Academy of Sciences, vol. 1417, no. 1.
2016, doi: 10.1111/nyas.13011.

[22] S. Al Khatib et al., “Defects along

the TH17 differentiation pathway
underlie genetically distinct forms of

21

the hyper IgE syndrome,” J. Allergy
Clin. Immunol., vol. 124, no. 2, 2009,
doi: 10.1016/jjaci.2009.05.004.

[23] H. D. Ochs, M. Oukka, and T. R.
Torgerson, “TH17 cells and regulatory

T cells in primary immunodeficiency
diseases,” Journal of Allergy and Clinical
Immunology, vol. 123, no. 5. 2009, doi:
10.1016/jaci.2009.03.030.

[24] E. D. Renner et al., “Novel

signal transducer and activator of
transcription 3 (STAT3) mutations,
reduced TH17 cell numbers,

and variably defective STAT3
phosphorylation in hyper-IgE
syndrome,” J. Allergy Clin. Immunol.,
vol. 122, no. 1, 2008, doi: 10.1016/j.
jaci.2008.04.037.

[25] A. A. Caudy, S. T. Reddy, T. Chatila,
J. P. Atkinson, and J. W. Verbsky,
“CD25 deficiency causes an immune
dysregulation, polyendocrinopathy,
enteropathy, X-linked-like syndrome,
and defective IL-10 expression from
CD4 lymphocytes,” J. Allergy Clin.
Immunol., vol. 119, no. 2, 2007, doi:
10.1016/jjaci.2006.10.007.

[26] S. M. Laakso et al., “Regulatory

T cell defect in APECED patients is
associated with loss of naive FOXP3+
precursors and impaired activated
population,” J. Autoimmun., vol. 35, no.
4,2010, doi: 10.1016/jjaut.2010.07.008.

[271Y. Zhu, L. Zou, and Y. C. Liu,
“T follicular helper cells, T follicular
regulatory cells and autoimmunity,”

International Immunology, vol. 28, no. 4.
2016, doi: 10.1093/intimm/dxv079.

[28] C.S.Ma, “Human T

Follicular Helper Cells in Primary
Immunodeficiency: Quality Just as
Important as Quantity,” Journal of
Clinical Immunology, vol. 36. 2016, doi:
10.1007/s10875-016-0257-6.

[29] D. Baumjohann, D. Baumjohann,
and K. M. Ansel, “Identification of T



Cell Interaction - Molecular and Immunological Basis for Disease Management

follicular helper (Tfh) cells by flow
cytometry,” Protoc. Exch., 2013, doi:
10.1038/protex.2013.060.

[30] C. S. Maand T. G. Phan, “Here,
there and everywhere: T follicular
helper cells on the move,” Immunology,
vol. 152, no. 3. 2017, doi: 10.1111/
imm.12793.

[31] A. N. Kamali et al., “A role

for Thl-like Th17 cells in the
pathogenesis of inflammatory

and autoimmune disorders,” Mol.
Immunol., vol. 105, 2019, doi: 10.1016/j.
molimm.2018.11.015.

[32] K. Yasuda, Y. Takeuchi, and K.
Hirota, “The pathogenicity of Th17 cells
in autoimmune diseases,” Seminars in
Immunopathology, vol. 41, no. 3. 2019,
doi: 10.1007/s00281-019-00733-8.

[33] E. Castigli, R. Fuleihan, N. Ramesh,
E. Tsitsikov, A. Tsytsykova, and R. S.
Geha, “Cd40 ligand/cd40 deficiency,”
Int. Arch. Allergy Immunol., vol. 107, no.
1-3, 1995, doi: 10.1159/000236923.

[34] L. Murguia-Favelaet al.,

“CD40 DEFICIENCY: A UNIQUE
ADULT PATIENT WITH HYPER
IMMUNOGLOBULIN M SYNDROME
AND NORMAL EXPRESSION OF
CD40,” LymphoSign ]., 2017, doi:
10.14785/lymphosign-2017-0004.

[35] O. Cabral-Marques et al.,
“Expanding the clinical and

genetic spectrum of human CD40L
deficiency: The occurrence of
paracoccidioidomycosis and other
unusual infections in brazilian patients,”
J. Clin. Immunol., vol. 32, no. 2, 2012,
doi: 10.1007/s10875-011-9623-6.

[36] X. Duet al., “Clinical, genetic and
immunological characteristics of 40
Chinese patients with CD40 ligand
deficiency,” Scand. J. Immunol., vol. 90,
no. 4, 2019, doi: 10.1111/sji.12798.

[37] A. Ozen, “CHAPLE syndrome
uncovers the primary role of

22

complement in a familial form of
Waldmann’s disease,” Immunological
Reviews, vol. 287, no. 1. 2019, doi:
10.1111/imr.12715.

[38] A. Ozenet al., “CD55 Deficiency,
Early-Onset Protein-Losing
Enteropathy, and Thrombosis,” N.
Engl. J. Med., vol. 377, no. 1, 2017, doi:
10.1056/nejmoal615887.

[39] O. A. et al., “Inherited CD55
deficiency in patients with early
onset protein-losing enteropathy and
thrombosis,” J. Pediatr. Gastroenterol.
Nutr., vol. 64, 2017.

[40] H. Abolhassani et al., “Combined
immunodeficiency and Epstein-Barr
virus- induced B cell malignancy

in humans with inherited CD70
deficiency,” J. Exp. Med., vol. 214, no. 1,
2017, doi: 10.1084/jem.20160849.

[41] K. Izawa et al., “Inherited CD70
deficiency in humans reveals a critical
role for the CD70-CD27 pathway

in immunity to Epstein-Barr virus
infection,” J. Exp. Med., vol. 214, no. 1,
2017, doi: 10.1084/jem.20160784.

[42]1 S. Ghosheet al., “Extended clinical
and immunological phenotype and
transplant outcome in CD27 and CD70
deficiency,” Blood, 2020, doi: 10.1182/
blood.2020006738.

[43] E. Lévy et al., “LRBA deficiency
with autoimmunity and early onset
chronic erosive polyarthritis,” Clin.
Immunol., vol. 168, 2016, doi: 10.1016/j.
clim.2016.03.006.

[44] F. Salami et al., “Leishmaniasis and
Autoimmunity in Patient with LPS-
Responsive Beige-Like Anchor Protein
(LRBA) Deficiency,” Endocrine, Metab.
Immune Disord. - Drug Targets, vol. 20,
no. 3, 2019, doi: 10.2174/1871530319666
190807161546.

[45] D. Cagdaset al., “A Spectrum
of Clinical Findings from ALPS to



Flow Cytometric Approach in the Diagnosis of Primary Immunodeficiencies

DOI: http://dx.doi.org/10.5772/intechopen.9g6004

CVID: Several Novel LRBA Defects,”
J. Clin. Immunol., 2019, doi: 10.1007/
s10875-019-00677-6.

[46] S. O. Halacli et al., “STK4 (MST1)
deficiency in two siblings with
autoimmune cytopenias: A novel
mutation,” Clin. Immunol., vol. 161, no.
2, 2015, doi: 10.1016/j.clim.2015.06.010.

[47] H. Abdollahpour ez al., “The
phenotype of human STK4 deficiency,”
Blood, vol. 119, no. 15, 2012, doi:
10.1182/blood-2011-09-378158.

[48] B. Al-Saud et al., “STK4 Deficiency
in a Patient with Immune Complex
Glomerulonephritis, Salt-Losing
Tubulopathy, and Castleman’s-

Like Disease,” Journal of Clinical
Immunology, vol. 39, no. 8. 2019, doi:
10.1007/s10875-019-00682-9.

[49] C. Schipp et al., “EBV negative
lymphoma and autoimmune
lymphoproliferative syndrome like
phenotype extend the clinical spectrum
of primary immunodeficiency caused
by STK4 deficiency,” Front. Immunol.,
vol. 9, no. OCT, 2018, doi: 10.3389/
fimmu.2018.02400.

[50] S. OSKAY HALACLI, D. CAGDAS,
and I. TEZCAN, “Flow Cytometry is a

Reliable Tool in the Diagnosis of STK4

Deficiency,” Asthma Allergy Immunol. ,

2020, doi: 10.21911/aai.518.

[51] S. Haskologlu et al., “Clinical,
immunological features and follow up of
20 patients with dedicator of cytokinesis
8 (DOCKS) deficiency,” Pediatr. Allergy
Immunol., vol. 31, no. 5, 2020, doi:
10.1111/pai.13236.

[52] S. E. Aydinet al., “DOCKS
Deficiency: Clinical and Immunological
Phenotype and Treatment Options -

a Review of 136 Patients,” J. Clin.
Immunol., vol. 35, no. 2, 2015, doi:
10.1007/s10875-014-0126-0.

[53] C. M. Biggs, S. Keles, and T.
A. Chatila, “DOCKS deficiency:

23

Insights into pathophysiology, clinical
features and management,” Clinical
Immunology, vol. 181. 2017, doi:
10.1016/j.clim.2017.06.003.

[54] S. Hashimoto et al., “Identification
of Bruton’s tyrosine kinase (Btk) gene
mutations and characterization of

the derived proteins in 35 X-linked
agammaglobulinemia families: A
nationwide study of Btk deficiency

in Japan,” Blood, vol. 88, no. 2,

1996, doi: 10.1182/blood v88.2.561.
bloodjournal882561.

[55] R. Kumrah et al., “Genetics of severe
combined immunodeficiency,” Genes
and Diseases, vol. 7, no. 1. 2020, doi:
10.1016/j.gendis.2019.07.004.

[56] M. Koyanagi, S. Kawakabe, and
Y. Arimura, “A comparative study of
colorimetric cell proliferation assays
in immune cells,” Cytotechnology,
vol. 68, no. 4, 2016, doi: 10.1007/
s10616-015-9909-2.

[57] I. Terrén, A. Orrantia, J. Vitallé, O.
Zenarruzabeitia, and F. Borrego, “CFSE
dilution to study human T and NK cell
proliferation in vitro,” in Methods in
Enzymology, vol. 631, 2020.

[58] E. Azarsiz, N. Karaca, B. Ergun,
M. Durmuscan, N. Kutukculer, and
G. Aksu, “In vitro T lymphocyte
proliferation by carboxyfluorescein
diacetate succinimidyl ester method is
helpful in diagnosing and managing
primary immunodeficiencies,” J. Clin.
Lab. Anal., vol. 32, no. 1, 2018, doi:
10.1002/jcla.22216.






Chapter2

Organoids Models for the Study of
Cell-Cell Interactions

Margarita Jimenez-Palomarves, Alba Cristobal
and M@ Carmen Duvan Ruiz

Abstract

Organoids have arisen as promising model systems in biomedical research
and regenerative medicine due to their potential to reproduce the original tissue
architecture and function. In the research field of cell-cell interactions, organoids
mimic interactions taking place during organogenesis, including the processes
that conduct to multi-lineage differentiation and morphogenetic processes, during
immunology response and disease development and expansion. This chapter will
address the basis of organoids origin, their importance on immune system cell-cell
interactions and the benefits of using them in biomedicine, specifically their poten-
tial applications in regenerative medicine and personalized therapy. Organoids
might represent a personalized tool for patients to receive earlier diagnoses, risk
assessments, and more efficient treatments.

Keywords: organoids, cell-interactions, disease development, regenerative medicine,
personalized therapy

1. Introduction

Most multicellular living organisms, especially vertebrates, develop from a
single totipotent cell to a multicellular complex adult organism, reflecting an
outstanding coordination and organization capacity. Furthermore, in some cases,
after organ dissociation, cells can recombine and reconstruct the original structure.
Researchers have used that feature to create organ-like structures from stem
cells or tissues samples, leading to the formation of structures currently known as
organoids [1].

Thus, organoids are self-organizing 3D structures derived from stem cells
highly similar in structure and function to actual human organs. The different cell
types and interactions guide and make possible this organization process. These
structures resemble crucial aspects of the tissues from which derived and thereby
organoids allow for biological relevant cell-cell and cell-matrix interactions. Those
attributes make organoids technology a valuable tool in multiple applications such
as developmental biology, molecular biology, and health studies like pharmacology,
disease development and therapy, among others [2, 3].

The organoids field has exponentially accelerated in the last years, mainly after
the application of appropriate culturing conditions that allow stem cells to dif-
ferentiate and participate in cell-cell interactions responsible of the community
effect required for optimal resembling of self-organized tissue-like structures.
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For instance, the use of Matrigel, a gel protein mixture that mimics the complex
extracellular environment found in many tissues [4], has allowed the establishment
of the right culture conditions required to achieve 3D cell cultures iz vitro.
Organoids technology constitutes a step-forward approach for conventional
cell-based research, full-filling the gap between 2D cultures and in vivo mouse/
human models. Organoids are physiologically more relevant than monolayer culture
models, and allow easier manipulation of niche components, signaling pathways
and genome editing than iz vivo models [5].
Therefore, organoids represent a needed and also an advantageous approach
in many senses. The organoids technology brings the opportunity to work with
3D-tissue models at a “bench-side” level, opening a wide range of opportunities
in basic and clinical research. Moreover, organoids also overcome the problems
derived from using animal models to study human physiology and related-diseases.
Although many results obtained in animal models can be easily extrapolated, some
biological processes are specific to humans [6].

2. Organoids origin, structures and culture

Organoids can be derived from either [1] pluripotent stem cells (PSCs), includ-
ing embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs) or [2]
multipotent organ-specific adult stem cells (AdSCs). Both approaches take advan-
tage of the endless expansion potential of stem cells in culture. Also, when PSCs and
AdSCs are allowed to differentiate in culture, they display a remarkable capacity
to self-organize into structures that reflect similar characteristics of the organ they
attempt to mimic [7].

PSCs can be differentiated into different cell types and grown ex vivo as organoid
models by the treatment with defined developmental stimuli. PSCs isolated both
from mouse and human tissues have given rise to brain, retina, inner ear, stomach,
intestine, thyroid, lung, liver, and kidney organoids. ESCs or iPSCs can be derived
in vitro into endoderm, mesoderm and ectoderm, with specific procedures involv-
ing multiple differentiation steps. Thus, human iPSCs are sequentially exposed to
a progression of differentiation signals in order to simulate the stages of a human
developmental process. Once the initial germ layer has arranged, cells are trans-
ferred into 3D systems [8], where differentiated iPSCs aggregate to form an organ
bud and, later on, organoids. These organoids contain multiple cell types and faith-
fully mimic the mature organ structure, and the interactions between them.

As an example, embryoid bodies (EBs), 3D aggregates of PSCs, originate
cerebral organoids and develop into a forebrain region in the presence of growth
factors (i.e., hFGF basic, ROCK inhibitor, N2, Heparin, MEM-NEAA, etc.). For
other organs, the addition of Activin A to PSCs specifies them towards an endoder-
mal fate. These cells are further cultured as 3D organoids in Matrigel with medium
containing tissue-specific growth factors [9].

On the other hand, AdSCs-organoids can be originated from isolated adult
stem/progenitor cells or from isolated tissue fragments of the corresponding organ
(e.g. intestinal crypts, liver or pancreas ducts) [8]. These structures can be gener-
ated from biopsies isolated directly from the organ of interest or from diseased
patient tissue without the complicated process of reprogramming and differentia-
tion required in iPSC organoids. In general, human AdSCs-derived organoids are
composed mainly of cell types found in the epithelium.

AdSCs were long believed to be unable to proliferate outside the body, but the
culture with specific growth factor cocktails mimicking stem cell niches, has helped
to sort out such obstacle. These niche factors are essential to support stem cell
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activity and vary depending on the tissue of origin. Also, 3D Matrigel-based cul-
tures have provided the appropriate culture conditions to generate AdSCs-derived
organoids from various mouse and human tissues including the colon, stomach,
liver, lung, prostate, pancreas, ovaries, taste buds, and lingual epithelium.

Thus, to generate AdSCs-organoids a tissue biopsy is cut into fine particles
and then incubated with enzymes (i.e., collagenase, elastase, or dispase) to
obtain a single cell suspension. Next, cells are grown in Matrigel and culture
medium supplemented with specific tissue growth factors [9]. For example,
intestinal organoids need Noggin, R-spondin, Epidermal growth factor (EGF),
and WNT [10-12]; retina organoids need IWR1e and Smoothened agonist
CHIR99021 [13, 14]; prostate organoids require Noggin, R-spondin and EGF
[15], while pancreas organoids require Noggin, R-spondin, EGF, fibroblast
growth factor (FGF) and Nicotinamine [16].

AdSCs organoids do not require genetic transduction with transcription factors,
as it happens with those with PSCs. This situation makes organoids physiologically
well-suited with the host tissue, leading to an improved stem cell transplantation.
Moreover, molecular techniques such as clustered regularly interspaced short
palindromic repeats (CRISPR)/CRISPR-associated system (CRISPR-Cas9) genome
technology and single-cell RNA sequencing, can be applied to organoids [7, 9]. On
the other hand, the establishment of human AdSC-derived organoids is limited by
the accessibility to the tissue and prior knowledge of the culture conditions for that
tissue. However, an iPSC line, once established from a patient, can generate differ-
ent tissue models without any time limit, beyond the patient’s lifespan [17, 18].

3. Organoids in the immunology field

The knowledge concerning the interactions of the immune system with other
tissues has been gained mainly from animal models and/or cell lines co-cultures.
Nevertheless, some interactions between human cells cannot be addressed with
murine models or cell lines which are usually transformed or genetically modified
[19]. For instance, a specific immune cell morphology is required to maintain the
tissue properties and, moreover, the immune system needs of multiple cell types
interactions for appropriate functioning. Similarly, there are some aspects that can-
not be extrapolated in mice due to, for example, different protein pattern expres-
sions in human and mice. Thus, immunology researchers are starting to get the
benefits of using organoids, for a better comprehension of the immune cell interac-
tions with other tissues, its development, homeostasis and in the bout of disease.
The organoids approach maintains those cells in a near-native state, mimicking
more accurately its original state and environment, providing researchers with a
new effective tool.

The main challenge in the use of organoids in immunology resides in the fact
that the organoids technology cultures only epithelial cells. However, a more com-
plete resource for immunological research can be developed by co-culturing these
organoids with other elements.

The number of publications showing multiple co-cultures has spiked up in the
past decade, particularly in the last five years [20-22]. In order to develop effective
interventions to preserve health and defeat diseases it is necessary to know how
immune cells coordinate their activities to initiate, modulate, and terminate inflam-
mation. Immune cells and molecules released by immune cells promote inflamma-
tion processes that are mediating the interactions between these cells [23].

These studies have revealed not only the importance of the presence (or
absence) of immune cell derived factors in the epitheliums in culture, but also the
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need of the reciprocal communication with the immune system. A work concerning
the role of macrophages and fibroblasts on myoblast proliferation and migration
highlights the importance of multicellular communication [24]. Thus, co-culture of
either macrophages or fibroblasts with myoblasts prompted a significant increase in
myoblast proliferation. Conversely, in the triple co-culture, although macrophages
continued promoting myoblast proliferation, they had a negative effect over the
ability of fibroblasts to enhance myoblast migration [25]. Another study, using
single-cell transcriptomics, highlighted that intestinal stem cells can function as
non-classical antigen-presenting cells for CD4+ T cells. Moreover, these interac-
tions, directly or through activated T cell-derived cytokines, seem to play a role in
the intestinal epithelium differentiation [26].

The intestinal mucosal barrier function and the immune responses against
invading pathogens seem to be regulated by the interaction between intestinal
epithelial cells (IECs) and intraepithelial lymphocytes (IELs) [27]. IELs represent
a heterogeneous population of activated and antigen-experienced T cells. A novel
culture system of intestinal ‘enteroids’ has allowed the study of the complex
interactions between IECs and immune peripheral T cells in long-term co-cultures.
The development of these long-term co-cultures allowed the study of cell sur-
vival, proliferation, differentiation and IECs behavior. Moreover, IECs and T cells
co-cultures revealed that peripheral T cells activated in the presence of enteroids
acquire several features of IELs, including morphology, membrane markers and
movement in the epithelial layer [27]. Similarly, mouse-derived enteroids co-
cultured with intestinal myofibroblasts and macrophages boosted their growth and
differentiation [28].

In the same line, another study with intestinal organoids underlined the
importance of the interactions between immune cells and other tissues for optimal
maturation. In this work, the inclusion of the immune component (co-cultured
with human T lymphocytes) into the differentiation protocol to form human
pluripotent stem cell-derived intestinal organoids (hIOs) from hPSCs, enabled hIOs
maturation. hIOs co-cultured with human T lymphocytes displayed expression lev-
els of mature intestinal markers equivalent to adult intestinal epithelium, as well as
increased intestine-specific functional activities, retaining their maturation status
even after their in vivo engraftment. This study has proven the needless for animal
models and iz vivo maturation when working with organoids [29].

Holokai, L. et al. were among the first researchers to successfully obtain a
multiple organoid-co-culture involving cytotoxic T lymphocytes (CTLs) and
Helicobacter pylori-infected gastric organoids. CTLs express programmed death
1 (PD1) on the surface. When PD1 interacts with its ligand, CTLs cannot induce
apoptosis. Thanks to this approach they discovered that PD-L1 signaling induces
cellular proliferation and survival, leading to an increased expression of PD-1, IL-2
and IFNy in lymphocytes [30].

Overall, epithelial organoid cultures, whether derived from iPSCs or AdSCs,
constitute a promising platform for immunological research for several applica-
tions, allowing, among others, to study immune cell-epithelial cell interactions
in the context of pathogenic infections or sterile tissue damage [19]. In this sense,
the vast majority of organoid studies about the immune system and its effects
on epithelial differentiation and function have been performed on intestine-like
structures. However, it would be useful to have similar works with different organ-
oid systems such as skin or lung, which also interact with both immune cells and
commensal microorganisms [31].

Despite the amount of work already accomplished regarding the immune
system, there is still a long way to go in inflammation research, due to the current
lack of optimal immune cells organoids cultures.
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4. Organoids in the study and treatment of disease

Recent advances in the development of human patient-derived organoids have
allowed a more accurate study of diseases. This technology has opened a new
horizon in biomedical research, and provides unprecedented opportunities in
translational medicine, and personalized therapy [32].

4.1 Disease modeling and drug screening approaches

Recent discoveries involving organoids as a disease model reflect that research-
ers have started to unravel the potential of this tool. To date, organoids have been
mostly applied in cancer, cystic fibrosis and studies on host-microbe interactions.
However, a growing interest in this field has promoted an exponential increase of
publications using organoids technology to study many other diseases (Table 1).
The fact that organoids are 3D structures originated from stem cells with similar
architecture, multi-lineage differentiation and many of the original tissue func-
tions, make them the perfect candidate for disease pathogenesis studies [33, 34].

Organoids can be designed to reproduce patient conditions of disease-relevant
genetic and epigenetics. Thanks to the development of new techniques like the
CRISPR/CRISPR -Cas9 genome engineering tool, is currently feasible to efficiently
manipulate genomic sequences in hESCs and hiPSCs [35, 36]. In the case of host-
microbe interactions, organoids can also reproduce the infection process allowing
its study in more life-like manner.

Organoids can also be applied to study cellular dysfunction in diseased tissues,
as well as to identify strategies for its restoration. For example, Dekkers et al. used
organoids to study cystic fibrosis (CF), a disease caused by mutations in the CF
transmembrane conductance regulator (CFTR) gene, severely reducing the CFTR
protein function [37]. Thus, rectal organoids from CF patients were used to evalu-
ate CFTR function as well as the response to CFTR-modulating drugs. Their results
demonstrated the pharmacological restoration of CFTR function in the rectal
organoids of individual donors, suggesting that iz vitro functional measurements
of CFTR may be used to preclinically identify CF patients who would benefit from
CFTR-modulating treatments, independent of their CFTR mutation [38].

A major challenge in clinical practice is the absence of appropriate models for
drug screening and pre-evaluation of the pharmacological effects prior administra-
tion to patients. For cancer research, the development of tumor organoids, also
known as tumoroids, represents an overwhelming step to be able to reproduce i
vitro such a heterogeneous microenvironment. Tumor organoids can be generated
in vitro for the analysis of cancer phenotypes [39], anticancer drug discovery, and to
evaluate the response of patient cancer cells to a specific treatment [39, 40]. Lazzari
et al. reported a triple co-culture of pancreatic cancer cells fibroblasts and endothe-
lial cells. As a result, cells assembled in a hetero-type multicellular tumor-spheroid
(MCTS) that reliably reproduced the impact of the surrounding environment, on
the sensitivity of cancer cells to chemotherapy. This approach can be successfully
applied as a predictive tool of various therapeutic strategies [41]. In this sense,
the establishment of patient-derived tumor organoids (PDTO) biobanks provides
exciting new insights into developmental biology. Different researchers have started
to develop methods for generating and bio-banking PDTO. Among them, a non-
profit organization called HUB (Hubrecht Organoid Technology) has initiated
and established “Living Biobank”, a collection of organoids representing different
organs and disease models (huborganoids.nl). Overall, these biobanks maintain the
key features to resemble the parental tumors and can be therefore used to evaluate
patient-specific treatment approaches [42].
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Jacob et al. reported the generation of patient-derived glioblastoma organoids
(GBOs) biobanks [42]. The authors successfully transplanted the GBOs into adult
rodent brains and performed personalized tests. Calandrini et al. have recently
established the first pediatric cancer organoid biobank [59]. This biobank contains
a collection of over 50 tumors matching normal kidney organoids and also cov-
ers a diversity of tumor subtypes. Similarly, a primary gastric cancer organoid
(GCO) biobank was established by Leung and coworkers [63], including a total
of 34 patients with different gastric cancer subtypes. In this study, whole-exome
sequencing and transcriptome analysis were performed, as well as large-scale drug
screening studies. Overall, the establishment of organoids biobanks provides a rich
resource for cancer cell biology and drug-screening studies to test personalized
therapies. Patient-specific drug sensitivities could be achieved as the organoids
closely resemble the in vivo tumors. Furthermore, these biobanks could play a
prominent role in biomarker discovery and represent a powerful tool to predict
disease development, recurrence and progression [42, 51, 64].

4.2 Applications in regenerative medicine

Several of the most life-threatening diseases require organ transplantation in
order to save patients life. Nevertheless, transplantations are not always an option
due to the high cost, organ availability or potential organ rejection. Therefore,
other alternatives needed to be explored in order to overcome this challenge. The
development of organoids brought hope to the scientific community and patients
themselves. This technology could potentially serve as an unlimited source for
replacing damaged tissues. Furthermore, the transplantation of organoids derived
from healthy tissue of the same patient would prevent immune responses related
to non-autologous transplants. In this sense, diseases involving dysfunctional
organs such as kidneys or the liver, can significantly benefit from the opportunity
that liver-derived organoids bring. Researchers have already developed strategies
to allow long-term in-vitro expansion of liver progenitors into “liver organoids”
[56]. The huge expansion and differentiation potential of liver organoids cultures
has facilitated the engraftment [56] and survival of livers in murine models, as it
happened in a study with liver organoids transplanted to a tyrosinemia type I liver
disease model, partially restoring the hepatic function [57]. Similarly, transplanta-
tion of human adult stem cell-derived liver organoids into chemically damaged-liver
immune-deficient mice produced functional hepatocytes containing grafts [58].
Cultured organoids have also shown the potential to expand, engraft, reconstitute
and recover the colon and intestinal epithelia as well as their function in several
murine models [52-54].

Despite all the advances in the field, there is still a long way before organoids
transplantation becomes a reality. Current resources and techniques do not provide
a suitable organ niche, limiting the formation of optimal organ sizes and tissue
structures iz vivo, as well as the appropriate intercellular communication required
for functional restoration. Thus, alternative approaches are required, such as the
combination of organoids with gene therapy, to implement organ transplantation
[65]. Experts on the field will still have to poise excitement with reality before
organoid research can be successfully translated to clinical practice and become a
real therapy option [66].

4.3 Personalized medicine

Over the past decades, medicine has discovered novel ways of changing the
course of many human diseases [67-70]. Nowadays, researches all over the globe
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are discovering new therapies which bring new options for previously untreatable
diseases [71, 72]. However, the key challenge is that the efficacy of most of these
new treatments will depend on the complex and unique nature of each individual
human being. Lastly, the efficacy of a treatment is significantly determined by
behavioral factor, environmental influences as well as genetic particularities.

Moreover, currently available therapies might cause a high impact on patient’s
quality of life due to the unpleasant side effects directly related to the treatment.
Thus, research groups and pharmaceutical companies are developing strategies
to personalize their treatments in order to predict the outcome of the proposed
therapy and avoid unnecessary aggressive treatments. These aspects are key to
achieve the ultimate goal of any therapy: to ensure patients” health and integrity.

The concept of Personalized Medicine arose with the aim of tailoring the best
response and highest safety standards to preserve patient’s well-being. This opti-
mized health care strategy would also lead to reduced treatment costs and shorter
diagnosis times required for each patient [73-75].

Organoids have revolutionized personalized medicine due to their unique ability
of simulate, even mimic, specific cellular microenvironments with remarkable simi-
larity to in vivo organs/tissues under normal or pathological conditions [76]. Such
models have started to be used in the clinic, mainly in cancer research, to evaluate
the response to experimental therapies prior administration of certain drugs or
other treatments to patients [77]. The possibility of using accessible models of
organ diseases allows to understand the effect of experimental therapy in a deeper
manner than in a traditional culture assay or “sphere” culture assays, applied over
the last decades [78].

Personalized medicine could also be linked to regenerative medicine which is
based on the capacity of the stem cells to derive into many different cell subtypes.
Currently, this basic characteristic is key for the understanding of normal and
abnormal cell behavior and organization, and is leading to improved tissue engi-
neering approaches [60].

In this scenario, organoids constitute a solid foundation on which personalized
and regenerative medicine is taking long steps forward.

One of the best examples of this input on current society is the novel application
of organoids cultures to optimize treatment to cancer patients [55, 79]. Oncologic
centers are developing translational procedures to understand as much as possible
the specific characteristics of each tumor in order to optimize the therapy approach.

Once the tumor is detected, a biopsy of the mass is obtained to culture organ-
oids derived from patient’s tumor cells. A complete biological profile of the tumor
could be developed combining this information together with histopathological
analysis of primary tumor sample, histopathological analysis of the organoids,
gene sequencing and cytotoxicity analysis from iz vitro drug assays or studies using
avatar mice.

This complete analysis only takes 2-4 weeks and it could provide physicians
relevant information regarding the best treatment for the patient according to the
characteristics of the tumor.

Furthermore, in cases of progressive disease or metastasis, new tumor biopsies
could be collected, new organoids lines could be established, and new therapeutic
strategies could be carried out giving a new opportunity and new hopes to the
patient [80-82].

According to the website ClinicalTrials-gov, by 2019 there were 30 projects
related to cancer organoids. Most of them (73%) focused on studying anti-cancer
therapies, including among others T-cell immunotherapy, or evaluation of radio-
therapy sensitivity. The rest aimed to generate patient-derived cancer organoid
models (13%) or to evaluate the mechanisms related to cancer progression [83].
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A large number of cancer patients are insensitive to immunotherapy due to the
heterogeneity of the T cell repertoire [83]. Thus, the use of cancer organoids allows
studying the effectiveness of combining immune therapy with specific anti-cancer
drugs. To date, two clinical trials involving cancer organoids for immunotherapy
have been registered (NCT03778814, NCT02718235). Overall, the inclusion of
PDTO into clinic represents an enormous potential to understand the onset of dis-
eases such as cancer and, moreover, to evaluate the individual response to specific
therapies for personalized approaches.

5. Limitations and future perspectives

Regardless of the advances made in this emerging technology, a series of limita-
tions still need to be addressed in order to fully exploit its potential. For instance,
despite the development of specific culture conditions and growing techniques,
there are still tissues that withstand to organoid derivation [84, 85]. Organoid
technology requires further advances to achieve less laborious protocols as well as
the establishment of standardized conditions for proper differentiation and matu-
ration. A reduction of the heterogeneity seen in organoids size and shape should
also be achieved [85]. In addition, it requires the co-induction of the essential cell
types, the associated extracellular matrices and native microenvironment that
will allow the recapitulation of the in vivo tissue sizes, structures, organization,
inter-cellular communication and functionality. Also, shorter processes and more
affordable culture conditions are required to ensure that the organoids system
becomes accessible to a large number of academic and clinical researchers, thereby
helping to maximize its potential [5]. Moreover, the protocols used for generating
one specific type of organoid are usually not transferable to another organ system.
Due to this drawback, scalable and cross-system parameters are challenging to gen-
erate via bioengineering tools. Computational prediction models are also difficult to
design limiting the capacity to predict phenotypic, toxicological and drug screen-
ing results. Lastly, organoids technology requests the development of a complex
vasculature network to provide not only oxygen, nutrient and waste exchange, but
also an inductive biochemical exchange and a structural template for growth. The
advances in microvascular patterning and organ-on-a-chip microfluidic technology
would bridge this limitation supporting the use of perfusable organoids generation
(86, 87].

In this context, different strategies are currently under research and new ideas
have arisen to implement the potential use of organoids. As stated before, the
development of organoid biobanks constitutes an important step in this direction.
Currently, there are organoid biobanks with healthy organoids as well as patient-
derived intestine, liver, pancreatic, lung and mammary gland organoids related to
cancer, cystic fibrosis or inflammatory bowel disease [88]. Thus, organoid biobanks
are becoming a demanding business and several companies worldwide have already
started to commercialize organoids after the establishment of optimized organoid
biobanks [88]. Advantages of organoid biobanks include immediate accessibility
or cost-effectiveness, as well as the possibility to access a large repository of data
related to patient’s diseases [83, 88]. This, however, involves some ethical and regu-
latory challenges that need to be addressed such as donor confidential information
or the organoid source itself [89].

The development of microfluidic organoid-on-a-chip platforms [90] and
3D bioprinting [91, 92] constitute two major advances in the last years that are
contributing to speed up organoid manufacturing and commercialization [88].
Organ-on-a-chips are devices containing living cells, extra-cellular matrix (ECM)
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and microstructures emulating key features of organs or issues, and their functions
[83, 93]. These devices aim to provide continuous flow perfusion culture to simulate
organ microenvironments. Nevertheless, most of these systems are made of pri-
mary cell lines or stem-cell-derived cells to mimic organs, but they are unable yet to
imitate the cellular interactions taking place in the native sources [94].

Similarly, advances in 3D printing technology and biomaterials research have led
to the creation of 3D bioprinting, with the aim to resemble in vitro the interactions
between tumor cells, ECM and the 3D tumor microenvironment [83, 95]. With this
technology, different cell types can be printed in hydrogels and mixed with other
cells and/or specific factors to simulate a healthy or pathological microenvironment.
Increasing evidence has pointed to the tumor microenvironment as a major modula-
tor of the tumorgenic process [96]. Thus, in order to understand the mechanisms by
which tumor cells become metastatic, different studies are benefiting with the use
of 3D bioprinting strategy. For example, Grolman JM et al. designed a 3D environ-
ment with breast adenocarcinoma and macrophage cell lines printed in hydrogel to
evaluate the effect of paracrine signals in the regulation of breast cancer metastasis
[97]. In the same way, Pang Y et al. developed an i vitro cervical tumor model to
demonstrate the epithelial-to mesenchymal transition (EMT), by mixing HeLa cells
with hydrogel. These authors were able to evaluate the effect of different activators
and inhibitors over the EMT in the 3D system designed [98].

Despite the benefits of using these techniques, there are still several factors that
need to be optimized. For instance, biomaterials represent a limiting feature for 3D
bioprinting, and the development of improved materials is required. A consensus in
the best printing strategy (i.e. polymerization steps, light-based 3D bioprinting vs
inkjet printing) should be also reached.

6. Conclusions

This chapter focused on the advantages of using organoids to expand our
knowledge in the field of cellular interactions. We have focused specifically in
immunology and disease-related research, going through some of the latest or more
relevant publications involving organoids. Overall, organoids constitute an efficient
tool to study immune cells” interactions iz vitro in 3D-tissue models that provide a
closer view of the interactions taking place in vivo. Moreover, organoids represent a
promising approach in the development of autologous tissue-based cellular thera-
pies, especially in life-threatening diseases. Nevertheless, despite the organoids
relevance, the growing interest in these structures and their potential applications,
there is still a long way to go to achieve the translation of organoids into clinical
practice. The development of bioengineering tools such as microfluidic organ-on-
a-chip platforms or 3D bioprinting systems represents a huge step in this direction.
These strategies could provide consistent nutrients and factors required to emulate
3D tissue physiology iz vivo. The optimal conditions are not yet established and
further research is required before results can be undoubtedly extrapolated and
clinical applications implemented. Nevertheless, the growing interest in organoids
commercialization will probably help to speed up the translation of organoids to the
clinic.
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Abstract

Basic and translational research on lung biology and pathology can greatly
benefit from the development of 3D in vitro models with physiological relevance.
Lung organoids and lungs-on-chip allow the creation of different kinds of in vitro
microenvironments, that can be useful for the elucidation of novel pathogenetic
pathways, for example concerning tissue fibrosis in chronic diseases. Moreover,
they represent important translational models for the identification of novel thera-
peutic targets, and for preliminary testing of new drugs. In this chapter, we provide
a selected overview of recent studies on innovative 3D iz vitro models that have
enhanced our knowledge on chronic obstructive pulmonary disease (COPD) and
idiopathic pulmonary fibrosis (IPF), particularly concerning oxidative stress and
pro-fibrotic pathogenetic mechanisms. Despite several limitations, these complex
models must be considered as complementary in all respects to in vivo studies on
animal models and clinical research.

Keywords: organoids, organ-on-chip, oxidative stress, lung fibrosis, cell spheroids

1. Lung chronic diseases: a brief overview

The primary function of the lungs is the exchange of gas occurring at the