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Abstract

Introduction Chronic granulomatous disease (CGD) is an
inherited mutational defect in any of the NADPH oxidase
complex, CYBB (gp91-phox), NCFI (p47-phox), CYBA
(p22-phox), NCF2 (p67-phox), or NCF4 (p40-phox) leading
to inability of phagocytes to perform effective respiratory
burst and thus diminished killing of bacteria and fungi. The
identification of defective proteins aids in establishing a diag-
nosis prior to genetic analysis, which is rather labor-intensive,
expensive, and time-consuming.

Aim The present study aims at assessing the NADPH proteins
by performing the intracellular staining with specific monoclonal
antibodies and their assessment on flow cytometry. The use of
flow cytometry is less laborious and faster to perform than west-
e blot. It also confirms the diagnosis of CGD and detects the
affected components allowing proper management of patients.
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Materials and Methods Twenty-eight patients from 25 differ-
ent kindred, clinically suspected as CGD were recruited in
Egypt. Dihydrorhodamine test was performed to confirm the
diagnosis of the patients. Intracellular staining of NADPH
components using specific monoclonal antibodies was per-
formed followed by flow cytometric analysis.

Results The present study revealed that the most common
defective protein in our cohort is p22-phox, found in 13 pa-
tients (46.4 % of cases) followed by p47-phox in 8 patients
(28.6 %), gp91-phox in 5 patients (17.9 %), and finally p67-
phox in 2 patients (7.1 %).

Conclusion In countries with limited resources and yet large
number of CGD patients, the analysis of the defective proteins
by flow cytometry is an optimum solution for confirming the
diagnosis and is a step for targeted sequencing in families
seeking prenatal diagnosis.
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Introduction

Chronic granulomatous disease (CGD) [OMIM No. 306400]
is an inherited mutational defect in the NADPH oxidase com-
plex leading to inability of phagocytes to perform effective
respiratory burst and thus diminished killing of bacteria,
yeasts, and fungi [1, 2].

CGD patients suffer from two categories of clinical mani-
festations: recurrent, life-threatening infections with catalase
positive organisms and excessive inflammatory reactions
leading to granulomatous lesions [3].

Mutations in any of the genes of NADPH oxidase compo-
nents will lead to CGD, including X-CGD due to defects in
CYBB (encoding gp91-phox) and AR-CGD due to defects in
NCFI (for p47-phox), CYBA (for p22-phox), or NCF2 (for
p67-phox) or NCF4 (for p40-phox) [4].

Diagnosis of CGD is concluded by demonstrating ab-
sent or markedly reduced oxidase activity in stimulated
neutrophils. Screening for CGD is accomplished by nitro
blue tetrazolium test (NBT) or by flow cytometry
dihydrorhodamine (DHR) 123 assay [5].

NBT is a yellow dye which is reduced to blue
formazan by the production of superoxide resulting from
the respiratory burst and is interpreted manually. Whereas
the DHR depends on stimulating neutrophils with phorbol
12-myristate 13-acetate (PMA) to produce reactive oxy-
gen intermediates (ROIs) that react with a non-fluorescent
probe such as DHR turning it into fluorescent rhodamine,
detected by the flow cytometer [6].

The identification of defective proteins prior to genetic
analysis—which is often labor-intensive, expensive, and
time-consuming—aids in establishing the diagnosis. Here,
we aimed to perform intracellular staining of the NADPH
proteins by specific monoclonal antibodies followed by their
assessment by flow cytometry presuming an easier and faster
technique to detect the defective proteins.

Material and Methods
Subjects

Patients clinically suspected as CGD were recruited from the
Primary Immunodeficiency Unit, at the Pediatric Department
of Cairo University Children Hospital, Egypt, between the
years 2014 and 2015. The clinical diagnosis was based on
the European Society for Immunodeficiencies (ESID) criteria
for diagnosis including deep-seated infection due to bacteria
and/or fungi (abscesses, osteomyelitis, lymphadenitis),

recurrent pneumonia, lymphadenopathy and/or hepatomegaly
and/or splenomegaly, obstructing/diffuse granulomata (gas-
trointestinal or urogenital tract), chronic inflammatory mani-
festations (colitis, liver abscess, and fistula formation), failure
to thrive, and having affected family member. Diagnosis was
confirmed by abnormal DHR assay results (Fig. 1). In accor-
dance with the Helsinki Declaration, an informed consent was
obtained from the patient’s guardians prior to enrolment.

Dihydrorhodamine Assay

One hundred microliters of patient’s blood was diluted 1:9
with phosphate-buffered saline (PBS) and incubated with
DHR (Sigma-Aldrich) for 15 min; stimulation with PMA
(Abcam) for 30 min was done; then, blood was washed, and
red blood cells (RBCs) were lysed for 10 min (Versalyse,
Beckman Coulter). A stimulation index (SI) was calculated
for gated neutrophils by dividing the mean fluorescent inten-
sity (MFI) of stimulated cells by the MFI of unstimulated
cells. SI of 70 was considered the cutoff in our laboratory
based on testing 100 normal healthy individuals [7].
Residual NADPH activity of neutrophils was also estimated
for each patient as percent of cells shifted after PMA stimula-
tion compared to unstimulated cells as previously described

[8] (Fig. 1).
Intracellular Staining of Neutrophil NADPH Components

Staining for NADPH components was done on either whole
blood samples or on neutrophils collected by dilution of blood
1:1 with PBS and density separation using Ficoll hypaque,
followed by RBCs lysis from the sediment at the bottom of
tubes.

For each of NADPH components, 50 pl of either whole
EDTA blood or separated neutrophil was added in a flow
cytometry tube; blood was fixed and permeabilized with
Beckman Coulter IntraPrep™ permeabilization kit
(PNIM2389) according to the manufacturer’s instructions. In
each tube, 5 pl of monoclonal antibody diluted 1:20, specific
either to rabbit monoclonal [EPR5065] to NOXA2/p67-phox
(ab109523), rabbit monoclonal [ERP13134] to NCF1/p47
(ab179457), mouse monoclonal [CS9] to cytochrome b245
light chain antibody/p22 (ab87736), or rabbit polyclonal to
NOX2/gp91-phox antibody (ab80508), was added, and the
mixture was incubated at 4 °C in the dark for 1 h. Cells were
washed with PBS; then, secondary antibody Alexa Fluor®
647-conjugated goat anti-rabbit polyclonal antibody
(ab181474) diluted 1:200 was added in all tubes except for
p22-phox where a secondary FITC-conjugated goat anti-
mouse [gG/IgM antibody (BD #555988) was added for
15 min. Stained cells were analyzed by flow cytometry
Beckman Coulter FC500, gating on neutrophils based on for-
ward and side scatter properties. Analysis of data was done
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Fig. 1 Dihydrorhodamine assay on flow cytometry in a normal control
(1) and a CGD patient (2) showing a gating on the neutrophils by their
characteristic forward and side scatter, b fluorescence after incubation of
neutrophil with the dihydrorhodamine, and ¢ fluorescence after
incubation with phorbol myristate acetate that result in reduction of
dihydrorhodamine into fluorescent rhodamine. The (W) represent the

using CXP Software version 2.2. Relevant isotypic control
was used for each stained tube to evaluate for the non-
specific antibody binding (Fig. 2). Residual protein expression
was recorded for each patient.

Targeted Sanger Sequencing

Based on the flow cytometry results, targeted Sanger sequenc-
ing was performed for the candidate genes as described before
[9] to confirm the results and detect the mutations.

Statistical Methods

Data were statistically described in terms of mean/standard
deviation (SD) or frequencies (number of cases) and percent-
ages when appropriate. Independent sample ¢ test was used to
compare between groups and one-way analysis of variance
(ANOVA) test with post hoc multiple two-group comparisons
when comparing more than two groups. Kruskal-Wallis test
was used for comparing groups with non-parametric data.
p values less than 0.05 was considered statistically significant.

@ Springer

FL1Log

FL1 Log

residual enzyme activity which is calculated as the percentage of cells
after the PMA stimulation that showed fluorescence shift from the
unstimulated cells (37.6 % in this patient); however, the amount of
fluorescence per cell is markedly reduced as indicated by the MFI (3.2).
Stimulation index was calculated by dividing mean fluorescence intensity
(MFTI) in stimulated cells over MFI of unstimulated cells

All statistical calculations were done using computer program
SPSS (Chicago, IL, USA) version 15 for Microsoft windows.

Results
Demographic and Clinical Data

Twenty-eight CGD patients from 25 different kindred were
enrolled in this study: 15 were males (53.5 %) and 13 were
females (46.5 %). Three families had two affected members
each.

Five male patients (17.9 %) from five different kindred
(four non-consanguineous, one consanguineous) were consid-
ered X-CGD based on their mother’s DHR assay showing X-
CGD carrier status pattern (bimodal neutrophil populations)
and exclusive male affection.

Twenty-three patients (82.1 %) (13 females and 10 males)
from 20 kindred were suspected as AR-CGD. All the AR-
CGD patients came from consanguineous families. The medi-
an age at onset of symptoms was 8 months (range from 0.1 to
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Fig. 2 Analysis of different components of NADPH enzyme by flow
cytometry. Overlay of different NADPH components versus isotypic
control. The neutrophil characterization was done by using forward and

72 months), and diagnosis was made at a median age of
36 months (range from 6 to 180 months). However, in X-
CGD, the age of first presentation and the age at diagnosis
were at a younger age than in AR-CGD: 2 months (range from
0.5 to 13 months) and 18 months (range from 3 to 60 months),
respectively. There was no statistically significant difference
obtained when comparing the age at diagnosis among differ-
ent subgroups (p=0.058), yet there was a trend having the
p47-phox-deficient patients diagnosed at older age.

Before the second month of life, all patients received BCG
vaccine containing a live attenuated form of Mycobacterium
bovis. BCG-itis, a severe lymphadenopathy following tuber-
culosis vaccination, was the first symptom of CGD in four
(14.2 %) of the patients of this cohort: two with AR-CGD
and two with X-CGD. They all required antimycobacterial
therapy.

Autoimmune manifestations (in the form of inflammatory
bowel disease, autoimmune anemia, uveitis) appeared more
commonly in AR-CGD (seven patients); Five of the seven
(71 %) were p47-phox. Pneumonia was the most common
presenting feature in AR-CGD followed by recurrent abscess-
es, while in X-CGD, the most common presentations were
recurrent abscesses, anemia, and lymphadenopathy. No

side scatter properties present in whole blood sample except in p67-phox-
deficient patient, neutrophils were separated using Ficoll hypaque

correlations between different manifestations and the deficient
proteins were obtained. A statistically significant difference
(»=0.049) was detected when comparing age of survival
among different subgroups, seeing better outcome in p47-
phox-deficient patients (Table 1).

Laboratory Results

Although two methods were used for separation of neutrophils
for intracellular staining of NADPH components, they both
gave the same results (Fig. 2). Assessment of the affected
protein components by flow cytometry revealed deficiency
in p22-phox in 13 patients (46.4 %) followed by p47-phox
in 8 patients (28.6 %), gp91-phox in 5 patients (17.9 %), and
p67-phox in 2 patients (7.1 %)

The DHR was impaired in all CGD cases; however, the
mean SI was 1.36+0.4 in X-CGD versus 4.4+3.5, 2.9+2,
and 2.2+0.53 in p47-phox, p67-phox, and p22-phox AR-
CGD, respectively (p=0.055). The median residual NADPH
activity was 1 % in X-CGD while 17.4, 2.2, and 2.0 % in p47-
phox, p67-phox, and p22-phox AR-CGD, respectively (p val-
ue=0.057). The residual protein expression was statistically
significant among the four groups (p value=0.006) with
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Table 1  Demographic and clinical data of CGD patients based on defective protein
CGD subtype All CGD X-CGD (gp91-phox AR-CGD
cases deficiency)
Total p22-phox  p47-phox  p67-phox
AR-CGD  deficiency deficiency deficiency
Demographic ~ Patients no./(%) 28/100 % 5/17.9 % 23/82.1 % 13/46.4 % 8/28.6 % 2/7.1 %
data Families no./(%) 25/100 % 5/20 % 20180 %  12/48 %  6/24 % 2/18 %
Sex 15M/ M 10M SM 4M IM
53.5% 13F 8F F IF
13F/46.5 %
Age of first presentation ~ Median 8.5 2 8 8 10.5 7.5
(months) Min-max ~ 0.1-72 0.5-13 0.1-72 0524 0172 3-12
Mean+SD 12.4+15 57+6.2 134+6 11.6£9.7 192+24 75463
p value 0.6
Age at diagnosis (months) Median 33 18 36 22 102 30
Min-max 3-180 3-60 6-180 6-96 12-180 6-54
Mean+SD 49.5+51.6 23.4+21.8 46.8+47 31.6+27.8 99.7+£66.7 49.5+51.6
p value 0.058
Age at last follow-up Median 54 44 54 36 81 54
(months) Min-max ~ 6-217 18-63 6-217 6-111 27217 32-77
Mean+SD 59.7+49  42.5+23 62.7+£51.9 4154305 99.2+66 54.5+31.8
p value 0.049%*
Clinical data ~ Abscesses 19 3 16 10 4 2
Pneumonia 20 2 18 10 6 2
Anemia 17 3 14 8 4 2
Lymphadenopathy 19 3 16 9 5 2
Organomegaly 11 0 11 7 3 1
Diarrhea 7 1 6 3 2 1
Autoimmune manifestations 7 0 7 2 5 0
Otitis media 5 1 4 3 1 0
Osteomylitis 5 1 4 2 1 1
BCG-itis 4 2 2 2 0 0
No. of hospitalizations (mean) 14 1 1.5 1.5 1.6 1
Outcome (no. of deaths) 3 0 3 1 1 1

*p<0.05 is statistically significant

higher values of residual NADPH and residual protein expres-
sion among the p47-phox deficiency subgroup (Table 2).

Mothers of five of the male patients showed the bimodal X-
linked carrier pattern in DHR pointing to gp91-phox
deficiency.

The protein defects detected were confirmed by targeted
Sanger sequencing based on the flow cytometry results at
the Laboratory for Genetic Diagnosis for Infectious Diseases
at Human Genetic of Infectious Disease, Imagine Institute,
France, and genetic analysis for three X-CGD patients was
done at the Molecular Genetics Laboratory, CKTCH Brno,
Czech Republic. Mutations detected matched the flow cytom-
etry results.

All AR-CGD patients had homozygous mutations. In all
the patients with p47-phox deficiency, the common mutation

@ Springer

p.Tyr26Hisfr*26 was detected, while in patients with p22-
phox deficiency, 11 out of 13 patients had a previously de-
scribed mutation p.Val99Profs*90 and two patients had previ-
ously undescribed mutations: one with p.Tyr54fsin and the
other with p.Gly128Aspfs*81. The gp91-phox and the p67-
phox-deficient patients had different mutations (Table 2).

Discussion

Early diagnosis of CGD is important for better patient survival
and care. Clues for suspicion include a suggestive history,
severity and recurrence of infections, tissue abscesses, and
granulomas. However, routine diagnostics shows great vari-
ability, so it is advisable to have all CGD patients analyzed at
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specialized laboratories with high experience. Furthermore,
two independent blood samples and at least two different
methods should always be used to establish a definite diagno-
sis of CGD [3].

The present study clarifies the importance of utilizing flow
cytometry in analyzing the defective proteins implicated in
CGD as a method for confirming the diagnosis as well as
detecting the defective component. The NBT and the DHR
tests have been considered the main tests used for evaluation
of neutrophil respiratory burst. In spite that the NBT is not
costly, the test is time-consuming, labor-intensive, subjective,
and requiring technical skills [10].

The DHR test has then widely replaced the NBT in the
diagnosis of CGD. It can be performed quickly using small
volumes of anticoagulated blood. The interpretation of the
DHR test results is less subjective, and the test is able to
differentiate between X-linked CGD patients and carriers.
Although the DHR test has become the standard method for
diagnosis of CGD, the test has some limitations. Important
criticism for this method in routine diagnostics is its low sen-
sitivity to in vitro artifacts and neutropenia besides the fact that
the neutrophils may be unevenly damaged due to storage,
handling, or mailing [11]. The relatively short lifespan of neu-
trophils implicates that samples must arrive in the laboratory
on the same day of collection which could certainly comprise
a challenge for laboratories acting as tertiary referral centers.
In addition, patients with current infections as well as inflam-
matory states and severe sepsis causing exhaustion of neutro-
phils’ metabolism are negative indicators for using DHR assay
for CGD screening [10, 12]. Among the limitations as well is
the false positivity of the test in patients with myeloperoxidase
deficiency [13]. Although uncommon, AR-recessive CGD
patients can have substantial residual oxidative burst activity,
leading to challenge of the diagnosis of AR-CGD [8].

Immunoblot and flow cytometry can be used to infer the
specific genotype in CGD. There may be genotype/phenotype
correlations that predict outcomes and might help in genetic
counseling as well as in the consideration of bone marrow
transplantation [12].

In the present study, the flow cytometry was used for the
analysis the NADPH components in the diagnosed CGD pa-
tients, and the revealed results were confirmed by targeted
Sanger sequencing.

We used two techniques for intracellular staining of
NADPH components in the first ten cases as described previ-
ously in the “Material and Methods” section; however, both
techniques gave similar results. Thus, the study was continued
by the use of whole blood samples in immune-staining as it is
less laborious and easier to perform.

Based on the consanguinity, DHR results, and testing the
mothers of male patients, 5 (17.9 %) were diagnosed as X-
linked CGD while 23 (82.1 %) were diagnosed as AR-CGD.
The X-linked form of the disease is responsible for more than
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two thirds of the worldwide reported cases [14, 15], while the
AR-recessive accounts for about one third. Although AR-
CGD has been described in several studies among countries
around Egypt before [14, 16, 17], the higher number of AR-
CGD reported in the present study may be attributed to the
high consanguinity (84 %) among the studied cohort families.
In contrast to other studies reporting the AR-CGD which con-
cluded that p47-phox deficiency is the commonest cause of
AR-CGD [18], our study showed that p22-phox deficiency is
the commonest form among Egyptian CGD patients (46.4 %).
In Africa and Middle East, different CGD genotypes were
reported. Koker et al. [17] published a study on 89 Turkish
patients revealing quite high percentage of gp91-phox defi-
ciency (38.2 %). Other studies conducted in Jordon, Tunisia,
and Morocco showed that p47-phox deficiency accounts for
most of the cases of AR-CGD with much fewer number of
p22-phox deficiency reported cases [8, 14, 16]. The reason for
this finding is not clear, and a reason like a founder effect as
reported by Kim et al. in a Korean study [19] may be likely.
Also, high consanguinity and inbreeding historically reported
in Egyptian population may be an underlying cause.

Among the X-linked CGD patients reported in the present
study, the gp91-phox deficiency was associated with p22-
phox deficiency as well. Similar to our data, Baba et al. [§]
detected no gp91-phox and p22-phox in X-linked CGD pa-
tients, as expected because the expression of p22-phox is de-
pendent on the presence of gp91-phox.

Kuhns et al. [20] concluded that CGD patients with non-
sense, frameshift, and splicing affecting mutations in gp91-
phox generally exhibit no expression of gp91-phox, while
p22-phox expression was reduced by >95 % but still detect-
able. On the other hand, missense mutations in gp91-phox
exhibited variable expression of gp91-phox with proportion-
ally preserved expression of p22-phox.

Among the patients with p22-phox deficiency reported here-
by, 53 % of the patients showed normal expression of gp91-
phox. This is in contrast to Koker study 2013 [17] who found
that all the patients with CYBA mutations had no expression of
either gp91-phox or p22-phox protein in the leukocytes.

Also, in a study by Kannengiesser et al. [21] that included
CGD patients from 80 kindred, they did not detect gp91-phox
in p22-phox-deficient patients, although using polyclonal an-
tibody against C terminus of gp91 with similar specificity to
the one used in the present study.

Nevertheless, Porter et al. [22] clarified the presence of
a 65-kD high-mannose glycoprotein precursor of gp9l
even in the absence of p22-phox expression consistent
with the synthesis, posttranslational modification, and
transport of gp91-phox as far as the endoplasmic reticu-
lum but with no subsequent modification in the Golgi.
The completion of the posttranslational modification pro-
cess of the 3 subunit of cytochrome b-245 is apparently
dependent on the presence of the o subunit.
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Also, in agreement with our finding, Teimourian et al. [23]
found residual gp91-phox expression by western blot in three
out of the eight p22-phox-deficient patients reported in his
study from Iran.

Worth to be mentioned is that Kdker et al. [24] reported
some preserved NADPH oxidase activity in neutrophils from
three patients despite the apparently complete absence of
gp91-phox and p22-phox expression by western blot.
However, authors explained their finding by the possibility
of the presence of some mutated p22-phox protein that
allowed some stabilization of the gp91-phox but yet not de-
tectable by the monoclonal antibody they used.

Kim et al. [19] reported results in 12 CGD patients on Jeju
Island showing in contrast to all previous reports a normal
level of gp91-phox protein expression in patients with p22-
phox deficiency. They claimed that the co-expression of gp91-
phox and p22-phox was required to support the generation of
oxygen radicals in a cell-free NADPH oxidase assay, implying
that the association is essential for regulation of electron trans-
fer in the redox cycle, but p22-phox may not be necessary for
the expression of gp91-phox protein. Further studies are re-
quired to understand the expression of gp91-phox in p22-
phox-deficient cases. However, all patients in their study had
an identical homozygous single-base substitution of C to T in
exon 1 (¢.7C>T) of the CYBA gene which may not affect the
p22-phox function regarding gp91-phox expression.

The expression of gp91-phox in few of the p22-phox-
deficient patients using the flow cytometry may point to a
more sensitive detection of the proteins using this technique
in comparison with western blot or a role of certain environ-
mental factors affecting gp91-phox expression.

Interestingly, all the patients with defects in NCF'/ gene had
the same mutation (p.Tyr26Hisfs*26) and originated from
eastern parts of Egypt, while 11/13 patients with defects in
CYBA gene had the same mutation (p.Val99Pro fs*90) and
originated from western parts of Egypt. This may point to a
founder effect of these mutations (Supplemental 1). In spite
that all the p47-phox patients had the same mutation, varia-
tions in the residual NADPH activity and protein expression
among those patients were observed. This variation in the
residual activity was also reported by other studies and may
reflect the variability in the protein expression that is under
control of many factors [20, 25, 26].

Conclusion

As the BMT is the only curative treatment of CGD, a pressing
need arises for a rapid, reliable, and cost-effective test for
definitive diagnosis of the disease. In countries with limited
resources and yet large number of CGD patients, the analysis
of the defective proteins by flow cytometry provides an opti-
mum solution for confirming the diagnosis, especially in

laboratories that carry the DHR test and are already equipped
with flow cytometry. This can help in targeted sequencing as a
main step in prenatal diagnosis.
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