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A R T I C L E  I N F O A B S T R A C T

Primary immunodeficiencies (PID) comprise a group 
of more than 300 mostly monogenetic disorders of 
the immune system leading to infection susceptibil-
ity and a variety of associated clinical and immuno-
logical complications. In a majority of these disorders 
the absence, disproportions or dysfunction of leu-
cocyte subpopulations or of proteins expressed by 
these cells are observed. These distinctive features 
are studied by multicolour flow cytometry and the 
results are used for diagnosis, follow up, classifica-
tion and therapy monitoring in patients with PIDs. 
Although a definite diagnosis almost always relies on 
genetic analysis in PIDs, the results of flow cytometric 
diagnostics are pivotal in the initial diagnostic assess-
ment of suspected PID patients and often guide the 
treating physician to a more selective and efficient 
genetic diagnostic procedure, even in the era of next 
generation sequencing technology. Furthermore, 
phenotypic and functional flow cytometry tests allow 
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to validate novel genetic variants and the map-
ping of complex disturbances of the immune 
system in individual patients in a personalized 
manner. In this review we give an overview 
on phenotypic, functional as well as disease/
protein specific flow cytometric assays in the 
diagnosis of PID and highlight diagnostic strat-
egies and specialties for several selected PIDs 
by way of example.



INTRODUCTION

The last report of the International Union of 
Immunological Societies (IUIS) lists 354 inborn 
errors of immunity resulting in various forms of 
primary immunodeficiencies (PID), which are 
subdivided into nine categories:

1.	 Severe and combined 
immunodeficiencies (SCID)

2.	 Combined immunodeficiencies 
with syndromic features

3.	 Predominantly antibody deficiencies
4.	 Immunodysregulatory disorders
5.	 Defects affecting phagocytes
6.	 Defects of innate immunity
7.	 Autoinflammatory disorders
8.	 Complement deficiencies 
9.	 Phenocopies of PIDs (1,2) 

Although PIDs are generally considered as very 
rare disorders individually, they form a clinical-
ly relevant cohort as a group. The major clini-
cal symptom in the majority of PIDs is infection 
susceptibility, which ranges from specific im-
munodeficiency to a single pathogen to broad 
immune failure. However some PIDs are syn-
dromic disorders and many PIDs show addi-
tional clinical manifestations caused by immune 
dysregulation, including autoimmunity, lympho-
proliferation, granulomatous inflammation and 
malignancy disposition. In addition, there is con-
siderable phenotypic variability in many of the 

monogenetic PID traits and untreated or pro-
gressive PID disease causes sequelae, secondary 
changes and end organ damage. 

Finally, secondary immunodeficiency caused 
by non-immunological disorders, environmen-
tal factors and immunosuppressive or ablative 
therapeutic interventions have to be consid-
ered especially in adult patients with manifest-
ing symptoms suspicious for PID. Since most of 
severe PIDs manifest with first symptoms soon 
after birth, new born screening programs have 
recently been successfully established in sev-
eral countries to detect these forms of PIDs at 
the earliest time point as possible (see article by 
Wolf J et al in this issue).

In summary, the complex clinical and immuno-
logical presentations of the various PIDs require 
sensitive and specific diagnostic tests. Flow cy-
tometry emerged as a method of choice for the 
study of PIDs, since it allows the fast and reli-
able analysis of almost all branches of the im-
mune system on a single cell level. 

The basic clinical and laboratory evaluation of 
a patient with suspected PID should include a 
careful clinical history, paying special attention 
to the family history and the symptoms and 
features mentioned above, a complete dif-
ferential blood count, serum immunoglobulin 
levels, a global complement function test and 
specific antibody titers for vaccine antigens 
(e.g. tetanus toxoid).

The individual flow cytometric diagnostic test-
ing will depend on the clinical presentation of 
the patient and the results of basic laboratory 
tests. If a defect of adaptive immunity is sus-
pected then usually a basic lymphocyte phe-
notyping will be performed followed by some 
more specific testing (e.g. extended phenotype 
of B-cells in patients with antibody deficiency). 
The range of applications ranges from pheno-
typic assays investigating the numbers and pro-
portions of immune cells, functional analysis of 
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Basic phenotypic analysis

Test Cell populations Indications

Lymphocyte 
subpopulations CD4+ T-cells, CD8+ T-cells, B cells, NK cells Basic screening for 

PID, SCID

T-cell 
subpopulations

CD4+CD45RA+ naïve T-cells, HLA DR+ activated 
T-cells, CD8 effector cells, γ/δ T-cells, α/β double 

negative T-cells, regulatory T-cells

SCID, CVID, CID, 
ALPS

B-cell 
subpopulations

IgD+CD27- naïve B-cells, IgD+CD27+ non-switched 
memory, IgD-CD27+ switched memory, transitional 

B-cells, plasmablasts, CD21low B-cells

primary antibody 
deficiency, CVID, 

CID

Extended phenotypic analysis

Test Cell populations Indications

dendritic cell 
subpopulations

CD123+ plasmacytoid dendritic cells, 
CD11c+ myeloid dendritic cells

GATA2 
deficiency

regulatory T-cells CD4+CD25+ FoxP3+ regulatory T-cells IPEX syndrome

recent thymic 
emigrants CD4+CD45RA+CD31+ T-cells SCID, DGS

TCR repertoire 
analysis

T-cell Vβ chain variant expression 
on CD4 and CD8 T-cells SCID, CID

Functional assays to study PIDs

Test Cell populations Indications

oxidative burst 
assay granulocytes chronic granulomatous disease, 

inflammatory bowel disease

T-cell proliferation

CD4+ and CD8+ T-cells 
after stimulation with 

PHA, anti-CD3, anti-CD3 
and anti-CD28

SCID, CVID, CID

Table 1 Examples of  basic and extended phenotypic assays, 
disease specific surface and intracellular protein analysis 
and functional assays to study PIDs*
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cellular processes (e.g. proliferation, cytokine 
secretion, cytotoxicity) to the direct analysis 
of potentially mutated proteins in disease spe-
cific assays (Table 1). Usually these techniques 
are combined to allow the study of dynamic 
processes in specific cell subpopulations (e.g. 
degranulation of NK lymphocytes) or protein 
expression in specific cell populations after 
stimulation like e.g. CD40L expression in acti-
vated T-cells (see Table 1). 

The setup and performance of these diagnos-
tic assays at high and reproducible quality re-
quires a high level of expertise from the labora-
tory. Reference values for phenotypic analysis 
of immune cells need to be age adapted and 
ideally should be determined for each tested 

parameter and setup individually. Especially for 
functional tests, in house reference values need 
to be determined and checked by appropriate 
tests on a regular basis. Since defined biological 
control materials for most of the assays will not 
be commercially available, the parallel testing 
of healthy controls for each diagnostic proce-
dure is highly recommended. If available, stan-
dardized reagents and procedures should be 
used and followed.

Test results should be reported in context of the 
clinical presentation and a clear and direct com-
munication between the laboratory staff and 
clinicians is often very important for the correct 
interpretation of the results.

* ALPS: autoimmune lymphoproliferative syndrome; BTK: bruton tyrosine kinase; CID: combined immunodeficiency; 
CVID: common variable immunodeficiency; DGS: DiGeorge Syndrome; FHL: familial hemophagocytic lymphohistiocyto-
sis; IPEX: Immune dysregulation, polyendocrinopathy, enteropathy, X linked; SAP: SLAM-associated protein; SCID: severe 
combined immunodeficiency; TCR: T-cell receptor; WASp: Wiskott Aldrich syndrome protein.

NK cell 
degranulation

CD107a expression 
on stimulated or resting 

NK cells

familial hemophagocytic 
lymphohistiocytosis

IL-17/IFNγ 
production

PMA/Ionomycin 
stimulated T-cells

chronic mucocutaneous candidiasis, 
Hyper IgE syndrome

Disease specific surface and intracellular protein analysis

Test Cell populations Indications

BTK monocytes X-linked agammaglobulinemia

WASp lymphocyte subsets Wiskott Aldrich syndrome

CD40L activated T-cells X-linked Hyper IgM syndrome 

SAP lymphocyte subsets X-linked lymphoproliferative disorder type 1 

XIAP lymphocyte subsets X-linked lymphoproliferative disorder type 2 

Perforin NK cells FHL type 2
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To illustrate diagnostic strategies and possi-
bilities of flow cytometry in the diagnostics of 
PID we will briefly discuss four different clinical 
scenarios within the field of PID:

1. X-linked (Bruton´s) agammaglobulinemia: a 
monogenetic PID with a limited clinical and 
immunological phenotype and some rel-
evant differential diagnosis;

2. Common variable immunodeficiency dis-
orders: a heterogeneous group of patients 
with primary antibody deficiency without 
known genetic defect but a clinically and 
immunologically highly diverse phenotype;

3. GATA2 haploinsufficiency: a monogenetic 
but clinically diverse trait affecting the cel-
lular phenotype of different hematopoi-
etic cell lineages, resulting in a complex 
immunopathology and diverse syndromic 
features;

4. Hemophagocytic lymphohistiocytosis (HLH), 
an often hyperacute and life threatening 
condition, in which flow cytometry is a 
fast and reliable diagnostic tool, which can 
assist in differentiating diverse primary and 
secondary causes. 

Figure 1A Basic lymphocyte subset analysis of  an XLA deficient patient 
and a healthy control showing absent CD19+ B-cells (upper right panel)  
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X-LINKED AGAMMAGLOBULINEMIA (XLA)

The pairing of absent or very low cell B-cells and 
immunoglobulins is summarized in the group of 
agammaglobulinemias. 80% of affected chil-
dren are male and most of these suffer from 
X-linked (Bruton´s) Agammaglobulinemia (XLA).

XLA was first described by OC Bruton in 1952, usu-
ally manifests in boys within the first two to five 
years of life and has a frequency of 1:1.000.000 
live births (3,4). XLA is caused by mutations in 
the btk gene encoding for the Bruton Tyrosine 
Kinase (BTK) on the X-chromosome (5,6).

In developing B-cells in the bone marrow, BTK is 
important for signalling of the pre B-cell recep-
tor and mutations found in XLA patients gen-
erally lead to a developmental block, resulting 
in severely impaired bone marrow output of 
B-cells (7).

Typically the patients develop bacterial infec-
tions of the respiratory tract, when maternally 
transferred antibody levels vanish after the sixth 
month of life (4). Total immunoglobulin levels 
are typically below 1 g/l but residual amounts 
of IgG, IgA and IgM may be present especially 

Figure 1B Reduced intracellular BTK expression (solid lines) versus the isotype 
control (dashed line) analyzed in monocytes (right panels)  
and B-cells (left panels) of  an XLA patient a healthy control
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in those XLA patients diagnosed after the age of 
five years (4).

Total lymphocyte numbers are usually normal 
and flow cytometric analysis of basic lympho-
cyte subpopulations (T, B, NK) reveals a normal 
T-cell and NK cell count, but B-cells are usually 
not detectable or below 1% of lymphocytes 
(see Table 1; Figure 1A).

In patients with suspected XLA BTK protein ex-
pression can be investigated by flow cytometry 
after intracellular staining in monocytes (8), 
which also express high levels of BTK and are 
present in sufficient numbers in patients with 
XLA (Figure 1B).

Most of the known btk mutations impair or ab-
rogate BTK protein expression (9). However nor-
mal BTK protein levels do not exclude XLA and in 
cases where the clinical suspicion is high genetic 
analysis should be performed. Phosphorylation 
of BTK Y223 can be studied after pervanadate 
stimulation (10), providing a method to study 
the pathogenic relevance of uncertain novel 
mutations. In female and male patient with a 
normal btk gene autosomal recessive forms of 
agammaglobulinemias should be considered as 
differential diagnosis (11).

As these deficiencies affect the pre B-cell recep-
tor complex and lead to characteristic cellular 
blocks in early B-cell development they could be 
easily identified by flow cytometry but require a 
bone marrow sample for analysis and thus are 
preferably unravelled by genetic analysis.

COMMON VARIABLE 
IMMUNODEFICIENCY DISORDERS (CVID)

Common variable immunodeficiency disorders 
comprise the largest group of PID patients in 
adulthood. It is characterized by hypogamma-
globulinemia, recurrent bacterial respiratory 
tract infections and several associated diseas-
es or sequelae like autoimmune cytopenias, 

benign lymphoproliferation, granulomatous in-
flammation, and predisposition for certain ma-
lignancies and structural lung disorders.

Unlike most of the other primary immunodefi-
ciencies, which manifest usually in the first year 
or decade of life, are mostly familial and have 
a defined monogenetic cause, CVID patients 
typically are adolescents or young adults when 
first symptoms occur and usually the cases are 
sporadic without a family history. As a diagno-
sis of exclusion CVID serves as a “drop box” for 
antibody deficiency syndromes of all kind that 
could not be attributed to any other known PID 
or other disease state manifesting primarily 
with hypogammaglobulinemia. Within the past 
decade it has been recognized that the initial 
1999 PAGID / ESID criteria for the definition of 
CVID (12) need refinement and precision to bet-
ter harmonize the CVID cohort and avoid mis-
diagnosis of CVID in patients, who actually suf-
fer from different disorders requiring different 
care settings and therapy. Interestingly all new 
proposed diagnostic criteria include now some 
flow cytometric testing (13–15).

In relation the study of other PIDs, flow cyto-
metric analysis has a special significance in the 
study of CVID and has contributed vitally to our 
understanding of these disorders. The cellular 
hallmark of CVID are severely reduced numbers 
of switched memory IgD-CD27+ B-cells and 
plasmablasts (see figure 2), which are observed 
in a majority of CVID patients (16–18). In sub-
groups of CVID patients additional B-cell dis-
turbances like expansion of so called CD21low 
B-cells (see figure 2) or transitional B-cells are 
observed (17,19). Thus B-cell phenotyping by 
flow cytometry emerged as a useful tool for 
pathophysiological studies and the classifica-
tion of the syndrome (17,20,21).

These studies showed several important sig-
nificant relations between individual B-cell ab-
normalities and clinical complications, such as 
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Figure 2 B-cell subpopulation analysis in two CVID patients and one healthy control 
showing naïve, IgM (or non-switched) memory and switched memory 
B-cells by anti IgD versus anti-CD27 staining (left panels) and CD21low 
B-cells by anti-CD21 versus anti CD38 staining (right panels). 
Both patients have reduced memory B-cell subsets and CVID patient B 
shows an expansion of  CD21low B-cells.
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lymphoproliferation, granulomatous inflamma-
tion or autoimmune disease (17,20,21).  

The early recognition of the development of 
such complications in individual CVID patients 
is mandatory, since they have an important 
impact on the morbidity and mortality (22). 
However, the B-cell phenotypes so far seem to 
have limitations as prospective biomarkers in 
individual CVID patients, likely because changes 
such as CD21low B-cell or transitional B-cell 
expansions are not CVID specific and may be 
only secondary to infections, lymphoprolifera-
tion, inflammation or autoimmunity (23–25). 
Besides B-cells, flow cytometric studies of the 
T-cell system have been widely used in CVID.

The recent novel definitions of CVID recom-
mend a careful exclusion of severe T-cell de-
ficiencies in patients with suspected CVID to 
avoid misdiagnosis in patients with LOCID (late 
on severe combined immunodeficiency) (26) or 
other forms of combined immunodeficiencies.

The revised criteria for the ESID registry require 
therefore a T-cell count of >200 / µl with an 
amount of at least 10% naïve CD4+CD45RA+ 
T-cells present in adults and/or a normal T-cell 
proliferation (13). However, the moderate re-
ductions of naïve CD4+CD45RA+ T-cells found in 
a significant numbers of CVID patients have also 
been implicated as an alternative way of clas-
sification of disease associated pathologies in 
CVID (27).

In certain cases, flow cytometric screening or 
targeted analysis for changes in specific cell 
populations or cellular proteins has been suc-
cessful to reveal single gene defects, such as 
ICOS deficiency, CD19 deficiency and BAFF-R 
deficiency (28–30).

However, these approaches cannot be recom-
mended as routine diagnostics as these monoge-
netic defects are very rare and not all mutations 
will result in reduced protein expression and / or 
complete absence of a specific cell population.

GATA2 DEFICIENCY

In 2010 and 2011 two groups reported two sim-
ilar novel PIDs, MONOmac syndrome (mono-
cytopenia and mycobacterium avium complex 
infections) and DCML (dendritic cell, monocyte, 
B and NK lymphocyte) deficiency (31,32), char-
acterized by autosomal dominant inheritance, 
certain cellular deficiencies, a variable and di-
verse susceptibility to infections and a predis-
position to myeloid leukemia and infection as-
sociated cancers.

Subsequently, heterozygous mutations in the 
hematopoietic transcription factor GATA2 have 
been identified as the genetic cause of the two 
syndromes (33,34) and several other conditions 
such as Emberger syndrome (sensorineuronal 
deafness and primary lymphedema with a pre-
disposition for myelodysplastic syndrome or 
AML) and familial myelodysplastic syndrome or 
AML (35,36).

Missense mutations in the zinc-finger 2 do-
main or deleterious mutations of GATA2 pre-
vail, leading to functional or genetic GATA2 
haploinsufficiency, which is required for hema-
topoietic stem cell (HSC) homeostasis (37).

In consequence GATA2 deficiency leads to de-
pletion of HSC and especially lymphoid and 
myeloid precursors. Extrahematopoietic mani-
festations like thrombotic events, lymphedema 
or deafness are likely explained by the addi-
tional functions of GATA2 in vascular endothelia 
(38,39). The cellular phenotypes of GATA2 defi-
ciency were studied in larger cohorts of patients 
and correlated with disease severity (40,41). 
Although each of the phenotypes is not specific 
to GATA2 deficiency, the joined appearance of 
these features is supportive in diagnosis. In par-
ticular the combination of monocytopenia, B- 
and NK cell deficiency (Figure 3A) together with 
low dendritic cell numbers (Figure 3B) should 
raise suspicion for GATA2 deficiency in patients 
with compatible clinical presentations.



eJIFCC2019Vol30No4pp407-422
Page 416

Ulrich Salzer, Ulrich Sack, Ilka Fuchs
Flow cytometry in the diagnosis and follow up of human primary immunodeficiencies

HEMOPHAGOCYTIC 
LYMPHOHISTIOCYTOSIS (HLH)

Hemophagocytic lymphohistiocytosis (HLH) is a 
life-threatening hyperinflammatory syndrome 
caused by different inherited and secondary 
conditions (42).

Primary HLH can be subdivided into the group 
of familial hemophagocytic lymphohistiocyto-
sis (FHL). These are 

•	 Perforin deficiency, FHL2;

•	 Munc13-4 deficiency, FHL3;

•	 Syntaxin 11 deficiency, FHL4 and

•	 Munc18-2 deficiency FHL-5

and several other monogenetic PIDs (among 
them are Chediak Higashi Syndrome (CHS), 
Griscelli syndrome type 2, X-linked lymphop-
roliferative syndrome type 1 and 2 (XLP1 and 
XLP2) and others) (43–50).

Secondary HLH occurs in association with viral 
infections, lymphoma, autoimmune disease, af-
ter hematopoietic stem cell transplantation and 
drug hypersensitivity.

Clinically both primary and secondary HLH may 
be triggered by viral infections and present with 
persistent fever, splenomegaly and bi- or trilin-
ear cytopenias and show elevated levels of tri-
glycerides, ferritin and soluble IL-2 receptor in 
serum (42).

Figure 3A Basic lymphocyte subset analysis of  a GATA2 deficient patient 
and a healthy control showing absent monocytes (upper left panel) 
and reduced CD19+ B cells (upper middle panel) 
and CD16+CD56+ NK cells (upper right panel)
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Figure 3B Analysis of  dendritic cell subsets in a GATA2 deficient patient and a 
healthy control revealing both severely reduced CD123+ lymphoid 
and CD11c+ myeloid dendritic cells (upper right panel)
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Primary and especially the subgroup of FHL usu-
ally manifests early in life whereas secondary 
HLH may occur at any age. Because the major-
ity of FHL patients require hematopoietic stem 
cell transplantation, their rapid identification is 
critical.

FHL is caused by defects in the cytotoxic ma-
chinery of T-cells and NK cells and the deficien-
cy of perforin (FHL2) is the prototypic form and 
the most common in FHL (43).

All other forms of FHL and the closely related 
disorders like CHS show defects in resting and 
activated NK cell degranulation, which can be 
detected by flow cytometric analysis of the 

cytotoxic granule associated marker CD107a. In 
XLP1 and XLP2 there is no apparent defect of 
cytotoxicity (51) but the patients develop HLH 
triggered by uncontrolled EBV infection due to 
deficiencies in the intracellular SAP and XIAP 
proteins (49,50).

A stratified flow cytometric work-up is very 
helpful in distinguishing the various forms 
of primary HLH from secondary HLH (51,52). 
Perforin, and in male patients also SAP and XIAP 
protein expression are analysed by intracellular 
flow cytometry (53,54) (Figure 4A).

If Perforin, SAP or XIAP protein expression is ab-
normal targeted genetic analysis of the respective 
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Figure 4A Analysis of  intracellular XIAP expression in a patient 
with suspected X-linked lymphoproliferative syndrome 
showing severely reduced XIAP expression in NK and T-cells 
of  the patient as compared to control (middle and right panels)
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encoding genes should be performed. Otherwise 
degranulation is analysed by CD107a staining of 
resting NK cells (Figure 4B) to reveal the other 
primary HLH variants (FHL3-5).

Using a cut-off value of 5% this assay showed 
a sensitivity of 96% and a specificity of 88% for 
the detection of an inherited degranulation de-
fect (51).

Additional flow cytometric studies have also 
been proven useful in the diagnostic work-up of 
HLH patients. 

In cases of normal XIAP protein expression but 
high clinical suspicion for XLP2 the function of 
XIAP can be tested by stimulation of monocytes 
with muramyl dipeptides (L18-MDP) and analy-
sis of TNFa expression by flow cytometry (55).

CONCLUSIONS

Flow cytometry is a highly valuable and versa-
tile applicable diagnostic tool in the diagnostics 
and study of primary immunodeficiencies.

It has been contributing vitally to our under-
standing of the pathophysiology of these dis-
orders and these findings have been translated 
into clinical diagnostic testing at a fast pace.

Given the still growing diversity of known PIDs 
on the one hand and the rarity of each of these 
disorders on the other, flow cytometry still 
proves to be one method of choice as it can be 
easily adapted to detect novel cellular patholo-
gies in immune cells with manageable effort 
and costs.

Nevertheless, the diagnostic delay is still a major 
clinical problem in PIDs that needs to be addressed 
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by raising awareness and improvement of the 
flow cytometric diagnostic machinery.
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Figure 4B Analysis of  spontaneous degranulation of  resting NK cells upon exposure 
to K562 target cells by staining for the cytotoxic granule associated 
protein CD107a in a patient with suspected FHL and a control showing 
impaired CD107a surface expression in the patient, indicating a defect in 
degranulation (right upper panel)
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