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Genetic defects of the immune system are referred to as primary immunodeficiencies (PIDs). These immunodeficiencies are clin-
ically and immunologically heterogeneous and, therefore, pose a challenge not only for the clinician but also for the diagnostic
immunologist. There are several methodological tools available for evaluation and monitoring of patients with PIDs, and of
these tools, flow cytometry has gained prominence, both for phenotyping and functional assays. Flow cytometry allows real-time
analysis of cellular composition, cell signaling, and other relevant immunological pathways, providing an accessible tool for
rapid diagnostic and prognostic assessment. This minireview provides an overview of the use of flow cytometry in disease-spe-
cific diagnosis of PIDs, in addition to other broader applications, which include immune phenotyping and cellular functional
measurements.

Primary immunodeficiencies (PIDs) represent more than 300
genetic disorders that affect various components of the im-

mune system (1, 2) and are thus pathologically, clinically, and
immunologically heterogeneous. With recent advances in genom-
ics, every year, at least 10 to 15 new genetic defects associated with
PIDs are identified (2), making it essential to have nongenetic tests
available to analyze the immune system, quantitatively and func-
tionally, to validate new genetic findings and provide additional
laboratory data to correlate with the clinical phenotype and geno-
type. The immunological impact of a monogenic primary immu-
nodeficiency cannot be ascertained by genetic testing alone but
requires additional testing, which very often includes flow cytom-
etry. The clinical presentation of a patient is not always directed
toward a single genetic defect, and thus, a pregenetic immunolog-
ical (and other relevant) evaluation is often required to include or
eliminate potential genetic candidates. Even when a genetic defect
is obvious from the clinical phenotype or family history, basic
diagnostic immunological evaluation is almost always performed
to ascertain the patient’s immune status.

Currently, there are eight broad categories under which PIDs
are classified, based on either the immune component affected or
the immune/clinical phenotype (2–5). These eight categories are
formulated by the International Union of Immunological Societ-
ies (IUIS) classification scheme (2, 3, 5) and include PIDs affecting
cellular and humoral immunity, combined PIDs with associated
or syndromic features, predominantly antibody deficiencies, im-
mune dysregulation PIDs, phagocyte number and function PIDs,
innate and intrinsic PIDs, autoinflammatory disorders, and com-
plement disorders. For most of these PIDs, diagnosis at the labo-
ratory level, besides standard biochemical assays and genetic anal-
ysis, often involves flow cytometry, in either a disease-specific
assessment, or more broadly, in measuring immune phenotype
and function.

Flow cytometry represents a methodology that has continu-
ously evolved with the passage of time since its discovery half a
century ago (6) with several key technological advances in instru-
mentation, analysis reagents, and tools in the intervening decades.
Flow cytometry has many applications and can be used on virtu-
ally on any cellular source— blood, body fluid, tissue, and bone

marrow. Flow cytometric assays range from qualitative to quanti-
tative (relative and absolute) and phenotyping to functional, be-
sides being useful for assessing specific protein expression, cell
viability, apoptosis and death, cellular interactions and cell en-
richment. These characteristics make it an ideal tool for screening,
diagnostic and prognostic assays for PIDs. This minireview is di-
vided into four sections, based on the use of flow cytometry in
various contexts— disease-specific assessment, functional mea-
surements, cellular phenotyping, and other applications, such as
flow-FISH (fluorescence in situ hybridization) for telomere length
analysis. This minireview is neither methodological nor compre-
hensive in scope (there are several other disease-specific, phenotyp-
ing, and functional immune-related flow assays that are not covered
in this minireview due to space constraints) but rather it provides an
overview on the use of flow cytometry in PIDs. The main target au-
dience for this minireview is specialty clinicians who see patients with
primary immunodeficiencies fairly routinely and diagnostic labora-
tory immunologists, who perform and interpret such flow cytom-
etry-based assays. To provide basic information for clinicians who do
not typically evaluate PID patients, Table 1 and Table 2 contain broad
guidelines on clinical contexts where PID should be considered in the
differential diagnosis. All of the tests described within this minireview
article are available at at least one or more clinical reference laborato-
ries (academic medical centers and/or commercial) in the United
States and Europe. Some of the more esoteric flow tests are less likely
to be easily available in developing countries but with dissemination
of knowledge and collaboration, this will hopefully be more broadly
accessible throughout the globe in the coming decade.
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USE OF FLOW CYTOMETRY FOR DISEASE-SPECIFIC
DIAGNOSIS OF PIDs

There are several PIDs where it is possible to assess specific protein
expression, either as a screening test for phenotype correlation or
as a confirmatory test. Four specific examples are provided to
discuss the use of specific protein analysis in diagnosis of PIDs: Btk
protein expression in X-linked agammaglobulinemia (XLA),
CD40 ligand (CD40L) expression in X-linked hyper-IgM syn-
drome, LRBA (lipopolysaccharide-responsive beige-like anchor)
protein expression in LRBA deficiency, and DOCK8 (dedicator of
cytokinesis 8) protein expression in DOCK8 deficiency.

(i) X-linked agammaglobulinemia. XLA is classified under
the predominantly antibody deficiencies in the IUIS classification

(2) and occurs at a prevalence of �1:350,000 to 1:700,000 in
males. The immunological characteristics of XLA include pro-
foundly decreased serum immunoglobulins of all isotypes and
decreased to absent peripheral B cells (7, 8). Most male patients
exhibit symptoms of recurrent bacterial sinopulmonary infec-
tions in the first year of life, though there is both a clinical and
immunological spectrum observed, depending on the location of
the mutation in the BTK gene and effect on protein function (9).
Since the Btk protein is expressed intracellularly in B cells, mono-
cytes, and platelets, one or more of these cell subsets can be used
for identification of protein. As B cells are significantly reduced or
absent in XLA, flow analysis focuses on monocytes and/or plate-
lets (10). The efficiency of the flow cytometry analysis is depen-

TABLE 1 An overview of the major clinical phenotypes associated with defects in each of the primary immune system components

Major clinical phenotypesa associated with defects in:

Adaptive immune system (combined PIDs) Innate immune system

B cell defectsb T cell defectsc Phagocyte defectsb Complement defectsd

Recurrent bacterial sinopulmonary
infections

Failure to thrive (FTT) Multiple or recurrent soft tissue
abscesses, lymphadenitis

Angioedema of face, extremities,
and/or GI tract

Sepsis (bacterial) Opportunistic infections (e.g., PJP) Soft tissue granulomas or
infections with catalase-
positive organisms or certain
fungi (e.g., Aspergillus)

Pyogenic infections

Recurrent bacterial sinopulmonary
infections or bacterial sepsis
with encapsulated organisms

Fungal infections Improper wound healing Recurrent or systemic neisserial
infections

Recurrent or chronic
gastroenteritis (e.g., with
enteroviruses or Giardia)

Recurrent, severe, or unusual viral
infections

Gingivitis and periodontitis,
chronic

Atypical hemolytic-uremic syndrome
and/or thrombotic
microangiopathy

Bronchiectasis with no clear cause Graft-vs-host-type phenotype with
elevated liver function tests,
chronic GI manifestations
(diarrhea)

Ulcerations of the mucosa

Enteroviral meningoencephalitis,
usually chronic

Delayed separation of the
umbilical cord

a PIDs, primary immunodeficiencies: GI, gastrointestinal; PJP, Pneumocystis jirovecii pneumonia.
b Found by flow cytometry and genetic testing.
c Found by flow cytometry and nongenetic molecular tests to assess thymic function and T cell repertoire diversity and by genetic testing.
d Found primarily by serological testing and genetic testing.

TABLE 2 Evaluation of patients for primary immunodeficienciesa

Criteria in diagnosis of PIDs Confounders in diagnosis of PIDs

Family history of PID Large numbers of new genetic defects identified in a relatively short span of time, making
it challenging for many specialty practitioners to stay updated

Syndromic defect (e.g., ataxia telangiectasia) Considerable variability in genotype-phenotype correlations
Unusual infection (susceptibility to a single microorganism,

e.g., Mendelian susceptibility to mycobacterial disease) or
recurrent infections

Expanding phenotypic spectrum for known genetic defects

Significant autoimmunity (autoimmune cytopenias or multiple
organ-specific autoimmunity)

Somatic mosaicism; digenic PIDs (two genetic defects associated with a PID); two-hit
hypothesis (underlying monogenic defect that is phenotypically unmasked by
infection or other triggering event)

Laboratory anomaly (e.g., hypogammaglobulinemia) Need for functional characterization of new genetic findings; role of epigenetic changes
in modulating phenotype, copy number variations (CNV) contributing to phenotype

Genetic diagnosis via whole-exome sequencing or whole-
genome sequencing

Phenocopies of PIDs (autoantibodies to immunologically relevant proteins that cause
clinical conditions phenotypically similar to those caused by known monogenic
defects)

a Patients with primary immunodeficiencies (PIDs) may present for evaluation in multiple ways, and the six criteria provided represent some of the possible contexts that should be
considered during clinical assessment. There are several confounders that could pose a challenge to the diagnostic evaluation for PIDs, and some of these are presented in this table.
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dent on the antibody used for intracellular staining, and absent or
reduced Btk protein expression is observed in approximately 95%
of XLA patients, but 5% may have normal protein expression with
abnormal function. Further, the ability to ascertain a mosaic pat-
tern consistent with carrier status in females is also assay and an-
tibody dependent (11). As with other PIDs, XLA also includes the
spectrum of classic null mutations and hypomorphic (leaky) de-
fects, and patients with the latter are likely to be diagnosed later in
life than the null function patients, due to partially preserved B cell
numbers and function (12, 13; R. Pyle, X. Dong, A. Ward, J. B.
Hagan, M. van Hee, G. Volcheck, A. Y. Joshi, T. G. Boyce, T.
Pozos, L. Hoyt, E. Yousef, S. Bahna, Y. Yilmaz-Demirdag, and
R. S. Abraham, unpublished data). It is relevant and useful to
perform BTK genetic analysis to identify the specific mutation and
correlate it with the phenotype, including Btk protein expression
and function for complete genotype-phenotype correlation. Fe-
male carriers of XLA are usually asymptomatic unless there is
significantly skewed lyonization of the X chromosome (14). BTK
genetic analysis is particularly useful in identification of carrier
status in female relatives of affected male patients who are of
child-bearing age, since the flow cytometric assay is variable in
its efficacy in identifying two populations (positive and nega-
tive) for protein expression. Therefore, diagnostic evaluation
of XLA should include genetic testing once XLA is included in
the differential diagnosis, based on clinical phenotype, infec-
tion, and family history and/or initial testing of immunoglob-
ulin levels and B cell quantitation, since the Btk flow assay may
not be useful in the diagnosis of at least 5% of patients with
preserved Btk protein expression. Once genetic testing has
been performed and a novel mutation (not previously re-
ported) or variant of uncertain clinical significance (VUS) is
identified, then Btk flow cytometry may be valuable in ascer-
taining whether a genotype-phenotype correlation exists,
though several reports indicate that such correlations in XLA
are highly variable (15–17).

(ii) X-linked hyper-IgM syndrome (CD40L deficiency).
CD40L deficiency represents one of the genetic defects associated
with the phenotype of hyper-IgM syndrome and accounts for 70%
of such cases (18–23). This disease is caused by mutations in the
CD40LG gene, encoding the CD40 ligand protein, a member of
the tumor necrosis factor (TNF) family, which is expressed on
activated CD4� T cells. The clinical characteristics of this de-
ficiency include severely impaired production of class-
switched immunoglobulins, IgG and IgA with normal or ele-
vated levels of IgM due to impaired class switch recombination
(CSR). These patients have both a humoral defect due to the
low switched immunoglobulin production and susceptibility
to respiratory bacterial infections. However, they also have a
cellular defect, due to the importance of CD40L-CD40 inter-
actions for T cell costimulation and activation (24–26), as a
result of which, they may present with opportunistic infec-
tions, such as Pneumocystis jirovecii, Cryptosporidium, Toxo-
plasma, etc. Whole blood, which contains T cells, is activated
for a few hours to overnight with a mitogen, either phytohem-
agglutinin (PHA) or phorbol myristate acetate (PMA), follow-
ing which flow cytometric analysis is performed to examine
expression of CD40L (CD154) (Fig. 1). It is appropriate and
necessary to include a marker (as a control) for T cell activa-
tion, such as CD69 or CD25, when performing the assay. This
flow assay can identify �80% of CD40L-deficient patients who

lack protein expression on the cell surface. However, it will
miss �20% of patients who have normal protein expression
but aberrant function. A valuable addition to the surface flow
assessment is the incorporation of functional assessment of the
CD40L using a soluble form of the receptor, CD40-muIg (Fig.
1). This flow assay (phenotyping and function) enables detec-
tion of all patients with CD40L deficiency without the necessity
for additional confirmatory testing though genetic testing has
independent value for ascertaining the specific mutation in a
given individual. If CD40L protein is absent or if the protein is
present but the CD40-muIg functional component is abnor-
mal, indicating a diagnosis of X-linked hyper-IgM syndrome,
depending on the age of the patient and clinical severity, hema-
topoietic cell transplantation is considered for therapeutic in-
tervention (see Treatment of PIDs and the Role of Flow Cytom-
etry in Assessment of Chimerism and Immune Reconstitution,
below). Additionally, replacement immunoglobulin therapy and
antibiotic prophylaxis are part of standard treatment. If the result of
the above flow test is normal, it rules out a diagnosis of X-linked
hyper-IgM syndrome (CD40L deficiency), and other PIDs associated
with a humoral defect and potential susceptibility to opportunistic
infections (impairment of T cell function) should be considered in
the differential diagnosis. Since detailing alternate diagnostic possi-
bilities is beyond the scope of this minireview due to space con-
straints, the reader is encouraged to review the References section for
further information.

(iii) LRBA deficiency. While XLA and CD40L deficiency rep-
resent PIDs that have been known and studied for a long time,
there are newly described PIDs that constantly challenge the clin-
ical and diagnostic boundaries. LRBA (lipopolysaccharide-re-
sponsive beige-like anchor) deficiency was described in 2012 in
patients with early onset hypogammaglobulinemia, autoimmu-
nity, and inflammatory bowel disease (27). These patients with
germ line LRBA gene mutations affecting LRBA protein expres-
sion often have reduced immunoglobulins affecting at least two
isotypes and manifest with recurrent infections in addition to se-
vere pulmonary and gastrointestinal complications. However, hy-
pogammaglobulinemia is not a mandatory presenting feature in
LRBA-deficient patients (28), though autoimmune complications
seem universal. LRBA-deficient patients may also have defective reg-
ulatory T cell numbers and function (29), although like many other
PIDs, there is a clinical and immunological spectrum observed (30,
31). Assessment of LRBA protein, which is expressed intracellularly in
T cells, B cells, monocytes, and NK cells provides a rapid and easy way
of determining LRBA deficiency, prior to or while waiting for genetic
testing results (which typically takes several weeks). LRBA protein is
expressed constitutively in these cell types, and there are modest in-
crements in expression on stimulation of specific cell subsets. In most
cases, stimulation may not be necessary to identify absent or reduced
protein expression (Fig. 2A). It is useful to quantify mean fluores-
cence intensity (MFI) as a way to identify reduced protein expression
in LRBA-deficient patients (Fig. 2B).

(iv) DOCK8 deficiency. Patients with a combined immunode-
ficiency phenotype due to mutations in the DOCK8 (dedicator of
cytokinesis 8) gene were described 6 years ago (32–35), a PID
clinically characterized by recurrent sinopulmonary infections,
staphylococcal (Staphylococcus aureus) skin infections, recurrent
and severe herpesvirus infections (herpes simplex virus and her-
pes zoster), molluscum contagiosum, and human papillomavirus
(HPV) infections. Immunologically, these patients have signifi-
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cant eosinophilia, elevated serum IgE levels, reduced T and B cells,
decreased serum IgM levels, and variably impaired IgG functional
antibody responses with reduced in vitro proliferation of activated
CD8� T cells. Additionally, DOCK8-deficient patients have im-
paired thymic function with decreased TREC (T cell receptor ex-
cision circles) (36) consistent with reduced T cell numbers. The
susceptibility to herpesvirus and HPV infections could be related
to the abnormal NK cell function in these patients (37). Since
DOCK8 deficiency shares several clinical and immunological fea-
tures with severe atopic dermatitis, it is helpful to have a rapid
diagnostic test to differentiate the two (38). In fact, the flow cyto-
metric assay for DOCK8 is able to identify all patients with a germ line
genetic mutation in DOCK8, making it a reliable and quick diagnos-
tic test, especially since genetic testing is complicated by the large size
of the gene (39). It can also be used prognostically to assess protein-
specific chimerism postallogeneic hematopoietic cell transplantation
(39). DOCK8 protein is expressed intracellularly in a variety of lym-
phoid and myeloid cell lineages (39) and can be analyzed constitu-
tively (without activation) using a two-step flow cytometry method
(Fig. 3) (35, 39). For several of these disease-specific proteins, since
there can be variable levels of expression, it is important to include the

mean fluorescence intensity data as part of the analysis so that com-
parisons can be effectively made between the experimental healthy
control subjects and patients.

While performing disease-specific protein analysis by flow cy-
tometry, it is relevant to note that for some of these proteins,
directly conjugated antibodies are not available. While such anti-
bodies improve the efficiency of testing, in some cases with low
protein expression, indirectly conjugated antibodies may enhance
the sensitivity of detection. Regardless, since comparisons are al-
ways made with healthy controls and reference ranges derived
thereof, it is relatively straightforward using MFI to identify de-
creased or absent protein expression.

There are several other PIDs (e.g., IPEX [immune deficiency,
polyendocrinopathy, enteropathy, X-linked] syndrome [caused
by mutations in the FOXP3 protein], Wiskott-Aldrich syndrome)
where protein-specific expression analysis is helpful for diagnosis
and monitoring after treatment, and these cannot be described
here due to space constraints. It is also important to recognize that
the presence of revertant populations resulting in somatic mosa-
icism (e.g., DOCK8, WASP) can be identified by flow cytometry
techniques (40–43).

FIG 1 Assessment of CD40L expression and function for diagnosis of X-linked hyper-IgM syndrome (XL-HIGM). The top left panel (panel 1) shows
expression of CD40L (CD154) on activated CD4� T cells after stimulation with PMA. A control for T cell activation, CD69, is included in the assay (not
shown). Functional activity of the ligand is measured by binding to a soluble form of the receptor—CD40muIg (panel 2). The bottom panels show flow
cytometric data for a male patient with XL-HIGM with lack of expression of CD40L on activation of CD4� T cells (panel 3) and therefore, no binding to
the soluble receptor (panel 4). The grey peak represents the unstimulated sample. The purple peak represents the specific antibody.
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FUNCTIONAL FLOW CYTOMETRY FOR DISEASE-SPECIFIC
PIDs AND IMMUNE COMPETENCE ASSESSMENT

While analysis of specific protein expression as described above is
valuable for certain PIDs, in other cases, diagnosis needs to be
made on the basis of impairment of functional activity of pro-
tein(s). An example of such a PID is chronic granulomatous dis-
ease (CGD), which is caused by dysfunctional NADPH oxidase
activity in neutrophils. NADPH oxidase is composed of five indi-
vidual subunits encoded by different genes; therefore, functional
assessment of enzyme activity provides a sensitive and specific
diagnostic tool. The NADPH oxidase complex is composed of two
cell-membrane proteins, gp91phox and p22phox, encoded by
CYBB and CYBA genes, respectively. There are three other cyto-
solic components, p47phox, p67phox, and p40phox encoded by

NCF1, NCF2, and NCF4 genes, respectively. Mutations in the
CYBB gene (X linked) account for the majority (�70%) of CGD
cases, while autosomal recessive CGD is associated with defect in
the other genes. Disease severity is highest with the CYBB
(gp91phox) mutations and least with NCF1 (p47phox) defects
(44, 45). The majority of infections are caused by five pathogens—
Staphylococcus aureus, Nocardia, Burkholderia cepacia, Serratia
marcescens, and Aspergillus (44). Though there can be consider-
able heterogeneity in clinical phenotype, the clinical phenotype
includes soft tissue granulomatous disease, cutaneous abscesses,
fungal and bacterial infections, autoimmune and inflammatory
complications, including colitis (46). Measurement of NADPH
oxidase activity is useful not only for diagnosis but also for prog-
nosis (47). For several years, the Nitroblue tetrazolium test (NBT)

FIG 2 LRBA protein expression in lymphocytes from a healthy individual and a patient. LRBA protein is expressed intracellularly, and data are shown for T cells
(panel 1), B cells (panel 2), and NK cells (panel 3) from a healthy donor (A) and a patient (B). Peripheral blood mononuclear cells (PBMCs) are isolated from
blood samples collected in sodium heparin or EDTA and assessed for LRBA expression without stimulation, using an isotype control and a specific primary
antibody. Intracellular protein expression is assessed by cell fixation and permeabilization prior to simultaneous staining with cell lineage markers and primary
antibody. The protein is visualized using a fluorescently labeled secondary antibody. Both percent-positive lymphocyte subsets (T, B, or NK cells) along with
mean fluorescence intensity (MFI) information are captured. LRBA protein is robustly expressed in the majority of lymphocyte subsets without stimulation. In
the B panels, data from three healthy donors are represented as donor 1, donor 2, and donor 3. The patient shows a normal proportion of lymphocyte subsets
expressing LRBA; however, the mean fluorescence intensity, which correlates with the amount of protein expression, is significantly reduced, which is consistent
with LRBA deficiency. The patient had a clinical phenotype of very early onset inflammatory bowel disease, failure to thrive, and multiple autoimmune
manifestations. A homozygous 2-bp deletion was identified (c.3958_3986del; p.D1329Yfs*18) in the LRBA gene.
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was used for assessing NADPH oxidase function (48), and it is still
used in some clinical and research laboratories. Nearly 2 decades
ago, a flow-based assay was validated against the NBT test for
measuring the neutrophil respiratory burst and associated

NADPH oxidase function (49). This method involves ex vivo ac-
tivation of neutrophils with a nonspecific stimulant, such as phor-
bol myristate acetate (PMA) along with the use of dihydrorhod-
amine 123 (DHR) as the substrate to measure oxidative burst.
Nonfluorescent DHR has been shown to be oxidized to fluores-
cent rhodamine by hydrogen peroxide (50), produced by activa-
tion of the NADPH oxidase pathway, and peroxidase produced by
neutrophils (myeloperoxidase) and/or eosinophils (eosinophil
peroxidase). The ability to perform this analysis with specific eval-
uation of neutrophils by appropriate side scatter and forward scat-
ter gating on the flow analysis in whole blood (49) provides a
relatively quick and robust assay for measuring NADPH oxidase
activity. Further, the flow-based DHR assay can also be used to
determine the potential genotype of CGD (51), at least for X-
linked (gp91phox) CGD, p47phox and p67phox CGD, which ac-
counts for approximately 30% of autosomal recessive CGD (Fig.
4A to D). The pattern of DHR fluorescence associated with the
p40phox CGD (52) has also been seen in patients with complete
myeloperoxidase deficiency (cMPO) and atypical X-linked CGD
in our laboratory (Fig. 4E and F). It should also be noted that
cMPO deficiency may show a pattern of DHR fluorescence similar
to X-linked CGD (i.e., completely absent DHR [rhodamine] flu-
orescence on PMA stimulation). Therefore, it is important to bear
in mind that cMPO deficiency may give a false-positive (i.e., ab-
normal) result as illustrated by the example shown in Fig. 4E,
which may yield an incorrect diagnosis of CGD that could have
major clinical consequences for patients. Therefore, an abnormal
DHR result with PMA stimulation should be further evaluated to
rule out cMPO deficiency by (i) gating on eosinophils in the DHR
flow assay since eosinophil peroxidase can provide a normal DHR
result, even when MPO is absent (53) (CGD patients will have
abnormal results for DHR flow when gated on eosinophils due to
lack of NADPH oxidase activity and production of hydrogen per-
oxide), or (ii) staining neutrophils for MPO with an anti-MPO
antibody, or (iii) performing the NBT test, which is not affected by
cMPO deficiency, or (iv) genetic testing (CGD gene panel and
MPO gene sequencing), the latter being more expensive. In most
cases, it is probably cost-effective and less laborious to stain neu-
trophils for MPO, which is often routinely performed by many
hematopathology laboratories. An abnormal result for MPO
staining can be confirmed by genetic testing (it should be kept in
mind that most cases of cMPO deficiency are clinically asymp-
tomatic, but a small subset of patients [�5%], including the ex-
ample presented here, may develop significant infectious compli-
cations, typically with Candida, the control of which appears to
require MPO activity in these patients). Most of the patients de-
scribed in the literature with symptomatic cMPO deficiency have
diabetes and Candida infection (54, 55). Therefore, the interpre-
tation of the DHR flow data requires correlation with the clinical
phenotype, elimination of false-positive results, and subsequent
genetic analysis for confirmation (56). Quantifying the amount of
rhodamine fluorescence using mean fluorescence intensity after
PMA stimulation is relevant and essential, and it can be correlated
to the NADPH oxidase activity.

Female carriers for X-linked CGD (XL-CGD) can be identified
by the DHR flow cytometry assay, and lyonization (X-chromo-
some inactivation) patterns can be assessed since there is a rela-
tively high proportion of skewed lyonization observed resulting in
symptomatic females (57–59). Further, an age-associated skewing
of lyonization in carrier females has been reported (60). In Fig. 4G,

FIG 3 DOCK8 protein expression in lymphocytes from a healthy individual.
DOCK8 protein is expressed intracellularly, and data are shown for T cells (A), B
cells (B), and NK cells (C). Peripheral blood mononuclear cells (PBMCs) are
isolated from blood samples treated with sodium heparin or EDTA and assessed
for DOCK8 expression without stimulation, using an isotype control and a specific
primary antibody. Intracellular protein expression is assessed by cell fixation and
permeabilization prior to simultaneous staining with cell lineage markers and
primary antibody. The protein is visualized using a fluorescently labeled secondary
antibody. Both percent-positive lymphocyte subsets (T, B, or NK cells) along with
mean fluorescence intensity (MFI) information are captured. DOCK8 protein is
robustly expressed in the majority of lymphocyte subsets without stimulation.
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FIG 4 Assessment of neutrophil oxidative burst using DHR flow cytometry. NADPH oxidase, which produces the respiratory burst in neutrophils, can be
assessed following in vitro stimulation with PMA. The oxidation of DHR to fluorescent rhodamine is measured by flow cytometry. The unstimulated fluorescence
is represented by the green histogram, while the PMA-stimulated oxidative burst in neutrophils is represented by the red histogram. Both percent-positive
neutrophils and mean fluorescence intensity (MFI) are captured for diagnostic interpretation. (A) A normal neutrophil oxidative burst is demonstrated by a
complete shift in the stimulated signal. (B) Data on the assessment of neutrophil oxidative burst using DHR flow cytometry in a patient with X-linked CGD. In
a patient with a mutation in the CYBB gene (encoding gp91phox protein), there is no evidence of a normal neutrophil oxidative burst, and the unstimulated
(green) and stimulated (red) histograms overlap completely. (C and D) Assessment of neutrophil oxidative burst using DHR flow cytometry in a patient with
autosomal recessive CGD due to NCF1 and NCF2 mutations, respectively. Patients with autosomal recessive CGD, due to defects in p47phox, have a different
pattern of neutrophil oxidative burst, with a proportion of neutrophils negative (stimulated histogram overlapping with unstimulated) and the remaining
neutrophils showing significantly reduced fluorescence. Patients with defects in p67phox have a similar pattern of neutrophil oxidative burst to those with NCF1
mutations, with a proportion of neutrophils negative (stimulated histogram overlapping with unstimulated) and the remaining neutrophils showing significantly
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complete skewing of lyonization is observed in an elderly carrier
female for XL-CGD in the 7th decade of life, consistent with a
pattern seen in typical forms for XL-CGD (Fig. 4B). She presented
with Burkholderia pneumonia and required a lobectomy and sub-
sequently also developed pyelonephritis. Though the DHR flow
assay has very good clinical sensitivity and specificity (keeping in
mind the possibility of false-positive results with cMPO deficiency
and the necessity of ruling this out via other methods described
above), accurate interpretation requires assessment of the sample
within 24 to 48 h of blood collection to prevent artifacts due to ex
vivo neutrophil activation (the best results are obtained within 24
h, though the analytically validated stability for the assay extends
to 48 h, but it is also affected by the quality of the sample, which is
dependent on transportation conditions). Examples provided in
Fig. 4H and I show a transported sample, which was tested within
validated stability (48 h) after blood collection, but the blood was
received closer to the 24-h time range. Figure 4H shows the side
scatter (SS) and forward scatter (FS) plot for the unstimulated
sample. The neutrophils show normal granularity and size, and in
Fig. 4I, these neutrophils display normal DHR (rhodamine) fluo-
rescence on PMA stimulation. In contrast, a transported sample
(Fig. 4J and K) received within the validated stability of the assay
(48 h) but likely subject to temperature fluctuations during trans-
port showed significant neutrophil cell death (Fig. 4J) and two
peaks for DHR fluorescence with variable MFI (Fig. 4K), indica-
tive of poor sample quality. Some clinical laboratories control for
sample quality by using a cell viability dye in the assay and assess-
ing only viable neutrophils. This is helpful in the interpretation of
the flow data in transported samples.

Patients with other neutrophil defects, such as Rac2 deficiency,
show normal neutrophil oxidative burst and DHR fluorescence
after PMA stimulation but abnormal respiratory burst and super-
oxide production when stimulated with fMLP (N-formylmethio-
nyl-leucyl-phenylalanine) (61–63). However, Rac2 deficiency is
far less common than CGD, which has an estimated incidence of
1:200,000 (64), and therefore, in standard clinical laboratory prac-
tice, PMA-stimulated assessment of neutrophil respiratory burst
is more relevant than the fMLP-based version, which should be
used in clinically ambiguous cases or if there is other evidence to
support evaluation for a possible Rac2 deficiency.

Besides disease-specific functional assessments, flow cytom-
etry can also be used for measurement of other cellular immune

functions, such as lymphocyte proliferation, cytokine production,
and NK cell cytotoxicity (65), and modification of cell signaling
proteins, such as phosphorylation (66–71). Phospho-flow can be
used in the diagnostic evaluation of PIDs associated with defects in
the STAT (signal transducer and activator of transcription factor)
molecules, e.g., loss-of-function (LOF) STAT1 mutations seen in
patients with susceptibility to intracellular bacterial and viral in-
fections (72, 73). Similarly, gain-of-function (GOF) mutations
seen in the same gene, STAT1, associated with autosomal domi-
nant chronic mucocutaneous candidiasis (CMC) and defective
Th17 immunity (74–78) can also be assessed by changes in phos-
phorylation by flow cytometry. It is important to recognize that
for accurate diagnostic use of phospho-flow assays, only the ap-
propriate cell subset after careful selection of the stimulus (typi-
cally cytokines) is evaluated. Though LOF mutations in STAT3, as
seen in autosomal dominant hyper-IgE syndrome (79, 80), and
GOF mutations in STAT3, associated with autoimmunity, lym-
phoproliferation, and infection (81, 82) have been reported, as-
sessment of STAT3 phosphorylation in either context is of ques-
tionable and limited clinical utility.

This is not a comprehensive listing of all the possible functional
immune applications of flow cytometry but rather examples that
highlight the versatility and value of this method beyond assess-
ment of protein expression.

CELLULAR IMMUNOPHENOTYPING IN PIDs

There is significant cellular heterogeneity in both the lymphoid
and myeloid compartments of the hematopoietic system, espe-
cially in the subsets circulating in blood. Phenotypic analysis and
quantitation of peripheral blood lymphocyte subsets have been
shown to be either diagnostically and/or prognostically useful in
several PIDs. One representative example is B cell subset pheno-
typing in the classification and prognostic assessment of patients
with common variable immunodeficiency (CVID). Among
adults, CVID is probably the most commonly represented PID
with an incidence of 1:25,000 to 1:50,000 depending on the pop-
ulation studied (83–87). CVID is a term that encompasses an ex-
tremely heterogeneous clinical, immunological, and genetic
group of diseases, but some of the common characteristics include
a B cell deficiency associated with primary hypogammaglobuline-
mia and impaired ability to mount functional antibody responses
to vaccines, in addition to certain key clinical manifestations, in-

reduced fluorescence. (E) Assessment of neutrophil oxidative burst using DHR flow cytometry in a patient with complete myeloperoxidase deficiency (cMPO).
Patients with cMPO having mutations in the MPO gene may demonstrate a variable pattern of DHR fluorescence, ranging from partially positive to completely
absent. In this example, there is complete shift of the neutrophils, indicative of the majority of neutrophils showing DHR fluorescence, but there is an overall
significant reduction in the mean fluorescence intensity. This would suggest partially reduced but not completely absent neutrophil oxidative burst in this patient
example. (F) Assessment of neutrophil oxidative burst using DHR flow cytometry in a male patient with atypical X-linked CGD. Neutrophil oxidative burst may
be preserved in some patients with mutations in the CYBB gene, leading to an atypical clinical phenotype as well as flow cytometric pattern of DHR fluorescence.
The pattern is similar to that seen with NCF4 gene mutations (p40phox) and the form of complete MPO deficiency seen in panel E. This is a young male patient
with one episode of Burkholderia pneumonia with no other manifestations of CGD who had a missense mutation (c.1061A�G; p.H354R) in the CYBB gene,
which has been previously reported to be associated with decreased but not absent NADPH oxidase activity in neutrophils. (G) Assessment of neutrophil
oxidative burst using DHR flow cytometry in a female patient with extreme skewing of lyonization, resulting in a phenotype of X-linked CGD. Neutrophil
oxidative burst assessment by DHR fluorescence in female carriers of X-linked CGD characteristically shows two populations consistent with the presence of
mutant and normal alleles. However, if there is skewing of lyonization, the proportion of neutrophils that are negative for DHR fluorescence can increase. This
is an example of an elderly female patient with a history of being a carrier for XL-CGD and who has an affected male offspring demonstrating age-related extreme
skewing of lyonization with a DHR flow pattern similar to that seen in a male patient with XL-CGD. (H and I) Side scatter (SSC) and forward scatter (FSC)
separation of neutrophils, monocytes, and lymphocytes in whole blood. The DHR flow analysis is performed on neutrophils. (H) A transported sample received
within validated stability under optimal conditions with abundant viable neutrophils. INT, integral. (I) DHR fluorescence for PMA-stimulated neutrophils in
this sample, indicating a normal and robust result. (J and K) Another transported sample, also received within validated stability, but under suboptimal
conditions. (J) There is significant neutrophil cell death observed with reduced viable neutrophils. (K) DHR fluorescence from PMA-stimulated neutrophils of
the same sample with high background in unstimulated control (green histogram) and two peaks (red histogram), indicating poor sample quality.
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cluding susceptibility to sinopulmonary infections, granuloma-
tous disease, lymphoproliferation, and autoimmunity (in subsets
of patients) (88–90). Attempts have been made over the past de-
cade or longer to classify CVID patients based on differences in
peripheral B cell subsets, and some of these have provided clinical
correlations, which may have prognostic value in subgroups of
patients (91–98). B cell subset analysis, in particular evaluation of
memory B cells and switched memory B cells, has been incorpo-
rated into the newer diagnostic criteria as an accessory criterion
(88), as the majority of CVID patients have impaired peripheral B
cell differentiation and reduced class-switched memory B cells.
Most clinical laboratories that offer B cell subset immunopheno-
typing include assessment of various memory B cell subsets, in-
cluding marginal zone B cells (CD19� CD27� IgM� IgD�), class-
switched memory B cells (C19� CD27� IgM� IgD�), transitional
B cells (CD19� CD27� CD24hi CD38hi IgMhi CD10�), plasmab-
lasts (CD19� CD20� IgM� CD38int CD27�), and CD21� and
CD21� B cells (includes CD21dim B cells).

In addition to B cell subset evaluation in CVID, quantitative
defects (both increase and decrease in specific cell populations) in
other lymphocyte subsets have also been reported in subsets of
CVID patients, including T cells (99–104) and NK cells (105).
CVID patients with severe defects in naive T cell differentiation
are now often classified as a separate entity, late-onset combined
immunodeficiency (LOCID), as they likely represent another ge-
netically distinct subset of CVID (106). In such patients, assess-
ment of T cell subsets, e.g., naive and memory T cells, is relevant.

T cell subsets, like B cell subsets, can be effectively quantitated
in peripheral blood by flow cytometry, and a typical analytical
profile includes naive (CD45RA� CD62L� CCR7�) and memory
(CD45RO�) T cell subsets in both the CD4� and CD8� T cell
compartments (107, 108). Memory T cells can be further subdi-
vided into central (CD45RO� CD62L� CD27�) and effector
(CD45RO� CD62L� CD27�) cells based on location and func-
tional specialization (109–112). There are memory CD4� and
CD8� T cells that can reexpress CD45RA after antigenic stimula-
tion; these cells are referred to as EMRA T cells (CD4�/CD8�

CD45RA� CD27�), and they demonstrate robust effector T cell
activity (113, 114). In addition to the classic naive and memory T
cell subsets, activated T cells expressing major histocompatibility
complex (MHC) class II molecules (HLA DR) (115, 116) are often
included in a T cell subset profile, as these may be expanded in
PIDs during infection and/or inflammation or posthematopoietic
cell transplant in the context of graft-versus-host disease (GVHD)
(117).

The distribution of naive and memory T cells is particularly
relevant for the diagnosis of severe combined immunodeficiency
(SCID) and its variants, Omenn syndrome and leaky SCID, in
young infants especially with the introduction of newborn screen-
ing for SCID (NBS SCID) (118, 119). Flow cytometric lymphocyte
subset quantitation (Fig. 5A) and analysis of naive and memory T
cell subset (Fig. 5B) distribution is part of the first level of confir-
matory testing performed on infants identified as having T cell
lymphopenia as part of the newborn screen. Additionally, flow
analysis for recent thymic emigrants (Fig. 5C) can be performed to
evaluate and corroborate thymic function, since CD31 expression
on naive CD45RA� CD4� T cells is associated with nascent T cells
(120, 121). This is particularly useful in the identification of SCID
infants with Omenn syndrome or leaky SCID who may have oli-
goclonal T cell expansion and a skewed distribution of activated

and memory T cells but no naive T cells due to absent thymic
output (Fig. 5D) (122–124).

Immunophenotyping can be performed by flow cytometry on
virtually any cell subset in blood, besides those described above,
including regulatory T cells (29, 125–129), for example, in diag-
nosis of IPEX (immune deficiency, polyendocrinopathy, enterop-
athy, X-linked) syndrome, and dendritic cells (130–134) in the
diagnosis of GATA2 deficiency. There are broader applications of
the phenotyping assays beyond diagnostic purposes described in
this minireview, and an example is provided below of the use of
several of these flow assays in therapeutic monitoring.

flow-FISH LEUKOCYTE TELOMERE LENGTH MEASUREMENTS
AS A DIAGNOSTIC TEST FOR TELOMERE BIOLOGY
DISORDERS

Telomeres are located at the ends of linear chromosomes and are
composed of arrays of specific repetitive nucleic acid sequence
(TTAGGG) and associated multiprotein complexes (shelterin).
Their functions are essential to the maintenance of cellular
genomic stability and to continued proliferative capacity. Telo-
mere biology disorders are inherited or de novo systemic condi-
tions that affect the functions of telomeres and display complex
etiology with multiple modes of genetic inheritance and variable
penetrance. These factors, compounded by the fact that clinical
presentation can be first apparent in distinct organ systems, can
make their diagnosis challenging. The most common manifesta-
tion of telomere biology disorders is bone marrow failure; how-
ever, primary immunodeficiency is part of the clinical spectrum
for these disorders and was first described about a decade ago
(135). Deficient telomerase was then implicated in causing lym-
phopenia and hypogammaglobulinemia in the context of dysker-
atosis congenita (DC) caused by a mutation in the telomerase long
noncoding RNA component TERC. Immune deficiency was more
recently systematically characterized in the context of inherited
bone marrow failure syndromes, including DC (136), and has also
been described as a primary presentation which can be severe
(137, 138). Further, a recent classification of primary immunode-
ficiencies summarizes the main genetic etiologies and immuno-
logical features of the classical telomere biology disorder syn-
drome dyskeratosis congenita along with other PIDs (3).
Irrespective of the genetic etiology (when known), leukocyte telo-
mere length deficit has been a consistent laboratory finding in
telomere biology disorders. This can be assessed by flow-FISH, a
quantitative assay that can identify individuals with telomere bi-
ology gene mutations from noncarrier direct relatives (139). flow-
FISH combines quantitative fluorescence in situ hybridization to a
fluorescently labeled telomere repeat-specific peptide nucleic acid
(PNA) probe to quantify telomere repeats and together with lim-
ited immunophenotyping can differentiate between different
blood cell subsets under conditions that maintain cellular integ-
rity so the cells can be analyzed by flow cytometry. DNA content is
assessed simultaneously to control for cell ploidy so that only cells
that have 2N DNA content are included in the data analysis (i.e.,
are not actively dividing and contain a known number of chromo-
some ends or telomeres). The median telomere fluorescence of the
cell population of interest is used to calculate the mean telomere
length of this cell population (Fig. 6A). These leukocyte telomere
length data are then represented in relation to the fairly wide range
of normal telomere length distribution and expected decline for
age seen in healthy individuals (Fig. 6B). The clinical diagnostic
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FIG 5 Immunophenotyping of lymphocyte subsets. (A) Lymphocyte subset quantitation. T, B, and NK cells can be quantitated by flow cytometry. The
top panels (panels 1 to 3) show identification of lymphocytes using CD45 and side scatter (SSC). The use of CD14 allows discrimination between
monocytes that may inadvertently be included in the lymphocyte population. CD45� lymphocytes are further subdivided into CD3� lymphocytes and
CD3� T cells. The CD3� T cells are further analyzed for CD4� and CD8� T cells (panel 4), and the CD3� lymphocytes are further assessed for B and NK
cells (panel 5). Absolute quantitation (number of cells per microliter) can be performed with the use of fluorescent beads. (B) Identification of naive and
memory T cells by flow cytometry. CD3� T cells can be further divided based on specific cell markers (typically CD45RA and CD45RO though additional
markers can be used) into naive and memory subsets. A healthy newborn infant shows predominantly naive CD45RA� T cells in the CD4� T cell
compartment with only a few memory CD45RO� T cells. (C) Identification of naive recent thymic emigrants by flow cytometry. CD4� T cells are newly
derived from thymic output and have typically not undergone antigen-induced cell expansion in the periphery and express CD31 (recent thymic emigrant
marker). A large proportion of the naive CD45RA� CD4� T cells in a healthy newborn infant express CD31. (D) Identification of naive and memory T
cells by flow cytometry in a patient with Omenn syndrome. In infants with leaky SCID or Omenn syndrome, there are usually no naive CD45RA� CD4�

T cells, and the majority of T cells that are present are oligoclonally expanded and express the memory marker, CD45RO. They also have no recent thymic
emigrants due to absent thymic output. This patient shows that more than 99% of CD4� T cells present in blood express CD45RO with no CD45RA�

expression. Further, this patient demonstrated severely skewed T cell receptor repertoire diversity and absent thymic function, in addition to the
phenotypic features associated with Omenn syndrome. This female patient had a RAG1 gene mutation associated with a hypomorphic form of SCID.
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sensitivity and specificity criteria for this assay as applied to the
diagnosis of DC have been established (140) and allow for this
assay to be applied to the differential diagnosis approach of inher-
ited bone marrow failure syndromes. In this approach, the cell
subsets analyzed are representative of different hematopoietic or
immune cell compartments as well as several differentiation states
(as analyzed according to their cytometry physical properties and
limited immunophenotype); very low telomere length (i.e., below
the first centile of distribution in healthy individuals) in most or
all cell populations support a systemic telomere biology disorder
diagnosis.

TREATMENT OF PIDs AND THE ROLE OF FLOW CYTOMETRY
IN ASSESSMENT OF CHIMERISM AND IMMUNE
RECONSTITUTION

The genetic etiology of PIDs permits correction of the immune
abnormalities by hematopoietic cell transplantation (HCT) for
the more-severe diseases, which cannot be managed adequately in
the long-term by relatively passive therapy (referring to the
amount of intervention required and relative risk of complica-
tions), such as immunoglobulin replacement and antibiotics
(141–143). For some PIDs, gene therapy is emerging as a success-
ful alternative (144–150). To measure efficacy of the therapeutic
intervention, it is important to assess specific protein recovery and
chimerism (e.g., recovery of NADPH oxidase function in CGD;
CD40L expression and function in X-linked hyper-IgM syn-
drome) in the appropriate cell subsets, which can be performed by
the same flow assays used for diagnostic purposes. The difference
lies in the interpretation of the results based on clinical context
and serial assessment, based on time since initiation of treatment.
Similarly, recovery of cell subsets (phenotypic quantitation) and
cell-specific immune functions, in both innate and adaptive com-
partments (immune reconstitution) (151–153) can be measured
by the flow cytometric methods described herein. Posttreatment
evaluation of immune recovery and competence is crucial in as-
sessing outcomes posttherapy and the necessity for additional in-
tervention and/or management and long-term prognosis.

INTERPRETATION OF FLOW CYTOMETRY DATA

All clinical laboratories that perform flow testing have typically
conducted appropriate analytical and clinical validation studies as
per regulatory guidelines before introducing these tests for rou-
tine patient diagnosis and monitoring. Typically, analytical vali-
dation of flow assays includes preanalytical, analytical, and post-
analytical variables that are assessed for its impact on performance
and interpretation of results (154–157). While validation includes
common variables that may affect interpretation of results, in-
cluding but not limited to, stability of sample, not all possible
conditions, such as types of infections, severity of infections, ther-
apeutic drugs or combinations of drugs, and other immunological
conditions, especially those encountered in clinical practice in pa-
tients with immunodeficiencies can be exhaustively analyzed be-
fore performing clinical testing. Most clinical laboratories estab-
lish reference intervals or values based on healthy individuals
without underlying immunological conditions so as to provide a
frame of reference for interpretation of patient data. For example,
very short-term and low-dosage use of steroids does not appear to
affect global lymphocyte functional assays; however, long-term or
high-dose steroid use can interfere with such lymphocyte prolif-
eration assays. Similarly, the use of biological immunomodula-
tory agents (including monoclonal antibodies) may affect specific
immunophenotyping or functional assays, and these are assessed
or interpreted accordingly, based on the information available at
the time of testing. For many therapeutic agents that have immu-
nosuppressive or immunomodulatory properties, the mechanism
of action is known, and therefore, if the information is available, a
customized patient-specific interpretation may be provided. Sim-
ilarly, in the setting of acute infection, a recommendation is often
provided to repeat testing after recovery to measure changes in the
functional or phenotypic immune response. Another example is T
cell lymphopenia, which may be observed in premature and/or
low-birth-weight infants resulting in false-positive tests on the
newborn screen for SCID (NBS SCID) (119). For most of these
infants, the T cell lymphopenia resolves with maturation of the

FIG 6 Assessment of lymphocyte telomere length in a patient with dyskeratosis congenita. (A) Leukocyte telomere length assessment is performed by measuring
the median fluorescence intensity (MFI) of distinct cell subpopulations while controlling for DNA content (not shown) and controlling for the intrinsic
fluorescent properties of the cell type analyzed (green [performed in a separate tube and overlaid on the graph]). The MFI of the gated lymphocyte cell population
is shown on the graph (red), along with the internal positive hybridization control cells (fixed cow thymocytes [orange]). FITC, fluorescein isothiocyanate. (B)
An example of a young patient with dyskeratosis congenita showing in the selected lymphocyte cell population example very short lymphocyte telomere length
(red circle) compared to the reference curve summarizing data from healthy individuals – or below the first percentile of distribution for age (blue curve); green
curves represent the 10th, 50th, and 90th percentiles, and the red curve represents the 99th percentile of distribution.
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immune system; however, it is possible for SCID to be present in a
premature infant, and therefore, follow-up for a defined period of
observation is typically recommended until a diagnosis can be
included or excluded. For complex flow cytometry testing as de-
scribed in this minireview, the most useful interpretations are pro-
vided when there is a dialogue between the clinician and the lab-
oratory clinical immunologist, which includes information on
clinical history, other comorbidities, family history, medications
that may confound interpretation of results, potential interfer-
ences, false-positive results, and biological factors, like circadian
rhythms and exercise (158, 159). These sorts of advanced and
personalized reports are most often provided by larger academic
reference laboratories, though additional guidance in interpreta-
tion could potentially be obtained by a clinician from any labora-
tory performing the testing. As discussed in the section on func-
tional testing by flow cytometry for chronic granulomatous
disease, an ambiguous or uninterpretable result due to poor sam-
ple quality usually results in the request for a fresh specimen.
However, large reference laboratories have well-developed meth-
ods in place for transport (special boxes to maintain temperature
conditions, which avoid extreme fluctuations), receipt, and han-
dling of patient samples that are submitted for testing within the
country, and in some cases, even internationally, and it is fairly
routine (except in severe weather or other unforeseen conditions)
to obtain samples within the validated stability requirements. In
contexts where samples are received outside analytically validated
conditions or demonstrate suboptimal viability or questionable
results, testing is either typically not performed or a fresh sample is
requested that is submitted under appropriate conditions of pack-
aging, transport, and time. There are many elements that may
affect performance and interpretation of flow cytometry testing,
especially for immunological studies, and other than those alluded
to above, are outside the scope and intent of this minireview.

THE FUTURE OF FLOW CYTOMETRY IN IMMUNE ANALYSIS:
MASS CYTOMETRY

The limitation of analyzing multiple cellular markers by flow cy-
tometry due to the lack of a large repertoire of fluorochromes has
been overcome by a new technology, mass cytometry, which epit-
omizes advances in multiparametric flow with use of rare earth
lanthanide-labeled antibodies as detecting reagents (160–162).
Mass cytometry enables analysis of up to 45 different parameters
simultaneously; however, the throughput is lower (�500 to 1,000
cells/s) than a conventional flow cytometer (�50,000 cells/s). An-
other caveat in its implementation for routine diagnostic evalua-
tion in PIDs is the relatively large cell acquisition requirement,
which can be difficult to achieve, especially with pediatric samples.
Though mass cytometry has not yet gained access into routine
diagnostic flow cytometry in the clinical immunology laboratory,
the next decade may very well see such advances translated from
the research setting into the diagnostic arena.

SUMMARY AND CONCLUSIONS

Flow cytometry has proven to be a technique that is integral to the
repertoire of the clinical laboratory immunologist, particularly
with regard to diagnosis and follow-up of patients with PIDs. The
rapid advances in this field with identification of more than 300
genetic defects pose a considerable challenge to ensuring an accu-
rate diagnosis and appropriate genotype-phenotype correlations.
Though genetic analyses can facilitate the discernment of a mo-

lecular diagnosis, there is without a doubt a need to immunolog-
ically characterize the defect and link the molecular etiology to
abnormalities in function and immunophenotype, besides clinical
phenotype. Flow cytometry can provide a cheaper and faster ap-
proach to ascertain potential genetic defects, for example, in se-
vere combined immunodeficiency (SCID), lymphocyte subset
quantitation (T, B, and NK cell subsets) can subcategorize specific
genetic defects, based on which lymphocyte subsets are numeri-
cally affected (T�B�NK� SCID, T�B�NK� SCID, T�B�NK�

SCID, and T�B�NK� SCID). Also, some of the disease-specific
examples provided in this minireview showcase how flow can be
used to identify a genetic defect (e.g., LRBA and DOCK8 defi-
ciency), which can subsequently be confirmed by actual gene se-
quencing methods. In other situations, where the genetic diagno-
sis is not apparent, based either on clinical or immunological
phenotype or initial genetic testing, whole-exome sequencing or
larger targeted gene panels could be assessed; however, in all cases,
immunological characterization of such new or uncertain defects
would involve flow cytometry assessment to different extents, in
addition to other testing methodologies, depending on the spe-
cific context. Regardless, relevant laboratory data have to be cor-
related with the clinical phenotype. Therefore, in summary, mul-
tiparametric flow cytometry, as described in this minireview,
provides the necessary methodological platform whereby to
achieve this in a manner suitable for rapid implementation in
patient care and management.
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