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Chapter

Flow Cytometry Applied to
the Diagnosis of Primary
Immunodeficiencies

Monica Martinez-Gallo and Marina Garcia-Prat

Abstract

Primary immunodeficiencies are the result of biological defects associated with
functional immune abnormalities. It consists of a group of disorders showing a
higher incidence and severity of infections, expression of immunological dysregu-
lation such as inflammation and lymphoproliferation. The immunophenotyping
and in vitro functional characterization of immunodeficient patients contribute,
together with the clinical aspects, to define the underlying immune defect particu-
larities. Flow cytometry applications in primary immunodeficiency assessment are
multiple and include the study of a wide range of specific cell lymphocyte subpopu-
lations. This chapter describes the main techniques used in the diagnosis of a wide
variety of primary immunodeficiencies, in which intracellular proteins or activation
markers involved in immunity are evaluated, as well as functional proliferation,
cytokine production, phosphorylation of transcription factors, cytotoxic and
degranulation capacity. Flow cytometry is a tool that allows rapid and accurate
evaluation of multiple lymphocyte populations and immunological function,
and this information is essential for the diagnosis and evaluation of patients with
primary immunodeficiencies.

Keywords: primary immunodeficiencies, lymphocyte subsets,
extended immunophenotyping, flow cytometry, functional assays,
intracellular cytokine production, cytotoxicity, phospho-stat flow

1. Introduction

Primary immunodeficiencies (PID) are a heterogeneous group of genetic disor-
ders which manifest clinically as recurrent infections, autoimmune and/or auto-
inflammatory diseases or malignancies. In PIDs, the immune system is affected
quantitatively or qualitatively and includes more than 400 different entities, with
an incidence of approximately 1:2000 live newborns. The Expert Committee of
the International Union of Immunological Societies has classified PIDs into nine
groups based on the clinical manifestations and laboratory immunological abnor-
malities [1]. Prompt identification of PID patients reduces complications and is
associated with a more favorable prognosis [2]. In addition to a complete medical
history, physical examination, and general laboratory tests, the initial evalua-
tion protocol when PID is suspected includes analysis of serum immunoglobulin
levels and extended immunophenotyping in peripheral blood. Immunophenotype
abnormalities can range from a complete absence of a specific cell population to
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more subtle variations in the differentiated states of specific subpopulations [3].
For basic and advanced lymphocyte phenotype studies, the technical option is
classical flow cytometry, although new approaches mainly used in research like
mass cytometry or CyTOF, have emerged [4]. The following step in the diagnosis
of patients with PID is the biochemical and functional characterization of the
altered molecules, for example, perforin, CD40 ligand, etc. The advantage of using
flow cytometry over other techniques such as western-blot in the case of protein
expression studies and functional evaluation of different subpopulations is the
rapid and sensitive result.

2. Evaluation of immunophenotype to aid in the differential
diagnosis of PIDs

Flow cytometry is a standard laboratory tool in the evaluation and identification
of leukocyte populations and specific lymphocyte subpopulations. The analysis
of the expression of cell surface markers [clusters of differentiation (CD)] allows
to determine the cell lineage and to examine the stage of differentiation and cell
activation. The clinical application is broad for routine use in diagnostic laborato-
ries, which facilitates the assessment of patients with suspected primary immuno-
deficiencies. The circulating cellular compartment of the human immune system
shows the most marked shifts during the first years of life, but is also dynamic
during adult life, showing a tendency to a reduction in function and diversity with
age [5]. When an immune system disorder is suspected, immunophenotyping of the
patient’s peripheral blood mononuclear cells (PBMCs) is one of the initial steps in
the diagnostic work-up [6].

The basic immunophenotype analyzing T (CD3), B (CD19), and natural killer
(NK) (CD56+CD16+) lymphocytes leads to a potential diagnosis of severe com-
bined immunodeficiencies (SCID) resulting in four general categories of disease
defined by the impact on lymphocyte populations: T—/B—/NK—, T—/B—/NK+, T—/
B+/NK—, and T—/B+/NK+. Overall, patients with adenosine deaminase (ADA)
deficiency and reticular dysgenesis demonstrate the T—/B—/NK— immunopheno-
type and typically have the most profound lymphocytopenia among SCID patients
[7]. Recombination defects usually show the phenotype T—/B—/NK+, and defects in
cytokine signaling and T-cell receptor (TCR)-derived signals result in T—/B+/NK—
and T—/B+/NK+ phenotypes. These phenotypes often differ depending on the type
of mutation and protein affected. The expression of isoforms CD45RA, CD45RO
in T cells should also be included in the study of patients with suspected SCID. An
increase in the percentage of CD45RO memory helper T cells indicates the presence
of autoreactive lymphocytes and reinforces the diagnostic suspicion of SCID, leaky
SCID or Omenn syndrome (OS) (Figure1). OS is an inherited disorder character-
ized by an absence of circulating B lymphocytes and an infiltration of the skin by
activated T lymphocytes. Inherited mutations in RAG1 or RAG2, resulting in partial
V(D)] recombinase activity, were shown to be responsible for OS [8].

The use of larger cytometric panels can include a higher number of lympho-
cyte subpopulations of interest in the diagnosis of other groups of PID, such as
predominantly antibody deficiencies and immune dysregulation diseases among
others. Below we describe the gating strategies for the study of a broader spec-
trum of subpopulations: T cell differentiation stages, recent thymic emigrants
(RET), regulatory T cells (Tregs), T helper 1/2/17 cells, B cell differentiation
stages, NK cells, dendritic cells and monocytes, and their application in the study
of patients with PID.
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Figure 1.

Dotplot representing the expression of different isoforms CD45RA and CD45RO in subpopulations T CD4 and
CDS8. A healthy donor and a patient with severe combined immunodeficiency (SCID) of the same age range
are compaved.

General immunophenotyping protocol:

1.Stain 50 puL of EDTA whole blood with appropriate mix of antibodies of inter-
est, depending on the panel.

2.Incubate for 20 min in the dark at room temperature (RT).
3.Lyse the red cells using a lysing solution.
4.Incubate for 10 min in the dark at RT.

5.Discard the lysing solution after 5 min of centrifugation at (324 g) or 1500
revolutions per minute (rpm).

6. Wash with 2 mL of phosphate buffered saline (PBS).
7.Discard the PBS after 5 min of centrifugation at 1500 rpm.

8.Add 200 pL of PBS, vortex and the sample is ready to be acquired by flow
cytometry.

(This protocol is used in all the immunophenotyping techniques, using the
appropriate mix of antibodies in each situation).
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21T lymphocyte immunophenotyping

T-lymphocytes mature in the thymus after going through positive and negative
selection processes before migration into secondary lymphoid organs. The immune
system at birth is largely dominated by truly naive T cells, with very limited repre-
sentation of memory cells and a relatively high proportion of recent thymic emi-
grants (RTEs). They are naive peripheral T cells, which have only recently exited the
thymus, have not undergone further peripheral proliferation and exhibit phenotypic
and functional characteristics distinct from those of their more mature counter-
parts in the naive peripheral T cell pool [9]. Thymic function can be determined by
evaluation RTEs, which are studied using CD3, CD4, CD27, CD31, and CD45RA,
expression markers according to the gating strategy in (Figure 2). The assessment of
the thymic function is performed also in a suspicion of severe combined immunode-
ficiency, DiGeorge syndrome, and other T-cell immune deficiency disorders.

Subsequently, the mature “naive” T-lymphocytes circulate between the second-
ary lymphoid organs and the blood. In humans, naive CD4+ T cells typically express
CCR7, CD62L, and CD45RA, while they lack CD45RO expression [10]. CCR7 and
CD62L are involved in the localization of T cells in secondary lymphoid organs
(SLO) and interact with ligands expressed in high endothelial venules (HEVs).
CD45RA and CD45RO play a role in the transduction of TCR signals, and their
expression characterizes the different subsets of T cells, being CD45RA positive the
naive and CD45RO positive the memory [11]. Upon recognition of specific antigen
complexes, naive CD4+ T cells proliferate and differentiate toward effector T cells,
which provide immediate protection.
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Figure 2.

Gating strategy of vecent thymic emigrants (RET). RTEs were studied using CD3, CD4, CD27, CD31, and

CD45RA expression.
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Most of these effectors T cells subsequently die from apoptosis, but a subset of
antigen-specific T cells will persist as memory T cells [12]. There are two types of
memory T cells in circulation, central memory T cells (TCMs) and effectors memory T
cells (TEM): the former shows self-renewal potential with less effector functions, while
the latter possesses immediate effector functions and can migrate rapidly to peripheral
tissues. In addition, a distinct lineage of tissue-resident memory cells (TEMRA cells) is
limited to different tissues. By using the characteristic expression markers CD45RA and
CCRY7 and a gating strategy for gated CD4+ and CD8+ T-cell subsets, we can identify the
following populations CD45RA+/CCR7+ (naive), CD45RA—/CCR7+ [central memory
(TCM)], CD45RA—/CCR7- [effector memory (TEM)], and CD45RA +/CCR7— [termi-
nal effector memory (TEMRA)]. Furthermore, based on CCR6 and CXCR3 expression
markers, we can distinguish CD4+ T-helper (Th) populations at phenotypic level (Thi,
Th2, Th17, and Th1-17) by gating on CD4+CD45RA— TCM and TEM cells (Figure 3).

In several primary immunodeficiencies, there are alterations in different sub-
populations. The distribution of naive and memory T cells is particularly relevant
for the diagnosis of severe combined immunodeficiency (SCID) and its variants in
infants—Omenn syndrome and leaky SCID.

In patients with antibody defects such as common variable immunodeficiency
(CVID) has been described an increase abnormally differentiated T CD4+ effector cells
showing a Thl-skewed profile and activated effector T CD8+ lymphocytes [13, 14].
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Figure 3.

Gating strategy for diffeventiated CD4+ and CD8+ T cell subsets, based on CD45RA and CCRy expression
defining: CD45RA+/CCRy7+ (naive), CD45RA—/CCR7+ (central memory [TCM]), CD45RA—-/CCR7-
(effector memory [TEM] ), and CD45RA+/CCR7— (terminal effector memory [TEMRA]). CD4+ T-helper
(Th) populations (Tha, Th2, Thiz, and Thi-17), based on CCR6 and CXCR3 expression, were analyzed by
gating on CD45RA— TCM and TEM cells.



Innovations in Cell Research and Therapy

Also with the suspected diagnosis of hyper-IgE syndrome (atopic dermatitis,
recurrent otitis, pneumonias, and abscess caused by Staphylococcus aureus), the use
of this gating strategy is very useful. The immunological phenotypes include high
IgE levels, eosinophilia, low levels of Th17 cells, and memory B cell lymphopenia.
T-cell differentiation, particularly Th17 cells is disrupted, for that reason, we use a
flow cytometry panel to analyze the CD4+ T-helper (Th) populations (Th1, Th2,
Th17, and Th1-17), based on CCR6 and CXCR3 expression, previously gated on
CD45RA— TCM and TEM CD4+ T cells. It is important to compare the values of the
patient with an age-matched healthy control [6].

Regulatory T-cells (Tregs) play a key role in maintaining peripheral toler-
ance under physiological and pathological conditions. Tregs are characterized by
the constitutive expression of the critical transcription factor forkhead box P3
(Foxp3). Impairment of Treg function is the key pathogenic event leading to altered
self-tolerance in patients with immune deregulation, poly-endocrinopathy, enter-
opathy, and X-linked syndrome (IPEX) [15]. The most common markers utilized
for Treg typing by flow cytometry are CD25, forkhead box protein 3 (FoxP3),
and CD127. Also for more accurate characterization, CCR4 is useful; a potential
marker for effector-type regulatory T cells T-regulatory (Treg) cell populations:
CD3+CD4+CD25+, CD127—, CCR4+, and CD45RO+.

See the immunophenotype protocol in Section 2.

2.2 Blymphocyte immunophenotyping

Early development of human B cells from multipotent stem cells occurs in the
bone marrow by antigen independent manner. Once the central development of
B cells has been accomplished and the transitional B cells leave the bone marrow,
maturation occurs in the secondary lymphoid organs, especially in the spleen.

B-cell subset phenotyping in peripheral blood has been used to classify and
assess the prognosis of patients with humoral deficiencies such as common variable
immunodeficiency (CVID). CVID is a heterogeneous disease, and most patients
show defective differentiation of B cells into memory B cells or antibody-secreting
cells. B cells can be identified in the lymphocyte gate by CD19 expression, a marker
that is present in all circulating B cell populations. B-cell populations can be
studied based on expression of IgD and CD27 [naive (IgD+CD27-), pre-switched
(IgD+CD27+), switched memory (IgD—CD27+), and exhausted (IgD—CD27-)].

In patients with CVID, the study of these subpopulations allows to identify severe
defects of germinal center dependent B cell memory formation and early defects
of peripheral B cell differentiation. The absence of switched memory B cells is very
suggestive of an alteration of the germinal center reaction [16].

The combined staining for CD19, IgD, CD38, and CD24 allows the identifica-
tion of transitional B cells (CD19+IgD+CD38"¢"CD24™¢") and plasmablasts
(CD19+IgD+CD38"¢"CD24"¢). CD27 and CD21 enabled study of the CD21"°* popu-
lation. The expansion of circulating CD21'°"B cells is associated with manifestations
of a chronic immune activation and autoimmunity (Figure 4) [17].

Recently, germline heterozygous gain-of-function mutations in PIK3R1 and
PIK3CD genes have been identified to cause a primary immunodeficiency in
patients with node lymphoproliferation, splenomegaly, diarrhea, and dysgamma-
globulinemia, initially diagnosed with CVID. In these patients, the extended immu-
nophenotyping reveals high percentage of transitional B cells, low pre-switched
memory, switched memory B cells, and skewing of CD4+ with CD8+ T cells toward
terminally differentiated effector cells. This phenotype is suggestive of activated
PI3K delta syndrome type 1 and 2 (APDS) [18].

See the immunophenotype protocol in Section 2.
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Figure 4.

Gating strategy used for the study of subpopulations of B lymphocytes. B-cell populations (naive, pre-switched,
switched memory, and exhausted) are distinguished depending on IgD and CD27 expression. The differing
pattern of CD24+ and CD38+ expression identified transitional cells and plasmablasts. CD27 and CD21
markers enabled study of the CD21 low population.

2.3 Innate cells immunophenotyping
2.3.1 Natural killer (NK) cells

Natural killer (NK) cells are one of the first lines of innate immune defense
against pathogens and tumors, among other cells. NK cells are lymphocytes
with cytotoxic capacity that provide rapid response to virus-infected cells and to
tumor cells through the ability to recognize the absence of HLA class I and other
signals on these cells. Innate cells can be analyzed by flow cytometry gating in the
CD37CD19" cells. Natural killer (NK) cells subpopulations can be divided into two
subpopulations dependin%on CD56 and CD16 expression; NKY™ (CD16"CD56"")
and NK*#" (CD16~CD56™e"). Characterizing the different subsets of NK is crucial
in the diagnosis of NK cell deficiencies [19]. An example is the deficiency in MCM4,
with autosomal recessive inheritance (AR), which may be suspected in the context
of a higher percentage of CD56bright NK cells (of total NK cells) in individuals with
endocrine and/or growth abnormalities [20].

See the immunophenotype protocol in Section 2.

2.3.2 Monocytes and dendritic cells (DC)

Monocytes are leukocytes that can differentiate into macrophages and myeloid
lineage dendritic cells. As a part of the vertebrate innate immune system, mono-
cytes also influence the process of adaptive immunity [21]. There are at least two
subpopulations of peripheral monocytes in human blood based on their phenotypic
receptors CD16 and CD14; classical monocytes (CD14"8"CD16™) and non-classical
monocytes (CD14°"CD16%). These cells have been shown to exhibit distinct pheno-
type and function [22].

Dendritic cells in periphery blood are responsible for the capture and process-
ing antigens, express lymphocyte co-stimulatory molecules, migrate to lymphoid
organs, and secrete cytokines to initiate immune responses [23]. Dendritic cells
were studied into the population negative for the following markers: CD3, CD14,
CD16, CD19, CD20, and CD56. High expression of HLA-DR, CD11c, and CD123
are markers commonly used to identify plasmacytoid DCs (HLA-DR*CD123") and
myeloid DCs (HLA-DR*CD11c*) (Figure 5). GATA binding protein 2 (GATA-2)
deficiency is an autosomal dominant (AD) immunodeficiency classified in the
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Figure 5.

NK/monocytes/DC dendpritic cells (DC) gating strategy. NK cells and monocyte populations were analyzed in
the CD3—CD19— gate. NK subpopulations (NK“™ and NK""®") were studied using CD56 and CD16 expression
markers. The markers CD16 and CD14 were used to identify classical monocytes (CD14+CD16-) and
non-classical monocytes (CD16+CD14-). DCs were studied selecting the population negative for the following
markers: CD3, CD14, CD16, CD19, CD20, and CDs6. High expression of HLA-DR and CD11c and CD123
was used to identify plasmacytoid DCs (HLA-DR+CD123+) and myeloid DCs (HLA-DR+CDz11c+).

group of congenital defects of the number or function of phagocytes in which the
following leukocyte populations are affected: CD56"¢™ NK cell, B lymphocytes,
monocytes and peripheral dendritic cells populations are affected. Patients with
this PID have susceptibility to infections by mycobacteria and human papillomavi-
rus (HPV), histoplasmosis, alveolar proteinosis, myelodysplastic syndromes such
acute myelogenous leukemia and lymphedema [24].

See the immunophenotype protocol in Section 2.

3. Evaluation of intracellular proteins and activation markers involved
in immunity

3.1 Evaluation of intracellular proteins

Intracellular protein and specific cell surface antigen detection is a screening test
for PIDs. Depending on the specific clinical presentation of the patient, the diag-
nostic suspicion can be assessed by evaluating the expression of the affected protein
by flow cytometry. The most widely used procedure for staining intracellular mol-
ecules requires the fixation of cells in suspension and subsequent permeabilization
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before adding the detection antibody. This fixation/permeabilization treatment
allows the antibody to pass through the plasma membrane into the cell while main-
taining morphological characteristics. While this technique is informative and very
useful to identify total defects of a particular protein, detecting expression does not
rule out the defect, as there may be mutations that do not alter the expression but
the function. Some examples of this type of application to PID diagnosis are the
evaluation of the following proteins:

For intracellular staining, there are several commercial options, including labo-
ratory permeability and fixation reagents. It is important to take into account that
not all commercial kits work the same way for different cell types or for different
techniques. It is therefore necessary to adjust the conditions in each particular case.

Intracellular staining protocol:

1.Fix 50 pL of EDTA whole blood with the appropriate volume of fixative
reagent.

2.Incubate for 15 min in the dark at RT.

3. Add the appropriate volume of permeabilizing reagent.

4. Add the extracellular antibodies mix.

5.Add the appropriate intracellular antibody.

6.Incubate for 20 min at RT and in the dark.

7.Add the appropriate volume of wash buffer.

8.Discard the wash buffer after 5 min of centrifugation at 1500 rpm.

9.Add 100 pL of PBS and the sample is ready to be acquired by flow cytometry.

(This protocol may change slightly depending on the commercial kit used).
3.1.1 BTK expression in X-linked agammaglobulinemia

X-linked agammaglobulinemia or Bruton tyrosine kinase (BTK) deficiency is
a disorder caused for mutations in the gene encoding BTK. It is a tyrosine-protein
kinase localized intracellularly next to the B-cell receptor (BCR), and it is crucial for
the B cell development. The expression of BTK protein is evaluated in monocytes or
platelets as patients with suspected X-linked agammaglobulinemia have an absent
or significantly reduced number of circulating B lymphocytes. This leads to the fact
that intracellular BTK protein has to be studied by gating monocytes [25].

See the intracellular staining protocol in Section 3.1.

3.1.2 SAP, XIAR, and perforin expression in Hemophagocytic lymphohistiocytosis
(HLH)

Measurement of intracellular signaling lymphocyte activation molecule-
associated protein and X-linked inhibitor of apoptosis are used as screening tools to
evaluate X-linked lymphoproliferative syndrome disorder type 1 and 2, respectively.
This approach has been shown to provide good sensitivity and specificity compared
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with genetic mutation evaluation, and it is characterized by high negative predictive
value. The lack of intracellular perforin expression in NK cells is characteristic of
familial hemophagocytic lymphohistiocytosis type 2 [26, 27].

See the intracellular staining protocol in Section 3.1.

3.1.3 FOXP3 expression in IPEX (immunodysregulation polyendocrinopathy
enteropathy X-linked) syndrome

A further example of intracellular protein testing by flow cytometry in patients
with PIDs involves screening for patients with possible immune dysregulation, polyen-
docrinopathy, enteropathy, and X-linked syndrome (the gene encoding FOXP3 protein
is located on the X chromosome, therefore only males are affected by the disease while
females are carriers). This diagnosis is confirmed in male patients whose CD4+CD25+
regulatory T cells demonstrate absence or decreased expression of FOXP3 [28].

See the intracellular staining protocol in Section 3.1.

3.2 Immediate early activation markers

The activation of T lymphocytes is a complex and finely regulated process of
events resulting in the expression of cytokine receptors, the production and secre-
tion of cytokines and increased cell surface molecules that facilitate the immune
response. The most important activation molecules expressed on T lymphocytes
can be classified as early activation markers, such as CD69 and CD25, and late
activation markers, such as CD62L and HLA-DR. Additionally, very late activation
markers, such as VLA-1 have been described, playing a role in lymphocyte adhesion
and extravasation [29].

CD69 is a signaling membrane glycoprotein involved in the induction of T cell
proliferation. CD69 is expressed at very low levels T cells at rest in PBMCs (<5-
10%) and is one of the first evaluable activation markers, being rapidly increased
in T cells within the first hour of TCR. Expression of CD69 peaks at 16-24 h and
then decreases. The inability to upregulate CD69 following TCR activation may be
associated with T cell dysfunction [30].

CDA40 ligand (CD40L), also called CD154, is a member of the TNF-receptor super-
family, primarily expressed on activated T cells, and functions as a co-stimulatory
molecule by binding CD40 which is constitutively expressed on antigen presenting
cells (APCs). The CD40L-CD40 ligation is a fundamental interaction for B lympho-
cytes proliferation, formation of germinal centers, Ig class switch, antibodies matura-
tion, and B lymphocyte differentiation to plasmatic cell and to memory B lymphocyte.
Deficiency of CD154 is an X-linked disorder that only males are affected and females
are the carriers, also known as Hyper IgM syndrome [31]. Expression of CD40L on
resting T cells from healthy donors is very low (<1%) and is quickly upregulated within
1-2 h after TCR stimulation via the transcription factors NFAT and AP-1. CD40L
expression peaks near 6 h after stimulation and declines by 16-24 h (Figure 6) [32].

In summary, CD69 and CD40L are both rapidly induced following T cell activa-
tion and both exert important functions in T cell biology. Expressions of these
markers have both been shown to be altered in patients with different PIDs.

Immediate early activation markers staining protocol:

1. Stimulate heparin whole blood or peripheral blood mononuclear cells
(PBMCs) with the appropriate stimuli or mitogen.

2.Incubate the appropriate time depending on the activation marker of your
interest.

10
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Figure 6.

The expression of CD4o ligand is studied by stimulating PBMCs with PMA plus ionomycin for 4 h, and then
the expression of a cell activation marker such as CD69 is analyzed. Dotplots of PMBCs without stimulation
(left) and stimulated (right) where a normal expression of CD40L and CD69 is observed.

3.Stain with appropriate mix of antibodies of interest.
4.Incubate for 20 min at RT and in the dark.
5.Lyse the red cells using 2 mL of lysing solution.
6.Incubate for 10 min at RT and in the dark.
7.Discard the lysing solution after 5 min of centrifugation at 1500 rpm.
8. Wash with 2 mL of PBS.
9.Discard the PBS after 5 min of centrifugation at 1500 rpm.
10.Add 100 pL of PBS and the sample is ready to be acquired by flow cytometry.

(The same protocol is useful for all the different activation marker techniques,
changing mitogens, and incubation time depending on each case).

4. Evaluation of cellular function

The assessment of lymphocyte function typically refers to the study of T cell func-
tion through cell proliferation in response to polyclonal nonspecific and specific stim-
uli; however, this concept is more extensive and refers to any method that evaluates any
of the various effectors or regulatory aspects of subset of lymphocytes [33]. As we have
seen previously, these studies are of particular importance when the functional impact
of a mutation is unknown; in such cases, flow cytometry provides a number of differ-
ent immune function assessment techniques, including evaluation of specific immune
cell line functions, cell activation, proliferation, and cytokine production.

4.1 Lymphocyte proliferation assay

Lymphocyte phenotype studies should be accompanied by laboratory tests
assessing the functional immunity of T cells when a primary immunodeficiency is
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suspected [34]. Lymphocyte proliferation assay is used to determine lymphocyte
activation and their ability of carry out cell-mediated immune response. Ligand
binding and transmembrane signal transduction result in cell activation, prolifera-
tion of B and T cells which ultimately leads to clonal expansion. Flow cytometry
techniques are used to evaluate in vitro different cell types proliferation, including
the use of fluorescent follow-up cell tracking intracellular dyes [e.g., succinimi-
dyl ester of carboxyfluorescein diacetate (CFSE)] which are capable of covalent
binding to cytoplasmic structures of the cell and remain there for a long period

of time, being redistributed into daughter cells by each cell division resulting in a
50% decrease in fluorescence intensity after activation for each cell division cycle
[35]. Almost all lymphocytes can be stimulated to proliferate non-specifically by
stimulating them in vitro with polyclonal or mitogenic stimulants such as phyto-
hemagglutinin (PHA), concanavaline A, mitogen pokeweed (PWM), or anti-CD3
antibodies alone or in combination with anti-CD28 or IL-2. Generally, these trials
involve at least 72-h or 6-7 days of culture depending on the stimulation (Figure 7).
The use of flow cytometry has gradually replaced “gold standard” methods such as
lymphocyte proliferation by incorporating [3H] thymidine into the DNA of divid-
ing cells and measured using a liquid scintillation counter, which is proportional
to the amount of cell proliferation. In terms of complexity, methods based on flow
cytometry are considerably simpler to perform, and the undoubted advantage of
this method is that the cells grow without any negative influence during the entire
culture period, compared to thymidine. However, the interpretation is less objective
and time-consuming, thus requiring experienced staff [36].

Cell proliferation induced by an activation signal is a critical parameter in the
diagnosis of patients with a possible T-cell defect, including infants with abnormal
T-cell receptor excision circles (TRECs) during newborn screening test. In these
cases, the T-cell response to polyclonal stimuli is usually less than 10% of the lower
limit of the reference value. However, there are patients with hypomorphic muta-
tions that allow some degree of T cell response, often <30% of the lower limit of the
reference value. Some laboratories use more than one dose of mitogen or mitogens,
although this is not done routinely and is generally not necessary to detect signifi-
cant defects in T cell immunity. There have been rare cases where mitogen-induced
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Figure7.

Histograms of lymphocyte proliferation analysis after stimulation with PMA plus ionomicin. Lymphocytes
staining with CFSE lose fluorescence after cell division. The histogram on the right shows the vesult of a patient,
with no cell division shown compared to the vesult of a healthy donor on the histogram on the left.
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proliferation was found to be abnormal, but further evaluation with a combina-
tion of agents that directly activate T cells [forbol 12-miristate 13-acetate (PMA)
and ionomycin] showed that the proliferative capacity of T cells was normal, but
the signaling apparatus (i.e., T[TCR]-CD3 cell antigen receptor-complex) was
dysfunctional [7]. Obviously, one of the advantages of using cytometry to evaluate
lymphocyte proliferation is the elimination of radioactive reagents. It also allows
distinguishing proliferating cell subpopulations, but evaluation of the results is
more subjective.

Lymphocyte proliferation assay protocol (CFSE):

1.Add 1 pL of carboxyfluorescein succinimidyl ester (CFSE) in 1 mL of PBMCs
(all the PBMCs of your sample).

2.Manually gently stir the sample during 5 min.

3.Add 10 mL of Roswell Park Memorial Institute (RPMI) medium and centrifu-
gate at 1500 rpm (324 g) during 5 min.

4.Count and adjust cells at 10° cells/mL.

5. Acquire 50 pL of the sample by flow cytometry just to make sure your sample
has been correctly stained with the CFSE.

6. Dispense 100 pL of the PBMCs at 10° cells/mL in a 96 well plate.

7.Leave one well unstimulated (with RPMI) and add 100 pL of mitogens of
interest in each different well [phorbol myristate acetate (PMA), ionomycin,
phytohaemagglutinin (PHA), muromonab-CD3 (OKT3), interleukin-2 (IL-2),
pokeweed mitogen (PWM), and concanavalin A (ConA)].

8.Incubate during 6 days at 37°C and in the dark.

9. Resuspend cell button and transfer it to fluorescence-activated cell sorter
(FACS) tubes.

10.Stain with appropriate mix of antibodies of interest.

11.Incubate for 20 min at room temperature (RT) and in the dark.

12.Wash with 2 mL of phosphate buffered saline (PBS).

13.Discard the PBS after 5 min of centrifugation at 1500 rpm.

14.Add 100 pL of PBS and the sample is ready to be acquired by flow cytometry.
4.2 Functional analysis studying STAT phosphorylation

Signal transducer and activator of transcription (STAT) control cellular activation

processes after cell activation through cytokines. All STAT molecules are phosphory-
lated by receptor-associated kinases, that causes activation, by forming homo- or het-
erodimers and finally translocate to nucleus to function as transcription factors [37].

The study of the different STATSs by flow cytometry is of great interest not only of
STAT deficiencies (STAT1, STAT3 or STATS deficiencies) but also to study the proper
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functioning of a signaling pathway in particular. When studying STAT phosphoryla-
tion, three essential factors must be taken into account: (A) the cell lineage in which
STAT phosphorylation will be studied. In the study of PID patients, it is a limitation
since it is usual that not all cell lineages are present; (B) choosing the correct recom-
binant cytokine is crucial as cytokine receptors are expressed differently in distinct
lymphocyte lineages; (C) and selecting the appropriate antibodies against the STAT
phosphorylation sites [30]. These studies can also be performed by WB, which is a
very sensitive but more time-consuming technique and delays results [38].

STAT phosphorylation staining protocol:

1.Stain 100 pL of heparin whole blood with appropriate mix of antibodies of
interest.

2.Incubate for 20 min at RT and in the dark.

3. Wash with 2 mL of PBS.

4. Discard the PBS after 5 min of centrifugation at 1500 rpm.
5.Add 100 pL of appropriate stimuli.

6. Incubate for 20 min at 37°C and in the dark.

7.Lyse the red cells using 1 mL of lyse and fix solution.
8.Incubate for 15 min at 37°C and in the dark.

9.Discard the lyse and fix solution after 5 min of centrifugation at 1500 revolu-
tions per minute (rpm).

10.Wash with 1 mL of PBS with fetal bovine serum (FBS) at 10%.
11.Discard the PBS + FBS 10% after 5 min of centrifugation at 1500 rpm.

12.Add 500 pL of permeabilization buffer and incubate 30 min on ice or 4°C
and in the dark.

13.Add the appropriate volume of intracellular anti-phosphorylated-STAT
antibody:.

14.Incubate for 30 min at RT and in the dark.
15.Wash with 1 mL of PBS with FBS at 10%.
16.Discard the PBS + FBS 10% after 5 min of centrifugation at 1500 rpm.

17.Add 100 pL of PBS + FBS 10% and the sample is ready to be acquired by flow
cytometry.

(The same protocol is useful for the assay of different STATs. Mitogens/
cytokines and antibodies may change depending on the STAT you are studying.
Note that different commercial kits can be used to assess phospho-proteins, so the
protocol can be slightly different in each case).
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4.2.1 STAT1 phosphorylation for the diagnosis of chronic mucocutaneous
candidiasis

STAT1 is a transcription factor which in humans can be activated by several
ligands such as interferon alpha (IFNa), interferon gamma (IFNy), epidermal
growth factor (EGF), platelet derived growth factor (PDGF) or interleukin 6
(IL-6). Mutations in the STAT1 molecule can be gain of function (GOF) or loss
of function (LOF). Both of them can cause PID with different phenotypes and
symptoms [39].

STAT1 GOF dominant mutations were first discovered in patients with chronic
mucocutaneous candidiasis (CMC). This disease typically shows symptoms such
as persistent infections of the skin, oral/genital mucosa and nails caused mainly by
Candida albicans. CMC may very often result from primary immunodeficiency. To
assess the presence of a STAT1 GOF defect, isolated PBMCs are stimulated iz vitro
with INFy. In order to know if there is a gain of function, we perform different
experimental conditions, such as unstimulated, stimulated with INFy, and with
INFy plus Staurosporine. Staurosporine is an inhibitor for Ca**'calmodulin-dependent
protein kinase II inhibiting STAT1 phosphorylation [40]. The use of Staurosporine is
justified to clarify the difference between control subjects (STAT1 WT alleles) and
the CMC patients (STAT1 GOF alleles). STAT1 phosphorylation is assessed in CD14+
monocytes [41]. In a healthy donor, we can observe that STAT1 phosphorylation
is reduced with the addition of Staurosporine, while in a patient with STAT1 GOF,
phosphorylation is maintained despite the use of Staurosporine (Figure 8) [42].

Regarding STAT1LOF autosomic recessive mutations, there are two genetic
deficiencies that compromise the response to interferons type I and III. On the one
hand, there is autosomal recessive deficiency (RA), partial or even complete STAT1.
These types of defects are diagnosed in patients with an increase in intracellular
or viral bacterial infections, with impaired responses to IFN «, B, v, and IL27. In
complete recessive form, there is a very low response to anti-viral and antimycoti-
cal treatments. On the other hand, partial STAT1 deficiency can also be autosomal
dominant (AD); phenotypically causes impaired IFNy responses and patients suffer
with selective intracellular bacterial diseases such as Mendelian susceptibility to
mycobacterial diseases (MSMD). To assess if there is a STAT1 LOF, isolated PBMCs
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Figure 8.

The STAT1 phosphorylation and de-phosphorylation study for the diagnosis of function gain mutations (GOF)
is evaluated in CD14+ monocytes. In a healthy donor (left), we can see that STAT1 phosphorylation is reduced
with the addition of staurosporine (gray) while in the patient (right), phosphorylation is maintained despite
the use of stauvosporine (black: no staurosporine, white: control of isotypes).
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are stimulated with INFy and phosphorylation is assessed in CD14+ monocytes. In
these cases, STAT1 phosphorylation in monocytes is clearly diminished comparing
with a healthy donor [43].

See STAT phosphorylation staining protocol in Section 4.2.

4.2.2 STAT3 phosphorylation for the diagnosis of Hiper IgE Syndrome (HIES)

Hiper IgE Syndrome (HIES) is a PID defined as an association of atopy in a
context of very high serum IgE levels, characteristic bacterial and fungal diseases,
low-level clinical and biological inflammation, and various non-hematopoietic
developmental manifestations. Somewhat arbitrarily, three disorders were
successively put forward as the underlying cause of HIES: autosomal dominant
(AD) STAT3 deficiency, the only disorder corresponding to the original defini-
tion of HIES, and autosomal recessive (AR) DOCKS8 and PGM3 deficiencies, in
which atopy and high serum IgE levels occur in a context of manifestations not
seen in patients with typical HIES. Indeed, these three disorders disrupt different
molecular pathways, affect different cell types, and underlie different clinical
phenotypes [44].

Phenotype tests discussed in previous chapters, demonstrating low number
of Th17 lymphocytes, may guide in-depth study of a defect in STAT?3 signaling.
These are the analysis of the ability to produce IL-17 by stimulation with PMA
and ionomicin, adding a Golgi Plug such as Brefeldin and subsequent intracellular
staining against IL17. And the STAT3 phosphorylation test in lymphocytes. Whole
blood is stimulated with IL-6 and/or IL-21 and intracellular staining is performed
to evaluate STAT3 phosphorylation. Different conditions are needed, such as: not
stimulated, stimulated, and both with STAT3 antibodies or with an isotype control
to have internal controls. Phosphorylation is clearly decreased in a patient with
STAT?3 deficiency compared to a healthy control [45, 46].

See STAT phosphorylation staining protocol in Section 4.2.

4.2.3 STATS phosphorylation for the diagnosis of severe combined
immunodeficiency (SCID)

X-linked severe combined immunodeficiency (X-SCID) is an inherited disorder
of the immune system caused by inborn errors in the gene IL2RG, which encodes
interleukin IL-2 receptor common y chain. The yc is a transmembrane protein
shared by different cytokine receptors IL-2, IL-4, IL-7, IL-9, IL-15, and IL-21. In the
absence of an effective yc function, early lymphoid progenitor cells are not able to
respond properly to these cytokine signals leading low or absence of T and NK cells
and hypogammaglobulinemia despite a normal B cell count [47]. T-B+NK- phe-
notype is characteristic for X-SCID and JAK3 deficiencies. T-B+NK+ SCID include
IL-7Ra, CD38, CD3e, and CD3( deficiencies. X-SCID represents close to half of all
SCID patients. Patients with X-SCID are prone to severe, recurrent, and persistent
infections caused usually in their first 6 months of life. The disease is lethal within
the first 2 years of life, unless they undergo hematopoietic stem cell transplantation
(HSCT) or gene therapy [48, 49].

In addition to the more deleterious mutations, which cause the most severe phe-
notype of the disease, some other several patients with a milder form of combined
immunodeficiency, often referred to as “leaky” or “hypomorphic” SCID. Most of
these cases of “leaky” SCIDs are due to hypomorphic mutations. Due to their poorly
defined clinical and immunological phenotype, patients with the atypical forms are
diagnosed later in childhood or even in adulthood [50].
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A study of expression of the common gamma chain (CD132), expressed broadly
on T and B lymphocytes, NK cells, monocytes, and granulocytes, can be performed
by flow cytometry [3]. However, as mentioned above, the presence of protein does
not rule out a possible functional defect. It is therefore advisable to evaluate the
signaling of the IL2-IL2RG-JAK3-STATS pathway, studying the phosphorylation of
STATS. For this purpose, whole blood is stimulated with IL-2 and STATS phosphor-
ylation is evaluated in lymphocytes. It should be noted that a patient with X-SCID
will not have T lymphocytes or NK cells, therefore the test should be performed
on B lymphocytes and it is important to consider the inclusion of specific B cell
lineage markers. STATS phosphorylation is clearly reduced in patients with a com-
mon gamma chain deficiency compared to a healthy control [39]. This assay can
be performed under suspicion of mutations in the following genes: IL2RG, JAK3,
STATS5 or IL-7Ra.

See STAT phosphorylation staining protocol in Section 4.2.

4.3 NK cell cytotoxicity and degranulation assay evaluation

Hemophagocytic lymphohistiocytosis (HLH) is a life-threatening condition
characterized by persistent macrophage/lymphocyte activation and a multisystemic
hyperinflammatory syndrome. The clinical diagnosis of HLH is challenging and
requires a composite of several findings. According to the updated criteria of the
Histiocyte Society [51], the diagnosis is currently established by fulfilling 5 of 8
clinical and laboratory criteria, or the finding of a genetic defect consistent with
HLH. Defects associated with HLH are generally associated with abnormal NK cell
function. The characterization of these patients requires genetic and functional
studies, among the latter are the study of cytotoxic capacity and degranulation.

In cytotoxicity assays, we measure the functional capacity of natural killer cells.

In this assay, PBMCs or purified NK cell are co-incubated at different ratios with a
target HLA-null cell lines (usually K562) known to be sensitive to NK cell-mediated
cytotoxicity [52]. After an incubation period, dead target cells are identified by
nucleic acid staining, which specifically penetrates the dead cells and is measured
by flow cytometry [53]. Chromium-51 (51Cr) release assays are also commonly used
for accurate and precise quantification of cytotoxicity. The main disadvantages of
this method are the use of radioactivity, which can be hazardous to health, and are
impractical and costly due to the short half-life of 51Cr and to the need for radio-
logical safety training and authorization requirements [54].

Cytotoxicity assay protocol:

1. Count and adjust patient PBMCs at 10° cells/mL concentration in a final vol-
ume of 5 mL of RPMI.

2. Count and adjust K562 cells at 2 x 10 cells/mL concentration in a final volume
of 5 mL of RPMI.

3.Incubate both cell types separately at 37°C over night.
4. Count and adjust patient PBMCs at 2.5 x 10° cells/mL.
5.Count and adjust K562 cells at 0.2 x10° cells/mL.

6. Make a serial dilution of the patient’s PBMCs in FACS tubes, adding the same
concentration of K562 cell line in each tube.

17



Innovations in Cell Research and Therapy
7.5 pL of propidium iodide (PI) are added at each tube to identificate death cells
through flow cytometry.

8. PBMcs mixed with K562 at different dilutions are incubated during 4 h at 37°C
and in the dark.

9.Samples are ready to be acquired by flow cytometry.

Other lineage-specific function tests include evaluation of NK cell degranulation
by evaluation of CD107a (LAMP1) surface expression, which is normally expressed
in cytoplasmic granules, following stimulation with a target cell line (K562) or PMA
plus ionomycin. This assay complements the classical NK cell cytotoxicity assay and
is particularly useful in screening for the diagnosis of familial HLH. Specifically,
the lack of surface expression of CD107a after incubation with K562 target cells is
consistent with syntaxin-11 (STX11), uncoordinated mammals 13.4 (UNC13D),
syntaxin-2 binding protein (STXBP2), or Rab27A protein defects [55].

NK cell degranulation assay protocol:

1. Count and adjust patient PBMCs at 10° cells/mL concentration.

2.Count and adjust K562 cells at 2 x 10° cells/mL concentration.

3. Dispense 100 pL of PBMCs at 10° cells/mL in a 96-well plate.

4.Leave three wells unstimulated by adding 100 pL of RPMI in each.

5.Add 100 pL of IL-2 to other three wells.

6.Incubate at 37°C over night.

7.Resuspend cell button and transfer it to FACS tubes.

8.Add 100 pL of RPMI into a tube unstimulated and into a IL-2 tube.

9.Add 100 pL of PHA into a tube unstimulated and into a IL-2 tube.

10.Add 100 pL of K26 (10° cells/mL) into a tube unstimulated and into a
IL-2 tube.

11.Add 5 pL of anti-CD107a into all FACS tubes.

12.Incubate all FACS tubes during 3 h at 37°C.

13.Add the appropriate mix of surface antibodies of interest.
14.Incubate for 20 min at RT and in the dark.

15.Wash with 2 mL of PBS.

16.Discard the PBS after 5 min of centrifugation at 1500 rpm.

17.Add 100 pL of PBS and the sample is ready to be acquired by flow
cytometry.
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4.4 Detection of intracellular IFN-y expression in activated T lymphocytes

The use of intracellular cytokine staining technique has become extremely use-
ful in recent years to elucidate defects in intracellular signaling as causes of different
IDPs. One of the applications of this technique is the characterization of the differ-
ent subpopulations of T helper (Th) lymphocytes. The strategy of characterization
of these subpopulations is to identify T helper 1 lymphocytes (Th1) as cells produc-
ing INFy, T helper 2 lymphocytes (Th2) as those producing IL-4 and IL-13 and T
helper 17 lymphocytes (Th17) as those producing IL-17a and IL-17f [1].

In patients with STAT3 or DOCKS deficiency, a decrease in IL-17 producing T
cells (Th17) has been demonstrated. Th17 cells play a role in autoimmunity and
defense of extracellular pathogens (fungi, bacteria, and parasites). Therefore, the
absence of IL-17 production after stimulation of PBMCs in these patients allows
identifying a functional defect. However, mutational genetic analysis is necessary
for a definitive diagnosis [56].

Moreover, this technique can be used to determine the production of other cyto-
kines such as INFy in front MSMD suspicion [57, 58] or the production of TNF-a in
IRAK4 suspicion in defects of the innate immunity [3].

In summary, the intracellular cytokine staining technique consists of the stimu-
lation of heparinized whole blood with PMA and ionomycin or other stimuli. After
the appropriate incubation time for each cytokine, intracellular and superficial
staining is performed. There are three aspects to consider: (A) the results will be
compared with the cytokine production of a healthy control; (B) the incubation
time with the stimulus can be modified depending on the cytokine we want to
study. In case we want to study more than one, we will have to find an ideal incuba-
tion time for each of them, that is, leave time for all of them to be synthesized,
without degrading any of them; (C) it is a key to know the cell subpopulation
producing the cytokine of interest, as we can add surface markers that will facilitate
analysis and interpretation (Figure 9).

Intracellular cytokine staining protocol:

1. Stimulate 500 pL of heparin whole blood with PMA and ionomycin.
2.Add 1 pL of GolgiPlug.

3.Incubate for 18 h at 37°C.
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Figure 9.

Intracellular production of IFNg and IL2 cytokines. In the dotplots, cytokine production is observed after 18 h
stimulation in a healthy donor (left) and a patient with an immune deficit (right).
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4. Aliquot 200 pL of sample into different FACS tubes.
5. Wash with 2 mL of PBS.
6. Discard the PBS after 5 min of centrifugation at 1500 rpm (324 g).
7.Fix with the appropriate volume of fixative reagent.
8.Incubate for 15 min at RT and in the dark.
9. Add the appropriate volume of permeabilizing reagent.
10.Add the extracellular antibodies mix.
11.Add the intracellular antibodies mix.
12.Incubate for 20 min at RT and in the dark.
13.Add the appropriate volume of wash buffer.
14.Discard the wash buffer after 5 min of centrifugation at 1500 rpm.
15.Add 100 pL of PBS and the sample is ready to be acquired by flow cytometry.

(This protocol may change slightly depending on the commercial kit used).

5. Conclusions

Flow cytometry is an accessible technique in clinical laboratories; the
implementation of this technology has progressed together with the significant
improvements in instrumentation and the availability of a wide variety of mono-
clonal reagents. While the main clinical indications for immunophenotyping
typically have been the quantification of CD4 T lymphocytes in HIV infection, the
study of the extended immunophenotype and functional studies by flow cytom-
etry offers nowadays advanced diagnostic approaches. Previously used techniques
for the study of cell function (*H-thymidine incorporation, >'Cr-release assay,
etc.) using radioactivity have been gradually replaced by flow cytometry. Flow
cytometry can provide rapid and accurate identification of expanded lymphocyte
subpopulations, which play an important role in the evaluation and understanding
of complex disorders such as primary immunodeficiencies and other immunome-
diated diseases.

The application of flow cytometry techniques in the evaluation of PID assesses
lymphocyte proliferation, intracellular changes associated with activation, cytokine
production, and biological effects associated with immune defects and functional
immune abnormalities.
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