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immunodeficiency; The diagnosis of chronic granulomatous disease (CGD), a congenital immunodeficiency

chronic affecting phagocyte function, remains a challenge for patients in Latin America. It is well
granulomatous established that dihydrorhodamine (DHR) flow cytometry is the most commonly used screen-
disease; ing assay; however, few pediatric immunology centers in Brazil perform this test. This study

rhodamine 123; reports data from a routine diagnostic workup for CGD conducted at a Brazilian children’s hos-

pediatrics; pital. A three-year prospective study was performed, enrolling children with clinical features

DNA sequencing suggestive of immunodeficiency who were screened using DHR. Sanger sequencing of the

NCF1 (neutrophil cytosolic factor 1) and CYBB (cytochrome b-245, beta chain) genes was con-
ducted in children with two consecutive abnormal DHR results. A total of 255 patients—62%
males—with a median age of 3.2 years (range: 1 month-17.8 years) were evaluated. Six patients
(2.4%) had abnormal DHR tests, and four of them (1.6%) received a definitive diagnosis of CGD.
Most children presented with pneumonia and/or abscesses during the first year of life as the
clinical manifestation of CGD. Two of the four diagnosed patients were receiving continuous
antibiotics and two underwent transplantation. Pathogenic variants were identified in NCF1
(three cases) and CYBB (one case). The hospital-based diagnostic workup for CGD identified
approximately one new case per 60 tested patients, indicating a high frequency of the dis-
ease in the study population. This approach may represent a valuable strategy for identifying
new pediatric CGD cases in resource-limited settings.
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Introduction

Chronic granulomatous disease (CGD) is a life-threaten-
ing inborn errors of immunity (IEl). Most patients present
early in life with severe or recurrent bacterial and fungal
infections, primarily affecting the skin, subcutaneous tis-
sues, respiratory tract, lymph nodes, and liver; inflamma-
tory gastrointestinal disorders, susceptibility to granulomas
in deep organs, and autoimmune diseases (AIDs) are also
frequently observed.™

CGD is caused by defects in the nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase complex, which
is responsible for the respiratory burst in phagocytic leu-
kocytes."? The two most common pathogenic variants
associated with CGD in outbred populations are found in
the CYBB (cytochrome b-245, beta chain) gene (encoding
gp91phox), which is X-linked (accounting for approximately
70% of cases), followed by autosomal recessive mutations
in NCF1 (neutrophil cytosolic factor 1) (encoding p47phox),
which occur in around 25% of cases.>”

The dihydrorhodamine (DHR) 123 test by flow cytome-
try is the preferred method for diagnosing CGD in children,
as it is a highly sensitive and a reliable assay that requires
only a small blood sample.®™ The disease-causing variant
should be identified in every CGD patient to determine the
inheritance pattern, which is critical for genetic counsel-
ing, prognosis, and assessing whether a related donor car-
ries the pathogenic variant.>'>"

CGD has an estimated incidence of approximately 1
in 200,000 live births.>'*"> However, the true prevalence
in Brazil, the most populous country in Latin America,
remains unknown."'® The primary challenge faced by pedi-
atric immunologists in diagnosing CGD is limited access to
specific tests, such as the DHR assay.!” Here, we report a
three-year routine diagnostic workup for CGD conducted
at a public children’s hospital in Midwest Brazil. Patients
were screened using the DHR assay, followed by the Sanger
sequencing of CYBB and NCF1. To the best of our knowl-
edge, this is the first study describing a diagnostic strategy
for CGD in a Brazilian children’s hospital.

Material and Methods
Patients and samples

Patients aged between 1 month and 18 years were
enrolled in the study. All participants exhibited clinical
manifestations of CGD according to the European Society
for Immunodeficiencies (ESID) criteria,’® which include at
least one of the following: deep-seated infections caused
by bacteria and/or fungi (e.g., abscesses, osteomyelitis,
lymphadenitis); recurrent pneumonia; lymphadenopa-
thy and/or hepatomegaly and/or splenomegaly; obstruct-
ing or diffuse granulomas (affecting the gastrointestinal
or urogenital tract); or chronic inflammatory manifesta-
tions (e.g., colitis, liver abscesses, and fistula formation).
Patients with a diagnosis of neoplasia or well-defined syn-
dromes were excluded, and those receiving immunosup-
pressive drugs or hospitalized in the intensive care unit
were included only if they were clinically stable. Informed
consent was obtained from all caregivers, and an adapted

version of the informed consent was also applied for
patients older than 6 years. Patients were evaluated by the
same immunology team at a children’s hospital in Brasilia,
Brazil. The study was approved by the Brazilian Ethical
Committee—Plataforma Brasil, under approval number
CAAE: 36211220.6.0000.0023. This manuscript reports data
collected from September 2021 to August 2024.

Data collection: Clinical data were obtained from med-
ical records using the REDCap® software. Demographic
information (age, gender), clinical data (medical history,
medications), and laboratory results—including com-
plete blood count, serum immunoglobulin (Ig) levels (IgG,
IgM, 1gA), and lymphocyte subsets (cluster of differentia-
tion [CD]3, CD4, CD8, CD19, CD16/CD56)—were recorded.
Microbiological cultures, histology, and imaging exams
were collected for patients with abnormal test results. All
experiments were conducted at the Translational Research
Laboratory (TLR) of our institution.

Immunophenotyping

An adapted protocol for the DHR assay by flow cytometry,
based on previous reports,>'® was employed in this study.
Briefly, two sets of three tubes were prepared for each
experiment: blank, stimulated, and unstimulated tubes for
both patients and normal controls. One hundred microliters
of heparinized venous blood (without prior red cell lysis)
diluted in 1x phosphate buffered saline (PBS) was added to
all tubes, and 0.8 pL of 1 mM DHR-123 in dimethyl sulfoxide
(DMSO) was added to all tubes, except the blank ones. The
tubes were then incubated in a shaking water bath at 37°C
for 15 minutes. Subsequently, 2 pL of phorbol 12-myristate
13-acetate (PMA) (100 pg/mL) was added to the stimulated
tube, followed by an additional 30-minute incubation in the
dark. Red cells were lysed using fluorescence-activated cell
sorting (FACS) lyse solution and washed twice with 1x PBS
buffer. Samples were acquired on a BD FACSCanto® flow
cytometer using Diva software, with a minimum of 10,000
neutrophils analyzed per sample. The stimulation index (SI)
was calculated by dividing the mean fluorescence intensity
(MFI) of the stimulated tube (with PMA) by the MFI of the
unstimulated tube (without PMA). Granulocytes were the
primary cells of interest (gated using forward scatter [FSC]
vs. side scatter [SSC]), while lymphocytes served as a neg-
ative control. A healthy donor sample was included in each
test as a quality control measure. DHR assay results were
interpreted as: S| values > 100 were considered normal,
SI values between 60 and 100 were deemed inconclusive,
and Sl values < 60 were classified as abnormal. The assay
was repeated for all cases with inconclusive or abnormal
Sl values, and a sample was sent for deoxyribonucleic acid
(DNA) extraction during the second blood collection.

DNA analysis and sequencing of NCF1 and CYBB

Genomic DNA was extracted from total blood leuko-
cytes using standard procedures. Mutations in the exons
and exon-intron boundaries of CYBB and NCF1 were ana-
lyzed by polymerase chain reaction (PCR) amplification of
each exon, including its intronic boundaries, followed by
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sequence analysis. Sanger sequencing was performed on
PCR products from CYBB (exons 1-13) and NCF1 (exons 2
and 4), using primers described previously.?’ Purification of
10 pL of PCR product was conducted using the ExoSAP-IT
PCR Product Cleanup Reagent (ThermoFisher Scientific®,
Wyman Street, Waltham, MA, USA) at 37°C for 5 minutes.
For the sequencing reaction, 3 pL of purified PCR prod-
uct and 0.3 pM of forward (FWD) or reverse (REV) primers
for each target were used, following the manufacturer’s
instructions provided with the BigDye Terminator v3.1 Cycle
Sequencing Kit (Life Technologies). Sequencing analyses
were performed using an ABI3500 Genetic Analyzer® (Life
Technologies). Other genes associated with CGD were not
analyzed due to cost and technical limitations.

Results
Clinical features of studied patients

At the end of data collection, a total of 255 patients,
including 158 (62.0%) males, were tested for CGD using the
DHR assay. The median age of all patients was 3.2 years
(range: 1.7 months-17.8 years). As expected, most patients
(96.8%) had normal DHR assay results, with a median SI of
367 (range: 1-3373). Two patients had inconclusive results
and did not undergo a second round of testing; one patient
moved to another country and the other deceased before
the repeat test. Six patients (2.4%) had abnormal results
upon retesting. Figure 1 illustrates the DHR assay analysis
in a healthy control: a patient with X-linked CGD (X-CGD)
and his mother who has carrier status (Figure 1).

Sanger sequencing was performed in six cases.
Molecular analysis identified pathogenic variants related
to CGD in four patients (1.6%): three in the NCF1 gene
(p47phox), including two siblings, and one patient with
X-linked CGD (CYBB/gp91phox deficiency).

Targeted sequencing did not reveal any variants in two
cases. Patient #53, a 9-year-old girl with a history of recur-
rent pneumonia, syndromic features, and chronic neuro-
logical disease (West syndrome), underwent Whole Exome
Sequencing (WES) at a private laboratory. No pathogenic
variants related to IEl were identified.

The second patient (P#123, a 16-year-old girl), pre-
sented with clinical features of cutaneous and pulmonary
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Figure 1

mycobacterial disease, accompanied by weight loss and
gastrointestinal granulomas. No pathogenic variants were
identified in this case either. She was referred for a Next-
Generation Sequencing (NGS) panel encompassing 575
genes associated with IEl, including CYBB, CYBA (cyto-
chrome b-245 alpha chain), NCF1, NCF2, NCF4, and RAC2
(Rac family small GTPase 2). Unfortunately, no molecular
defect was detected. She received antituberculostatic ther-
apy (isoniazid, rifampin, ethambutol, and pyrazinamide) for
a total of 9 months. Despite the lack of a molecular diag-
nosis, she was started on prophylactic treatment with tri-
methoprim-sulfamethoxazole (TMP-SMX) and itraconazole
based on her clinical diagnosis of CGD. Additionally, she
required a course of oral corticosteroids to manage chronic
granulomas causing intestinal obstruction. Beyond her clin-
ical challenges, negative social factors, such as addiction
to psychoactive substances, significantly impacted her
adherence to treatment. Regrettably, the patient passed
away at the age of 18 due to sepsis.

Clinical presentation of patients with definitive
diagnosis of CGD

The age of clinical presentation among the children with
CGD (n = 4) ranged from 1 month to 2 years, with respira-
tory and cutaneous symptoms being the predominant man-
ifestations. The main clinical and laboratory data of the
four patients with a definitive diagnosis of CGD are summa-
rized in Table 1.

Patient P#137, the only patient with X-linked CGD
(X-CGD), experienced four hospital admissions during the
first six months of life due to recurrent infections. He
underwent multiple courses of antibiotics before being
evaluated by a pediatric immunologist. He was referred
to our center following an unsuccessful 28-day treatment
for cutaneous leishmaniasis. His medical history was con-
sistent with CGD, including recurrent pneumonia, failure
to thrive, adverse event to the Bacille Calmette-Guérin
(BCG) vaccine, recurrent suppurative lymphadenopathy
and splenomegaly. Initial treatment consisted of TMP-SMX
combined with itraconazole. However, clinical progression
was marked by lymphoproliferative disease, enlargement
of axillary lymph nodes (up to 15 x 8 mm), a pulmonary
nodule (5 mm), and multiple small splenic abscesses
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Neutrophil oxidative burst test using the dihydrorhodamine (DHR) assay. (A) Control sample showing the normal shift of

activated neutrophils (blue) compared to unstimulated neutrophils (gray); (B) DHR of a patient with a mutation in CYBB showing
the absence of a shift in stimulated neutrophils; (C) DHR of an X-linked carrier of a CYBB defect showing a bimodal population of
stimulated neutrophils; (D) DHR of a female patient with autosomal recessive CGD and a defect in NCF1.
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Figure 2 Sanger sequencing electropherograms of the CYBB gene (2A) and NCF1 and pseudogenes NCF1B and NCF1C (2B).
(A) the first line represents the reference sequence, with the black arrow indicating a single-nucleotide substitution, c.676C>T
in exon 7, in an X-CGD patient. The third line shows heterozygosity for the same mutation in the maternal DNA. (B) the first line
represents the GTGT sequence configuration in exon 2 of the NCF1 gene and the AGT sequences in exon 2 of the pseudogenes
NCF1B and NCF1C. The A47 sample shows a patient with copies of the NCF1 gene converted from GTGT to AGT, indicating the
disease condition. The graphical representation elucidates the genomic configurations for each sample, illustrating the presence

and ratios of GTGT and AGT sequences.

identified on imaging studies. Further evaluation led to a
diagnosis of systemic mycobacterial disease secondary to
the BCG vaccine. Histological analysis of lymph node tissue
revealed granulomas suggestive of mycobacterial infection,
although no acid-fast bacilli were observed (Table 1). The
patient was treated with a 9-month course of antitubercu-
losis medications, including rifampicin, isoniazid, pyrazin-
amide, and ethambutol, resulting in clinical improvement.
His mother was confirmed to have carrier status (Figures 1
and 2).

Three patients with defects in NCF1 also experienced
severe infections at an early age (Table 1). The only patient
with mild symptoms (P#204) was identified due to the diag-
nosis of his older sister (P#45) during the study.

All patients required hospital admission prior to diagno-
sis, with a total of 292 cumulative days of hospital stay and
an average of 58.4 days per patient. Two patients required
intensive care before their diagnosis.

Follow-up

Upon diagnosis, only one patient (P#45) was hospitalized
due to an infection. She required a 2-day hospital stay to
investigate a pulmonary nodule identified on a chest com-
puted tomography (CT) scan. She was treated with a 60-day
course of oral voriconazole for presumed fungal pneumo-
nia, resulting in the resolution of the imaging findings.

Two patients (P#45 and P#137) underwent hemato-
poietic cell transplantation (HCT) from unrelated donors
at the ages of 8 years 2 months and 2 years 10 months,
respectively. Both transplanted patients are currently
alive, with survival durations of 10 months (P#45) and
3 months (P#137) posttransplantation. Patient P#45
achieved complete engraftment, as confirmed by a normal
DHR test following HCT. In contrast, the patient with X-CGD
(P#137) demonstrated partial engraftment. He remains on
immunosuppressive therapy in combination with isoniazid
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Table 1 Clinical and laboratory data of patients with chronic granulomatous disease diagnosed in a Brazilian children’s
hospital (2021-2024).
Patient P#45 P#93 P#204 P#137
Gender Female Male Male Male
Age (years) 5.7 4.9 1.8 0.9
Age at onset of 2 years 1 month 4 months 2 months
symptoms
First clinical features PNM Neonatal sepsis/oral Axillary adenopathy BCGitis
moniliasis PNM, suppurative
lymphadenitis
Consanguinity No No No No
Family history Yes No Yes No
Clinical features at PNM, liver and Oral moniliasis, PNM, Recurrent diarrhea/ BCGitis, skin ulcerous,

diagnosis splenic abscesses lung abscess adenopathy and adenomegaly

Other manifestations Splenomegaly Esophageal moniliasis  No Splenomegaly

Medication TMP-SMX/ TMP-SMX TMP-SMX/ TMP-SMX + itraconazole +
voriconazole itraconazole anti-TB drugs

Age (years) 5.7 49 2.4 1

Hemoglobin (g/dL) 9.6 9.1 10.6 8.1

Neutrophil/pL 4032 4,600 4,900 9,650

Lymphocytes/pL 2,500 3,700 6,100 11,020#

T CD3*/pL 2,145 3,216 3,574.6 6,733

T CD4+/uL 1,617 1,029 2,000.8 1,934

T CD8*/pL 401 2,007 1,146.8 4,632

CD19+/pL 175* 382.8* 1,781.2 3,118

CD16*/CD56*/uL 87.5* 629.2% 463.6 672

IgG (mg/dL) 1,571% 1612* 1,067* 1,618

IgM (mg/dL) 324% 73 117 158*

IgA (mg/dL) 358# 493# 107 75

DHR (SI) 1.81 1.03 2.54 0.72

Isolated microorganism NI NI NI NI

Mutated gene NCF1 NCF1 NCF1 CYBB

Nucleotide change
Current age/follow-up

c.75_76del, exon 2
9 years/alive
transplanted

c.75_76del, exon 2
7 years 9 months/
alive on prophylaxis

c.75_76del, exon 2
2 years 10 months/
alive on prophylaxis

C.676C>T, exon 7
3 years/alive transplanted

PNM: Pneumonia, DHR: Dihydrorhodamine, SI: Stimulation index, TMP-SMX: Trimethoprim and Sulfamethoxazole,
TB: tuberculosis, NI: Not isolated. *Values lower than Brazilian references, # values above the reference.

and SMX-TMP with no significant side effects reported, and
continues to be closely monitored by the transplant team
at the hospital.

Patients P#93 and P#204 are currently receiving oral
prophylaxis with TMP-SMX and itraconazole while awaiting
a compatible donor for HCT.

Discussion

The true prevalence of CGD in Brazil remains unknown.
Oliveira-Junior et al. (2015) reported 71 cases of CGD
in Latin America, with 39% occurring among Brazilian
patients.'® Limited access to specific immunologic tests
has been identified as a significant barrier to expanding
the diagnosis of IEl, such as CGD, in Brazil and across Latin
America.” The primary aim of this study was to describe

the results of a 3-year diagnostic workflow for CGD in
symptomatic patients treated at a Brazilian hospital. This
approach facilitated timely diagnoses and informed clinical
decision-making when necessary. To the best of our knowl-
edge, this is the first study to evaluate the routine use of
the DHR assay in a pediatric hospital in Brazil.

Currently, the DHR assay is considered the method of
choice due to its relative ease of performance, high sen-
sitivity even in detecting very low numbers of functional
neutrophils, and its utility in predicting the residual super-
oxide activity of patient neutrophils, which correlates with
survival in individuals with CGD.%° Additionally, the assay
can distinguish between X-linked CGD, autosomal recessive
(AR)-CGD, and X-linked carrier status.®™

The implementation of the DHR test at an immunology
center can be challenging, as it is a functional assay of neu-
trophils that requires careful consideration of cell viability
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and the potential for nonspecific neutrophil activation,
which may confound the analysis.® Current recommenda-
tions from immunology societies advise considering a min-
imum of two abnormal results to define a possible case of
CGD."® To minimize false results, all samples in this study
were collected on-site and experiments were performed
within four hours of blood collection.

It is well established that genetic testing is essential
for the definitive classification of CGD, with DHR assay
patterns supporting clinical suspicion. In this context, the
DHR protocol was complemented by the sequencing of
NCF1 and CYBB. In over three years, we confirmed four
cases of CGD among 255 tested patients, corresponding
to approximately one new case of CGD per 60 patients
tested. It is important to note that our cohort was pre-
selected for suspected immunodeficiency, which increases
the likelihood of positive findings. Nevertheless, these
results underscore the critical role of a screening test for
CGD in the study population and its utility in identifying
a life-threatening condition in a pediatric hospital setting.
Our data also suggest that CGD may be underdiagnosed in
our region, as previously highlighted."” According to the
Latin American Society for Immunodeficiencies (LASID)
registry website,?' fewer than 500 patients are currently
documented as having a diagnosis of CGD. Early diagno-
sis of CGD offers numerous benefits, including appropriate
and tailored management of infections and comorbidi-
ties, timely definitive therapeutic interventions, and the
identification of affected family members.®® Brazil, with
its vast geographic area and an estimated population of
200 million, likely harbors many undiagnosed children
with CGD if the global prevalence of the disease is taken
into account. For countries with limited resources, flow
cytometry-based assays such as DHR represent an optimal
approach for initial screening and can serve as a stepping
stone for targeted sequencing.’® Despite certain limitations
of the method, such as challenges in detecting mild muta-
tions or cases where neutrophil function is not entirely
absent, this report highlights the value of DHR in uncover-
ing new cases of CGD.

Patients with a definitive diagnosis exhibited the typical
clinical features of CGD,%%"™' including one case of BCG-
itis, a common manifestation of CGD in Brazil." Several
patients experienced recurrent infections and nearly all
required prolonged hospitalizations to manage these condi-
tions. In the most striking case, the boy with X-linked CGD
(P#137) spent more than two months in the hospital during
his first year of life prior to diagnosis, resulting in failure to
thrive, a well-documented complication of pediatric CGD.
Therefore, efforts to establish a timely diagnosis of CGD
in our setting not only provide an opportunity for curative
interventions but also enable better control of the dis-
ease’s clinical manifestations through the implementation
of prophylactic measures.

Consanguinity was not observed in our cohort; how-
ever, pathogenic variants in NCF1 were identified in 3/4th
of the cases. Typically, these variants are associated with
a more favorable clinical course due to residual reactive
oxygen species (ROS) production by neutrophils, although
fatal outcomes can still occur.>%?? All pathogenic variants
identified in our patients have been previously reported
in other studies.*”?2 Prando-Andrade et al. described two

Brazilian siblings with the same variant leading to A47-CGD,
as observed in our patients.? Testing for CGD should be
considered in relatives of diagnosed patients, even in the
absence of characteristic clinical signs or symptoms. It is
plausible that autosomal recessive forms of CGD may occur
more frequently than currently documented.

The pathogenic nonsense variant c.676C>T in exon 7 of
the CYBB gene identified in patient P#137 has been well
documented in previous studies.>¢?425 These studies,
including those involving Latin American patients, have
reported heterogeneous variants within this gene, with no
significant predominance of a specific variant and no evi-
dence of a founder effect, as might be expected for a dis-
ease associated with a potentially fatal phenotype.'¢?°

Genetic analysis of CYBA (p22phox), NCF2 (p67phox),
NCF4 (p40phox), and CYBC1 (EROS)®” was not performed
in all cases, representing the main limitation of our study.
However, the two patients with abnormal DHR results were
further evaluated using additional molecular tests, and no
defects were identified.

As reported in other countries,®'® molecular testing
is not widely available in most cities in Brazil and often
requires considerable time to yield results, leaving many
patients with immunodeficiency features undiagnosed.
Although the DHR assay has certain limitations, such as
challenges in interpretation and the potential for false
positive results, the data from our study demonstrate that
implementing the DHR test in a hospital-based setting
offers a significant advantage by enabling the rapid iden-
tification of potential CGD cases, thereby guiding further
targeted testing. Multicenter studies conducted in our
country with longer follow-up periods could provide more
comprehensive insights into the epidemiology and clinical
characteristics of CGD in Brazil.

Conclusion

Here, we report the results of a practical integration of
flow cytometry and DNA sequencing assays into the routine
diagnostic workup for CGD at a Brazilian children’s hospi-
tal. This diagnostic strategy has the potential to reveal the
frequency of pediatric CGD in our setting.
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