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RESUMO



Doenga Granulomatosa Cromica (DGC) € uma imunodeficiéncia caracterizada por
infeccdes recorrentes graves. Os defeitos moleculares que levan a DGC so geralmente
devidos a mau funcionamiento, auséncia o baixa expressio de um dos componentes do
sistema NADPH oxidase.

Este trabalho anpalisou o uso de RT-PCR para a triagem de defeitos moleculares
responsaveis por DGC ligada a0 X em 8 pacientes. RNA total foi preparado de linfécitos B
trasformados com virus de Epstein-Barr e transcricio reversa com hexiAmeros randomicos.
O c¢DNA resultante foi ampiificado por PCR com oligonucleotideos especificos para 3
regides exdnicas abrangendo toda a extensio do gene. Com esta estratégia foi possivel a
deteccio da expressdo defeituosa de gp91-phox em 7 pacientes. Concluimos que a anélise
por meio de RT-PCR, um método alternativo menos complexo, rdpido e econdmico foi
apropriado para detecgfio inicial de defeitos moleculares em 7 de 8 pacientes com DGC
ligada ao X.

Posteriormente mvestigamos em detalhe os defeitos genetico-moleculares de 7 criangas nfio
relacionadas com DGC ligada a0 X. Todos os pacientes foram procedentes do Chile e
Brasil. Encontramos uma inser¢do ¢.1267 1268insA no paciente JY no exon 10 levando a
mma mutagdo tipo “frameshift”. Esta mutacfio ¢ um novo registro na literatura. Detectamos
duas substituicdes “nonsense”, uma no paciente PT, ¢.95 G>A no exon 2 que leva a um
codon de parada W28X e outra no paciente MF, ¢.229 C>T no exon 3 que leva a um codon
de parada R73X. Em 4 casos, nos pacientes IC, Vin, RS, GG, diferentes erros de “splicing™
foram encontrados. Dois pacientes apresentaram uma subtituciio ¢.264 G>A ao final do
exon 3. Os dois restantes apresentaram uma subtitucdo ¢.1326 + 1 G>A no intron 10 e
outra subtitugfo ¢.1164 — 2 A>G no intron 9. Esta dltima mutagfio também € um novo

registro na literatura.

As mutagbes identificadas na proteina gp9l-phox confirmam um alto grau de
heterogeneidade molecular como ¢ relatade em outros grupos étnicos e a importéncia de
investigar os defeitos moleculares em diferentes populagdes. Contrastando com esta
heterogeneidade, a DGC associada com defeitos na proteina p47-phox, apresentam pouca
variabilidade. Neste estudo, os pacientes analisados, dois irmfos, mostram uma delecio
homozigota GT (AGT) no comego do exon 2.




Também ¢ analisado o caso de um paciente com infecgbes recorrentes que inicalmente
recebeu o diagnostico de deficiéncia de G6PD. Estudos moleculares mostraram que a
deficiéncia de G6PD foi devida a uma mutagfio 202 G—A, variante Africana. - O paciente
também mostrou uma reduzida atividade da explosfio respiratéria como observado em DGC
ligada ac X. A andlise do gDNA mostrou uma subtitucio 264 G—A na regifio do splicing
do exon 3 da proteina gp91-phox. A seqiiéncia do ¢DNA detectou uma delegiio do exon 3,
levando a uma mutante mestavel ou ndo funcional da proteina gp91-phox e resultando no
fendtipo de DGC ligada ao X. Propomos que frente a um paciente com deficiéncia de
G6PD com episodios de infecgles graves considerem a possibilidade de um defeito na
atividade fagocitica e uma eventual associagio com DGC.

Palavras chave: Doenca Granulomatosa Cronica, Imunodeficiéncia Primaria, CYBB,

mutagdes, neutrofilos,fagocitos




ABSTRACT



Chronic granulomatous disease (CGD) is a rare primary immunodeficiency characterized
by early onset recurrent severe infections. The molecular defects causing CGD are
generally due to the absence, low expression or malfunctioning of one of the NADPH
oxidase components. This work analyzed the potential use of reverse transcription (RT)-
PCR for screening molecular defects responsible for X-linked CGD in 8 Brazilian patients.
Total RNA was prepared from EBV-transformed B-lymphocytes and reverse transcribed
using random hexamers. The resultant cDNA was PCR-amplified by specific and
overlapping pairs of primers regarding 3 exonic regions of gpQIk-phox gene. This strategy
made possible the detection of defective gp91-phox expression in 7 patients. We conclude
that RT-PCR analysis, a less complex,‘more economic and faster alternative method, was
appropriate for screening molecular defects in 7 out 8 X-linked CGD patients.

We further investigated the molecular genetic defects in 7 unrelated patients with X-linked
CGD, from Chile and Brazil. We found an insertion ¢.1267_1268insA in exon 10 leading to
a frameshift mutation. This mutation is a novel report. We detected two single base-pair
substitutions that lead to nonsense mutations. The first was a ¢.95 G>A substitution in the
exon 2 which predicts a stop codon W28X and the second was a ¢.229 C>T substitution in
the exon 3 which predicts a stop codon R73X. We also identified different splice site
mutations in 4 cases. Two patients presented a ¢.264 G> A substitution at the end of exon
3. The remaining two patients presented either a ¢.1326 + 1 G>A substitution in intron 10
or a ¢.1164 — 2 A>G substitution in intron 9. This last mutation is also novel The
gpS1l-phox mutations identified in these patients show a high degree of molecular
heterogeneity as reported in other ethnmic groups and the importance to investigate
molecular genetic defects in different populations. Contrasting with the heterogeneity of
mutations observed in X-linked CGD, the disease associated with defect in p47-phox shows
less variability. In this report, the patients with CGD, two siblings, show a homozygotous
dinucleotide GT deletion {AGT) at the beginning of exon 2.

We also reported a child with recurrent infections who initially received the diagnosis of
G6PD deficiency. Molecular studies showed that the G6PD deficiency was due a 202
G-—>A mutation, the A” variant common in African ethnic groups. The proband also
exhibited severely impaired respiratory burst activity, as observed in X-linked CGD.
Sequence analysis of gemomic DNA showed a 264 G-—>A substitution at the 3’ splice
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junction of gp91-phox exon 3. The cDNA sequence showed a deletion of gp91-phox exon
3, giving rise to an unstable or nonfunctional mutant gp91-phox and to the phenotype of X-
linked CGD. We propose that clinicians in face of a patient with G6PD deficiency under a
severe infection episode consider the possibility of temporary or permanent impairment of
the phagocytes microbicidal activity, and the eventual association of G6PD deficiency and
chronic granulomatous disease.

Keywords: chronic granulomatous disease, primary immunodeficiencies, CYBB,
mutations, neutrophils,phagocytes.
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CONCEITO E CLASSXFICAC};O DA DOENCA GRANULOMATOSA CRONICA |

Os reativos intermedidrios do oxigénio tiveram sua relevincia clinica
reconbecida, ao demonstrar-se que fagécitos de pacientes com a imunocieﬁcién;:ia priméria
denominada doenca granulomatosa crénica (DGC), apresentam atividade microbicida
defeituosa, resultado uma baixa produgfio de superdxido, secundaria 3s mutagdes que
afetam os componentes do sistema NADPH oxidase (HOLMES et al, 1966; HOLMES
et al., 1967).

A DGC infantil foi descrita como uma entidade clinica em 1957, a qual
acometia criangas do sexo masculino com pneumonia, linfadenite e abscessos localizados
em diferentes dreas (BERENDES et al., 1957, LANDING & SHIRKEY, 1957; BRIDGES
et al, 1959). Caracteriza-se clinicamente como uma imunodeficiéncia grave e rara
(incidéncia estimada de 1/250.000 nascidos vivos por ano), de manifestagdo precoce, na
qual, os quadros infecciosos por bactérias como Staphylococcus aureus, bacilos
gram-negativos e fungos como Aspergillus e Candida, ocorrem predominantemente em
locais considerados barreiras naturais do organismo (SEGAL et al., 1983; TAUBER et al.,
1983). Desta maneira, o paciente apresenta infec¢des graves e recidivantes na pele, vias
respiratorias, trato gastrointestinal e respectivos linfonodos que drenam essas 4reas. Qutros
orgdos sdo: figado, ossos, sistema nervoso central e pancreas (FORREST et al., 1988;
JOHNSTON, JR., 2001; WINKELSTEIN et al., 2000; SEGAL et al., 2000).

O defeito molecular da DGC reside na auséncia ou baixa expressiio de um dos
componentes do sistema NADPH oxidase. Assim, na forma ligada ao sexo, & afetada a
cadeia pesada do citocromo bsss , no caso, o componente gp91-phox (56% dos casos)
(DINAUER et al, 1987). Nas formas autossdmicas recessivas é afetado um dos
compopentes ¢itosOlicos do sistema NADPH oxidase, respectivamente a p47-phox ou
p67-phox (respectivamente 33% e 5% dos casos) (CLARK et al., 1989); ou ainda a cadeia
leve do citocromo bssg , o componente p22-phox (6% dos casos) (DINAUER et al., 1990;
PARKOS et al., 1988). Até o momento ndo se documentou pacientes com DGC secundiria
com defeitos nos componentes p40-phox, rapl A, racl, ou GDI. Descreveu-se recentemente
um paciente com uma imunodeficiéncia secundéria tendo o componente rac2 defeituoso
(JOHNSTON JR,. 2001). Com base nestes achados, a classificacdo atual da DGC baseia-se
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ern defeitos moleculares especificos (CURNUTTE, 1988; CURNUTTE et al, 1994;
WINKELSTEIN et al..2000; SEGAL et al., 2000). O mecanismo de heranca € definido pela
abreviacdo “A” para autossbmico ou “X” ligado ao sexo; o componente defeituoso da
oxidase € representado pelo peso molecular da proteina afetada, “91,” “22,” “47,” ou “677;
e o nivel de expressdo da proteina daguele componente & indicado pelo superescrito *“0”
para ausente, “+” para presente, e “-” para reduzido. O fen6tips X91° é o mais frequente,
secundério h4 defeitos no gene CY¥BB no cromosso X, que codifica a protemna gp91-phox e
resulta na auséncia de citocromo bssg e atividlade NADPH oxidase nula. O fenétipo X917 é
menos frequente, ¢ se refere 4 forma variante da DGC, Iaboratorialmente caracterizada por
peutréfilos com baixa atividade NADPH oxidase, proporcional ao nivel de citocromo bssg
expresso (LEW et al., 1981; NEWBURGER et al., 1986; ROOS et al., 1996b; RAE et al,,
1998). No fendtipo X917, o citocromo bssy encontra-se em niveis normais, entretanto sua
atividade estd diminuida ou ausente. A maioria das formas autossdmica recessivas de DGC
nfo guarda expressio residual do componente afetado (fendtipos A22°, A47°, e A67"),
entretanto formas variantes autossdmicas ocasionais de DGC j4 foram descritas (SHURIN
et al., 1983).

Dentre os defeitos génicos de pacientes com DGC, os mais comuns sfo:
delegbes, insercles e substituicSes. Sendo que, a maior parte destes pacientes possui
mutacdes exclusivas de suas familias. A diversidade destas mutagdes e os muiltiplos genes
afetados constituem uma explicaglio para a heterogeneidade clinica e genética da DGC
(CURNUTTE, 1993; ROOS et al, 1996a). Neste sentido, o estudo das células dos
pacientes com DGC, além de ilustrar a relevancia clinica dos reativos intermediarios do
oxigénio, possibilitou a identificacio dos diversos componentes do sisiema NADPH

oxidase, bem como seus mecanismos de ativagiio (DINAUER et al., 2000).

MUTACOES NA DGC LIGADA A0 X

O gene CYBB, o qual codifica a grande subunidade glicosilada do citocromo
bsss, denominada gp91-phox, contém 13 éxons e ocupa aproximadamente 30 kb da regifio
Xp21.1 do cromossomo X (BAEHNER et al, 1986). Diversos defeitos moleculares que
levam & DGC ligada ao sexo, foram identificados nas regifes codificadora, fntrons e
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raramente nas regifes 5° regulatérias deste gene. (ROOS et al, 1996b; RAE et al., 1998;
FREY et al, 1988; DE SAINT-BASILE et al., 1988; DINAUER et al, 1989; BOLSCHER
et al.,1991; SCHAPIRO et al., 1991; de BOER et al. ,1992; RABBANI ¢t al., 1993;
ARIGA et al., 1994a; ARIGA et al, 1994b; LEUSEN et al, 1994; NEWBURGER et al.
,1994a; ARIGA et al, 1995; AZUMA et al, 1995; BU-GHANIM et al, 1995; CROSS
et al ,1995; ARIGA et al, 1998; NEWBURGER et al ,1994b; SUZUKI et al, 1998,
HEYWORTH et al., 2001; SEGAL et al., 2000).

Roos ¢ colaboradores identificaram incialmente uma grande colecio de
mutagbes que levam ao fen6tipo de DGC, estas mutagSes foram disponibilizadas em uma
base de dados computadorizada, (ROOS et al, 1996a), a qual, pode ser acessada pela
internet no  endereco  http://www.helsinki.fi/science/sional/databases/x-cgdbase.html.
Posteriormente mais de 300 mutacSes que levam ao fenStipo de DGC ligada ao X,

identificadas por um grupo de pesquisadores também disponiveis no site:
http://www.uta. f/imtbioinfo/CYBBbase (HEYWORTH et al., 2001).

Os tipos de mutacdes que causam DGC ligada ao sexc incluem grandes
delecOes multigénicas, delegles e inser¢des menores, substituigdes do tipo “missense” e
“nonsense”, bem como defeitos de “splicing”. Os principais estudos (ROOS et al., 1996b;
RAE et al.,1998; WINKELSTEIN et al., 2000; SEGAL et al, 2000; HEUNG-BUM et al,,
2004), mostram que as mutagbes se distribuem com frequéncia similar entre os €xons e nas
bordas dos genes. Familias nfo relacionadas nestes estudos serviram como base para os
calculos das frequéncias relativas de diferentes tipos de mutagSes. A heterogeneidade das
mutactes ¢ a falta de um gendtipo predominante mostram que a incidéncia mundial de

DGC ¢é consequéncia de muitos eventos mutacionais.

Rae e colaboradores (1998) identificaram mutacdes no gene CYBB que levaram
ao fendtipo de DGC ligada ao sexo em 131 familias consecutivas ¢ independentes. O
rastreamentc por meic de SSCP ("single strand confrmation polymorphism analysis")
identificou mutactes em 124 familias. O sequenciamento completo dos éxons e das regides
préximas as extremidades dos introns revelou outras 7 mutagbes. Neste estudo foi possivel
identificar 103 diferentes mutacdes especificas, sendo que nenhuma mutacfio isolada se

repetiu em mais que 7 familias independentes. Os tipos de mutacSes foram grandes e
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pequenas deleces (11%), “frameshiﬁs” (24%), mutacles "nonsense” (23%), mutagles
"missence” (23%), mmitagSes na regifio do "splicing” (17%) ¢ mutagSes nas regiSes
reguladoras (2%). A distribuicio das mutacBes ao longo do gene CYBB mostrou-se bastante

heterogénea e nfo foi identificado nenhum locus preferencial para sua ocorréncia.

Na América Latina, Patino e colaboradores (PATINO et al.,,1999a) estudaram
sete familias nfio relacionadas na Colombia e no Brasil. Neste estudo, seis mies eram
portadoras de um alelo CYBB mutante, sendo que um dos casos tratava-se de uma mutagio
"de novo". Este grupo identificou uma substituigio A por G no peniiltimo nucleotideo do
intron 12, quatre novas mutagbes "nonsense” (R91X, W106X, R157X, R290X), além de
outras duas mutacSes "missense” (E225V, C244Y).

Mutagbes proximas aos sitios de “splicing” levam 4 DGC, interferindo com o
processamento do RNA mensageiro, sendo documentadas em 39 de 251 casos nos estudos
principais (ROOS et al, 1996a; RAE et al, 1998; WINKELSTEIN et al., 2000; SEGAL
et al, 2000). A maior parte das mutagdes ocorreu nos sitios de “splicing”, e resultaram no
fenétipo X91° devido a delecio de um ou mais éxons, como na maioria das mutacBes
“splicing” que levam a DGC ligada ao sexo, anteriormente documentadas (de BOER et al.,
1992). Entretanto, numa minoria de casos, tais mutagdes levam ao fenétipo X917, devido a
manutencdo parcial do “splicing” normal (RAE et al., 1998). Uma destas familias, assunto
de pesquisa de nosso grupo, mostrou-se especialmente responsiva ao tratamento com
interferon-gama (IFN-y)1, com restauragfio quase completa da atividade oxidase in vifro e
in vivo, pelo menos em parte pelo aumento dos niveis de transcritos normais
(EZEKOWITZ et al, 1987; EZEKOWITZ et al,. 1988; CONDINO-NETO et al., 1997;
CONDINO-NETO & NEWBURGER, 2000).

MUTACOES NA DGC AUTGSSOMICA

O ntmero de mutacSes identificadas em pacientes com DGC autossOmica é
menor que na DGC ligada ao sexo, devido a uma menor incidéncia de DGC autossOmica.
Nove familias com deficincia de p22-phox, cerca de 40 familias com deficiéncia de
p47-phox e 11 familias com deficiéncia de p67-phox tiveram suas mutacSes identificadas.
Os resultados indicam que as bases genético-moleculares das deficiéncias de p22-phox e
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p67-phox sio tio heterogéneas quanto &s observadas nas deficiéncias de gp91-phox, ligadas
a0 X, enquanto os casos de deficiéncia de p47-phox sfio mais homogéneos (ROOS et al.
1996a; RAE et al. 1998; CROOS et al, 2000).

Em 9 familias com mutacles na p22-phox, 10 diferentes mutaces foram
descobertas em 18 alelos, incluindo delegBes, insercSes e substituicGes proximas aos sitios
de “splicing”, e mutacGes missense(CROSS et al, 1996; ROOS et al. ,1996b). Em 7
familias os pacientes eram homozigotos para as mutagBes encontradas, enquanto em 2
familias os pacientes eram heterozigotos compostos. Somente em 2 familias ndo
relacionadas, foram encontrados pacientes com a mesma mutagdo. Somente 4
polimormismos da p22-phox foram identificados. Portanto, pequepas alteragGes na
composi¢do desta proteina parecem resultar em instabilidade intrinsica ou instabilidade
secundiria pela baixa interagiio com a gp91-phox, ao compor o citocromo bssg (DINAUER
et al., 2000).

As mutacdes que levam a DGC autossdmica por defeitos na p47-phox tém sido
um enigma para os pesquisados de DGC. Em 35 pacientes nfio relacionados com
deficiéncia da p47-phox , foi identificada uma deleciio de 2 nucleotideos na repetigfio
GTGT, correspondente as 4 primeiras bases do segundo éxon do gene NCF] (CHANOCK
et al, 1991; CASIMIR et al, 1991; IWATA et al, 1994; VOLPP & LIN, 1993). Em 31
destes casos a deleciio GT foi homozigota € em 1 dos outros 4 pacientes, outra mutagfio de
1 nucleotideo foi identificada além da delecio GT. Surpreendentemente, no entanto, a
amplificacdc por PCR do ¢DNA ou gDNA de individuos normais, também revelou a
presenca simulténea da sequéncia GTGT e do produto com a delegfio GT. Isto sugeriu a
existéneia de um pseudogene com a delecdo GT, além do gene NCFI, pelo que a DGC
autossbmica por defeito da p47-phox se deve a recombinagio entre o gene NCFI e o
pseudogene (GORLACH et al, 1997). Recentemente, foram também descritos casos de
DGC secundérios com defeitos no p47-phox, por mutacdes niio relacionadas ao pseudogene
(NOACK et al,, 2001; HEYWORTH et al., 2003).

Dos 11 pacientes descritos com DGC autossdmica por deficiéncia de p67-phox,
11 diferentes mutacdes foram identificadas em 22 alelos afetados. Estas incluem mutagSes

“missense™, “nonsense”, substituicbes nos sitios de “splicing”, uma insercio de
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dinucleotideo e uma variedade de delegBes, cujos tamanhos variam de alguns nucleotideos
de até 11-13 kb (AOSHIMA et al, 1996; PATINO et al, 1999b; LEUSEN et al, 1996;
NUNOI et al,, 1995; TANUGI-CHOLLEY et al,, 1995; de BOER et al,, 1994). Em alguns
casos de DGC autossdmica por deficiéncia de p67-phox, o nivel de mRNA para p67-phox
foi normal, mas a proteina p67-phox mostrou-se indetectdvel Entretanto, em um dos
pacientes com 1 delegdo de 3 nucleotideos (1718-1720), cerca de 50% da protefna estava
presente. Neste paciente, a mutaco prediz uma delecio na "moldura” (L Ys-58) e resulta na
expressdo de p67-phox ndio funcional que nfo se transloca para a membrana plasmatica
(LEUSEN et al., 1996).

CORRELACAO GENOTIPO-FENOTIPO

No geral os casos de DGC autossdmica p22-phox° e p67-phox® so tio graves
quanto os casos de DGC ligada ao X gp91-phox°. Por outro lado, diversas comparacBes
clinicas entre DGC ligada ao X ¢ DGC autossdmica secundéria com defeitos no p47-phox
sugerem que esta Gltima tern evolugiio mais benigna (The International Chronic
Granulomatous Disease Cooperative Study Group, 1991; MARGOLIS et al, 1990;
WEENING et al, 1985), o que pode ser atribuida a atividade NADPH oxidase residual

(CROSS & CURNUTTE, 1995; CROSS et al., 1994; BEMILLER et al, 1995;
WINKELSTEIN et al., 2000). Espera-se que pacientes com o fenétipo X91°, com atividade
NADPH oxidase residual de 3-30% tenham evolucio mais benigna do que aqueles com
fendtipos X91° e X917 (ROOS et al.,,1992).

O prognostico de pacientes com DGC melhorou significativamente desde que a
doenca foi descoberta na década de cinquenta, quando era denominada “granulomatose
fatal da infincia”. Os pilares do tratamento da DGC sfio: 1) prevensio das mfecgdes por
meio de imunizacBes e remogdo das fontes de patbgenos, 2) uso profilitico de
trimetoprin-sulfametoxazol ou outro antimicrobiano com penetragio intracelular, 3) uso
profildtico de IFN-y, 4) uso precoce e agressivo de antibiéticos parenterais, 5) drenagem
cirlirgica ou ressecgdio de focos infecciosos persistentes. Dos cinco itens, o mais importante
¢ a intervenglo precoce nas infecgbes, antes que elas resultem o comprometido do sistema
imunolégico do paciente com DGC (ROOS & CURNUTTE, 1999; SEGAL et al., 2000).
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O IFN-y humano recombinante estd indicado na dose de 50 pg/m’® de superficie
corporal, por via subcutédnea, trés vezes por semana. Ele reduz o risco relativo de infecgbes
graves em 70%. Recentemente foi demonstrado que o IFN-y incrementa a fidelidade do
"splicing” ¢ a estabilidade dos transcritos do gene CYBB, corrigindo parcialmente 2
expressio do componente gpS1-phox, atenuando o fendtipo de DGC ligada ao sexo em uma
familia especialmente responsfvel ao IFN-y (RAE et al, 1998; CONDINO-NETO &
NEWBURGER, 2000).

Dentre as perspectivas de cura, no que pese a dificuldade imposta pela
heterogeneidade das mutages que levam ao fenétipo de DGC, o programa de terapia
génica evoluiu esperancosamente e espera-se que seja aplicada clinicamente na proxima
década (ROOS & CURNUTTE, 1999; DINAUER et al, 2000; SEGAL et al, 2000;
JOHNSTON Jr., 2001). Alternativamente, o mini-transplante de medula também apresenta
resultados promissores (HORWITZ et al,, 2001; NAGLER et al., 1999; AMROLIA et al.,
2001), sendo esta, uma possivel estratégia de corrego fenotipica parcial em casos

selecionados.

Apesar da intensa investigacio clinica, bioquimica e molecular, existem ainda
muitas lacunas no conhecimento dos defeitos genético-moleculares e sua correlagdo com os
diferentes fenétipos da Doenga Granulomatosa Crdnica (DGC) (DINAUER et al. ,2000).

Identificar 0 componente alterado e a mutagfio subjacente que leva 3s variadas
manifestagdes clinicas ¢ muito importante, pois cada paciente com DGC e sua familia tém
potencialmente um defeito molecular especifico. Isto é essencial para o aconselhamento

genético adequado, viabilizando a terap@utica precoce e prevengdo de segiielas.

Os resultados advindos deste trabalho contribuirfo para o avanco do
conhecimento sobre a estrutura, fungfio ¢ regulagiio do sistema NADPH oxidase fagocitico
humano; o desenvolvimento e diferenciagfio da série mieldide humana; os mecanismos do |
sisterna imune inato; €, sobretudo para a construcio de estratégias que permitam a correcio

definitiva dos defeitos genético-moleculares relacionados a esta ¢ outras doencas.
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OBJETIVO GERAL

Identificar as alteragBes genético-moleculares de pacientes com DGC.

OBJETIVOS ESPECIFICOS

Capitulo 1: “O wso da transcripedo reversa seguida de PCR no diagndstico de
doenga granulomatosa crénica ligada ao X7

Identificar o componente defeituoso nos leucdcitos de pacientes com DGC,
por meio de ensaio RT-PCR.

Capitulo 2: “ Genética molecular da doenga granulomatosa crénica ligada ao
X em pacientes latino-americanos”,

Identificar o componente defeituoso do sistema NADPH oxidase nos leuc6citos
de pacientes com DGC, por meio de “Western Blot” e ensaio RT-PCR.

Localizar a mutagio no gene gp91-phox , mediante andlise de polimorfismo
conformacional de cadeia simples (SSCP).

Identificar a mutagfio especifica no gene gp91-phox, por meio de
sequenciamento enzimatico do DNA amplificado.

Capitulo 3: “ Associacdo de deficiéncia de glucose-6-fosfato desidrogenase e
doen¢a granulomatosa crénica ligada ao X num paciente com anemia e infecgbes

recorrentes’’.

Correlacionar as alteracdes genético-moleculares com o fendtipo de um
Ppaciente estudado com associacdo de DGC e deficiéncia de G6PD.

Capitulo 4: Doenca granulomatosa crbnica autossémica: relato de caso e
andlise genético-molecular de uma familia brasileira,

Localizar a2 mutagio no gene p47-phox , mediante anilise de polimorfismo
conformacional de cadeia simples (SSCP) em dois irmfios.

Identificar a mutagfio especifica no gene p47-phox, por meio de
sequenciamento enzimatico do DNA amplificado.

Correlacionar as alteragbes genético-moleculares com o fenétipo dos pacientes
estudados.
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ABSTRACT

Chronic Granulomatous Disease (CGD) is an inherited disorder of the innate immune
system characterized by a defective oxidative burst of phagocytes and ‘subsequent
impairment of their microbicidal activity. Mutations in one of the NADPH oxidase
components affect gene expression or function of this system, leading to the phenotype of
CGD. Defects in gp91-phox lead to X-linked CGD, responsible for approximately 70% of
CGD cases. Investigation of the very heterogeneous genotype of CGD patients includes
murtation analysis, northern blot or western blot assays according to the particular case. The
aim of this work was to use reverse transcription (RT)-PCR for the analysis of molecular
defects responsible for X-linked CGD in eight Brazilian patients and to evaluate its
potential for broader application for molecular screening in CGD. Total RNA was prepared
from EBV-transformed B-lymphocytes and reverse transcribed using random hexamers.
The resultant cDNA was PCR-amplified by specific and overlapping pairs of primers
designed to amplify three regions of the gp91-phox gene: exons 1-5, 3-9, and 7-13. This
strategy detected defective gp91-phox expression in seven patients. The RT-PCR results
matched clinical history, biochemical data (NBT or superoxide release assay) and available
mutation analysis in four cases. In three additional cases, RT-PCR results matched clinical
history and biochemical data. In another case, RT-PCR was normal despite a compatible
clinical history of CGD and defective respiratory burst. We conclude that RT-PCR analysis
— a simple, economical and rapid method — was appropriate for screening molecular defects
in 7 of 8 X-linked CGD patients.
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INTRODUCTION

Chronic granulomatous disease (CGD) is a primary immunodeficiency,
originally described in 1957 as a clinical entity affecting male infants and nained, at the
time, fatal granulomatous disease of childhood. The main characteristics of CGD are
recurrent and severe infections involving the natural barriers of the organism such as the
respiratory tract and lymph nodes, and eventually inner structures such as the liver, spleen,
bones, and brain (1-3). The estimated incidence of this rare disease is 1/250.000 live births
per year. The infections are generally caused by catalase positive bacteria such as
Staphylococcus aureus, gram-negative bacill, and fungi species such as Aspergillus,
Candida and Nocardia (4,5).

The NADPH-oxidase system generates superoxide and other reactive oxygen
intermediates, crucial for phagocytes’ microbicidal activity. The biochemical defect in
CGD is an impairment of NADPH-oxidase activity and subsequent inability to destroy
microorganisms (6). The main components of the NADPH oxidase system are gp91-, p22-,
p47-, p67-, and p40-phox. Molecular defects causing CGD are generaily due to absence,
low expression or malfunctioning of one of the NADPH oxidase components. The X-linked
form of this disease is caused by defects in gp91-phox, the heavy chain of the cytochrome
‘bsgs, and accounts for approximately 70% of all cases (7,8). The autosomal recessive forms
are caused by defects in one of the cytosolic components of the NADPH oxidase (p47-phox
or p67-phox, respectively 20% and 5% of cases), or the cytochrome bsgs light chain
component (p22-phox, 5% of cases) (9,10). CGD is a very heterogeneous condition: over
300 mutations have been registered in an internationally-maintained X-CGD database (8).
The mutations have been distributed largely within the 13 exons or at exonfintron
boundaries of the gp91-phox (CYBB) gene and almost 200 of these mutations are unique.

The diagnosis of CGD is generally based on the presenting clinical
characteristics of CGD plus defective NADPH oxidase activity as demonstrated by
abnormal nitroblue tetrazolium (NBT), dihydrorhodamine (DHR) 123, or superoxide
release assays. (11,12). In the stimulated NBT test, normal individuals display nearly 100%
positive cells, while in CGD patients, fewer than 5% of the cells are positive (13). In
addition, cells from patients with variant CGD are positive, but show only very low activity
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(6). The NBT test also detects the carriers of X-linked CGD (mothers and sisters). A
definitive molecular CGD diagnosis is established in patients with abnormal NBT test or
respiratory burst activity who have one of the following characteristics: a mutation in gp91,
p22, pd7, or p67-phox; absent mRNA for one of these genes detected by Northern blot
analysis; and/or absent protein for one of these oxidase components by western blot. A
genetic, but not molecular, diagnosis can be established by demonstration of maternal
cousins, uncies, or nephews with an abnormal NBT test or respiratory burst (14). Thus, the
establishment of definitive diagnosis of this rare and very heterdgeneous disease requires
complex and expensive methodologies such as a combination of northern blot or western
blot, and single strand conformation polymorphism analysis (SSCP) foliowed by DNA
sequencing of several family members, all performed in high complexity research
laboratories.

The reverse transcription—PCR (RT-PCR} method involves the amplification of
c¢cDNA by PCR. This technique can be easily standardized in less sophisticated laboratories.
it provides information about gene expression and preliminary data about the structure or
size of the mRNA of the defective component. RT-PCR has seldom been used in CGD
research, restricted to pathophysiology studies (15-29). To date, the potential use of this
useful tool for establishing the definitive diagnosis of X-linked CGD, the most frequent
form, has not been investigated extensively. The aim of this work was to analyze the
potential use of RT-PCR for screening molecular defects responsible for X-linked CGD, a
rare and possibly misdiagnosed immunodeficiency, in eight Brazilian patients.
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METHODS
Patients

The study included 8 nonm-related male Brazilian patients with probable
X-linked CGD (2 Blacks, 6 Caucasians; age 2-8 vears; height 88-108 cm; weight 11-19
kg). The patients presented clinical histories of recurrent severe infections such as
preumonia, lymphadenitis, liver abscess, pyodermitis, and adverse reactions to BCG
immunization. The patients were referred to our laboratory for biochemical and molecular .
diagnostic evaluation. Written informed consent was obtained from the participants prior to
the study. The Medical School Ethics Committee approved the protocol in accordance to
the Helsinki Convention and Brazil Ministry of Health, Resolution 196/96.

Biochemical diagnosis of CGD

The biochemical diagnosis of CGD was established according to the Pan
American Group for Immunodeficiencies criteria. An impairment of the NADPH oxidase
activity was demonstrated by the nitroblue tetrazolium (NBT) slide test and/or the
superoxide anion release assay by peripheral blood neutrophils and mononuclear leukocytes
(14,30,31). Neutrophils and mononuclear leukocytes were obtained by centrifugation of
blood samples over a Ficoll-Hypaque density gradient (32).

The NBT slide test was based on the reduction of NBT to formazan by
activated leukocytes (31). The assay was performed as previously published (30). More
than 95% of 200 normal neutrophils stimulated with PMA (300M) should be able to reduce
NBT. Absent reaction or <5% positive cells was considered diagnostic of CGD (14).

Quantitative superoxide release by neutrophils and mononuclear leukocytes
was assessed by a modified superoxide dismutase-inhibitable cytochrome ¢ reduction assay
as previously published (33-35). The amount of superoxide released was calculated using
an extinction coefficient for cytochrome ¢ of 0.21nM cm™. The results were expressed as
nmol of superoxide released by 10° cells per hour. Patients with CGD showed less than
10% of control values.
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Screening molecular defects responsible for X-linked CGD

B-lymphocytes from X-linked CGD patients were transformed in vitro with
EBYV (15,16) in order to provide an abundant source of nucleic acids for molecular studies.
The EBV-transformed B cell lines reproduce the biochemical and molecular defects of
CGD patients (15,16,36), and avoid repeated blood collections. Briefly, peripheral blood
leukocytes from X-linked CGD patients were cultured with supernatants from B95-8, an
EBV-producer cell line (15,16,36,37), in RPMI 1640 medium supplemented with heat
inactivated fetal bovine serum (10%), 2 mM L-glutamine, 100 U/ml penicillin, and 100
ug/ml of streptomycin, at 37°C, in a humid atmosphere with 5% CO,. Cellular viability was
monitored and the cultures were maintained during the study period.

RNA samples from EBV-transformed B-cell lines were prepared by the
guanidine HCl method, followed by ethanol precipitation and quantification by standard
methods (38,39). The cDNA samples were obtained by reverse transcription of 2 ug of total
RNA with SuperScript II RT (GIBCO BRL) and random hexamers (15). The quality of the
mRNA samples was checked by PCR amplification of B-actin, a constitutive gene control
(bp 920-943 and bp 1494-1471) (Gen Bank accession No. NM001101).

gp91-phox gene expression was assessed by RT-PCR. Specific and overlapping
pairs of primers (Gen Bank accession No. NM 000397, Table I) were used to amphfy (30
cycles) three gp91-phox exonic regions: 1-5, 3-9, and 7-13. This strategy allowed us to
screen all gp9l-phox exons. PCR products were analyzed by agarose (2%) gel
electrophoresis and stained with ethidium bromide.

gp91-phox relative gene expression was analyzed by a Image Master Software
{Pharmacia-Biotech). The densitometry result for target samples was divided by the
densitometry result of B-actin, a constitutive gene control, normalizing the level that was
considered for analysis. The results of RT-PCR assays were compared to patients’ clinical
history, biochemical assays (NBT and/or superoxide release assay), and available mutation
analysis data (http://www.sbiorg.br/Sbi2003/index. htm).
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RESULTS

We studied & male patients with clinical histories of recurrent severe infections,
refen*éd to our laboratory for biochemical and molecular diagnosis of CGD. The results
from the NBT slide tests and the superoxide release assays are shown in Table II. Six
patients presented less than 5% positive leukocytes in the NBT slide test. Six patients
showed impaired superoxide release by granulocytes and/or mononuclear leukocytes (less
than 10% compared to healthy controls). Four patients had abnormal results on both tests.
All patients presented at least one abnormal test and received the diagnosis of probable
X-linked CGD. The mother and the sister of patient TBP presented a NBT slide test
compatible with the carrier state of X-linked CGD. During the study period one patient
(GM) died from pneumonia.

We next investigated the definitive diagnosis of X-linked CGD by RT-PCR
analysis of gp91-phox gene expression. The results of the RT-PCR amplification with three
sets of overlapping primers are presented in Table II. The quality of mRNA sample was
checked by PCR amplification of B-actin, a constitutive gene control. Expected normal
products were obtained in this case (Figures 1, 2 and 3).

The amplification of exons 1-5 detected two patients (GM and RB) with
reduced gp9i-phox gene expression (Figure 1, lanes 1 and 2, respectively). One patient
(JEM, lane 8) showed absent gp91-phox gene expression. Two patients (GG and RS,
Figure 1, lanes 3 and 7, respectively) presented a smaller PCR product (between 300 and
400 bp), suggesting a splicing defect or small deletion. Three patients presented normal
gp91-phox expression (TPB, MF and TP; Figure 1, lanes 4, 5, and 6, respectively).

The results of RT-PCR amplification of gp91-phox exons 3-9 are presented in
Figure 2. Two patients (RB and MF) presented reduced gp91-phox gene expression
(Figure 2, lanes 2 and 5, respectively). Three patients (GG, RS, and JEM; lanes 3, 7, and 8,
respectively) presented absent gp91-phox gene expression. Three patients presented normal
gp91-phox expression (GM, TPB and TP; Figure 2, lanes 1, 4 and 6, respectively).

RT-PCR amplification of gp91-phox exons 7-13 is presented in Figure 3. One
patient (RB) presented reduced gp91-phox gene expression (Figure 3, lane 2). Four patients
(GM, GG, TP and JEM, lanes 1, 3, 6, and 8, respectively) presented absent gp91-phox gene
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expression. Three patien‘ts (TPB, MF and RS; Figure 3, lanes 4, 5 and 7, respectively)
presented normal gp91-phox expression.

In four cases, it was possible to match RT-PCR data with available mutation
analysis, presented elsewhere by Patifio e al (30) or by our group
(http://www .sbi.org.br/Sbi2003/index htm): JEM presents a Ciso—T transition in exon 3,
predicting a nonsense mutation (R157X). MF presents a nonsense substitution in exon 3, R
(Arginine) 73— Stop. RS showed a 264 G—A substitution at the 3° splice junction of
gp91-phox exon 3. The cDNA sequence showed a deletion of gp91-phox exon 3, giving rise
to an unstable or nonfunctional mutant gp91-phox. GG presented a defective splicing of
gp91-phox exon 3 (the underlying mutation was not determined yet). The other patients

remain under current investigation.

Taken together, this strategy made possible the detection of defective
gp91-phox expression in seven of eight patients. The RT-PCR results matched clinical
history, biochemical data (NBT or superoxide release assay) and available mutation
analysis in four cases. In three additional cases, RT-PCR results matched clinical history
and biochemical data. In another case, RT-PCR was normal despite a compatible clinical
history of CGD, a defective respiratory burst characterized by NBT test and superoxide
release assay and NBT tests of his mother and sister compatible with X-linked CGD carrier
state.
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DISCUSSION

This paper reports on the biochemical and gene expression studies of 8
unrelated Brazilian male patients with a clinical history of CGD, who were referred to our
laboratory for detailed investigation. CGD is a rare inherited disorder in which phagocytic
cells are unable to generate superoxide anion and other reactive oxygen intermediates. We
bave initially established the diagnosis of probable X-linked CGD by means of biochernical
tools such as the NBT slide tests and/or superoxide anion release assays. Our results have
shown that all patients presented an impaired NADPH oxidase fimction and in turn,
probable X-linked CGD.

Both methods contribute to the probabie diagnosis of CGD i different ways.
The NBT slide test provides information about the number of cells that reduce NBT to
formazan inside the cytoplasm and the intensity of this reduction. Thus, patients with
variant forms of X-linked CGD show abnormal NBT slide tests, in which most of the cells
weakly reduce NBT to formazan. The NBT slide test also diagnoses female carriers of
X-linked CGD. The superoxide release assay measures the reduction of cytochrome ¢ by
superoxide produced by activated leukocytes present in the reaction, making possible the
diagnosis of variant forms of X-linked CGD. Both tests can be easily standardized in low
complexity laboratories and do not require expensive eqmpment. The DHR test is a very
sensitive method for the biochemical diagnosis of CGD, however it requires a flow

cytometer, a very expensive instrutment.

We investigated gp9l-phox gene expression in EBV-transformed B
lymphocytes from CGD patients by RT-PCR analysis. Specific and overlapping pairs of
primers were used to amplify three regions of the gp91-phox gene by RT-PCR: exons 1-5,
3-9, and 7-13. This strategy made possible the detection of defective gp91-phox expression
in seven patients. The RT-PCR results matched clinical history, biochemical data (NBT or
superoxide release assay) and available mutation analysis in four cases. In three additional
cases, RT-PCR results matched clinical history and biochemical data.

gp91-phox gene expression was reduced in all exonic regions of patient RB.
This reduction can be the result of mutations leading to low RNA stability or altered
transcriptional activity. Patients GM and TP showed absent expression of exons 7-13,
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suggesting that the decreased expression of these more 3’-end exons can be the result of
RNA instability or a splicing defect — e.g. partially correct splicing to produce a signal, but
partially abnormal splicing to eliminate a primer binding site, a subject to be investigated
by future genomic DNA mutation analyses.

The patient GG presented a diffuse, low abundance, smaller-sized product of
exons 1-5 (Figure 1), and absent expression of other exonic regions. His mutation analysis
has shown a defect at exon 3 splice site. Similarly, the mutation analysis of patient RS has
also revealed a defect at exon 3 splice site. However, in this case, a smaller abundance PCR
product could be detected.

The patient MF presented reduced expression of exonic regions 3-9 and 7-13,
which can be the result of defective transcriptional activity in exon 3. JEM presents a
nonsense mutation in exon 5 that resulted in loss of gp91-phox expression, as evidenced by
RT-PCR analysis, a possible consequence of nonsense-mediated mRINA. instability.

In one case, TPB, gp91-phox gene expression was normal despite a family
history compatible with CGD and a defective respiratory burst activity. In this case, the
diagnosis of probable X-linked CGD was based on abnormal NBT tests in his mother and
his sister, compatible with a carrier state. We hypothesize that a point mutation, such as a
single base substitution that does not change PCR fragment length or abundance,should be
investigated in this particular case.

RT-PCR is a powerful tool to assess gene expression. This characteristic may
partially explain the variability of gp91-phox gene expression among the patients included
in this study, and the importance to combine overlapping pair of primers to screen the full
length of the message. RT-PCR has been used in isolated case studies as part of the initial
diagnosis of the different forms of CGD (17-22). RT-PCR analysis was also useful in the
prenatal diagnosis of CGD, resulting from p47-phox deficiency (23). However it has been
more commonly used for the study of gene regulation of the NADPH oxidase components
in a variety of cells (15,16,24-29). To date, the potential use of this useful tool for
establishing the definitive diagnosis of X-linked CGD, the most frequent form, has not been
investigated extensively. Further studies should be performed to compare the sensitivity
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and specificity of this test compared to other complex assays such as western or northern
blots.

Overall, we have demonstrated that RT-PCR, a simple and low cost
methodology, established the definitive diagnosis of X-linked CGD in 7 out of 8 cases,
without the need to use complex and expensive methodologies such as northern blot, slot
blot, SSCP analysis, or genomic DNA sequencing. Thus, RT-PCR may be a suitable tool
for diagnosing CGD in laboratories from developing countries. It is very important to
determine the definitive molecular genetic defect in order to provide the appropriate genetic
counseling and prognosis to kindreds with CGD. In addition, molecular genetic studies of
the human NADPH oxidase system will advance the knowledge about this crucial and

ancient defense mechanism.
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LEGENDS TO TABLES

Table I-Oligonuclectide primers used for gp91-phox RT-PCR analysis.

Table II-Stimulated respiratory burst activity (PMA-30nM) of granulocytes (GRA) and
mononuclear leukocytes (MON) as assessed by the NBT test or superoxide release
assay, and gp91-phox gene expression in EBV-transformed B lymphocytes from
CGD patients as assessed by RT-PCR analysis. Granulocytes and mononuclear
leukocytes from healthy controls released superoxide respectively in the range of
6-14 and 5-7 nmol O, 710%cells/60min.
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Table I-Gp%1-phox specific primers

Region Sequence of gp91-phox primers
. Forward Reverse
Exons 1-5 5°- GCT CTA GAG CAT GAG GGG CTC 5- CGG GAT CCC GAG TIC AGA GAG TGC
TCCATTTTT GTC A-% TACTGAATAA-3
Exons 3-9 5-GCCTGCCTGAATTICAAC-3 5 -TCATCTGTAGCTCGA TG -3
Exons 7-13 5- GGAATGCCCAATCCCTCAG-3 5-GGGCCAGACTCAGAGTIGG -3

Table HI-Biochemical and RT-PCR data from X-finked CGD patients.

Patient Respiratory Burst gp9-phox gp9i-phox gp%l-phox
atien
Activity Exons 1-5 Ezxons 3-9 Exons 7-13
NBT Superoxide Relative Expression
1.GM MON 1.0 Reduced Reduced Absent
2RB  <5% Reduced Reduced Reduced
3.6 <% Possible splicing defect Absent Absent
MON 0.27 ) Normal expression
4.TPB <5% Normal expression Normal expression
GRA 0.22
SMF <5% GRA (.22 Normal expression Reduced Reduced
MON 0.25 . Reduced
6.TP <% Normal expression Absent
GRA 0.46
MON -0.03 . Absent
7.R8 Possible splicing defect Reduced
GRA 0.58
MON 0.0 Absent :
8JEM <5% Absent Absent
GRA O3
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LEGENDS TO FIGURES

Figure 1-RT-PCR analysis of gp91-phox geme expression (exons 1-5) im EBV-
transformed B cells lines from X-linked CGD patients: Representative agarose gel
electrophoresis (2%) of PCR products stained with Ethidium bromide. Size standards (100
bp ladder); Lane 1,patient GM; Lane 2,patient RB; Lane 3, patient GG; Lanes 4, patient
TPB; Lane 5,patient MF; Lane 6,patient TP; Lane 7,patient RS; lane 8,patient JEM; and
Lane 9, healthy control. B-actin was used as an internal control for de RT-PCR in all
samples. The lower panel shows the mean band densitometry of gp 91-phox/p actin relative

expression (n=3).

Figure 2-RT-PCR analysis of gp91-phox geme expression (exons 3-9) in EBV-
transformed B cells lines from X-linked CGD patients: Representative agarose gel
electrophoresis (2%) of PCR products stained with Ethidium bromide Size standards (100
bp ladder); Lane 1, patient GM; Lane 2, patient RB; Lane 3, patient GG; Lanes 4, patient
TPB; Lane 5, patient MF; Lane 6, patient TP; Lane 7, patient RS; lane 8, patient JEM; and
Lane 9, healthy control. B-actin was used as an internal control for de RT-PCR in all
samples. The lower panel shows the mean band densitometry of gp 91-phox/B actin relative

expression (n=3).

Figure 3-RT-PCR analysis of gp91-phox gene expression (exoms 7-13) in EBV-
transformed B cells lines from X-linked CGD patients: Representative agarose gel
electrophoresis (2%) of PCR products stained with Ethidium bromide. Size standards (100
bp ladder); Lane 1, patient GM; Lane 2, patient RB; Lane 3, patient GG; Lanes 4, patient
TPB; Lane 5, patient MF; Lane 6, patient TP; Lane 7, patient RS; lane 8, patient JEM; and
Lane 9, healthy control. B-actin was used as an internal control for de RT-PCR in all
samples. The lower panel shows the mean band densitometry of gp 91-phox/P actin relative

expression (1¥3).
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ABSTRACT

Chronic granulomatous disease (CGD) is a rare primary immunodeficiency characterized
by early onset recurrent severe infections. The molecular defects causing CGD are
generally due to the absence, low expression or malfunctioning of one of the NADPH
oxidase components. The X-linked form of the disease is caused by defects in the CYBB
gene encoding the gp91-phox component (OMIM 306400). The aim of this work was to
investigate the molecular genetic defects in 7 unrelated patients with X-linked CGD, from
Chile and Brazil. We found an insertion ¢.1267_1268insA in exon 10 leading to a
frameshift mutation. This mutation is a novel report. We detected two single base-pair
substitutions that lead to nonsense mutations. The first was a ¢.95 G>A substitution i the.
exon 2 which predicts a stop codon W28X and the second was a ¢.229 C>T substitution n
the exon 3 which predicts a stop codon R73X. We also identified different splice site
mutations in four cases. Two patients presented a ¢.264 G> A substitution at the end of
exon 3. The remaining two patients presented either a ¢.1326 + 1 G>A substitution in intron
10 or a c.1164 — 2 A>G substitution in intron 9. This last mutation is also novel. The gp91-
phox mutations identified in these patients show a high degree of molecular heterogeneity
as reported in other ethnic groups and the importance to investigate molecular genetic
defects in different populations.

Keywords: chronic granulomatous disease, primary immunodeficiencies, CYBB,
mutations, neutrophils, phagocytes.
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INTRODUCTION

Chronic granulomatous disease (CGD), a rare primary immunodeficiency, was
first characterized in 1957 as a clinical entity affecting male infants and originally termed
“fatal granulomatous of childhood”. CGD is characterized by severe recurrent infections
affecting mainly the natural barriers such as the respiratory tract and lymph nodes, and
eventually inner structures, such as liver, spleen, bones and brain [Berendes et al.,. 1957;
Landing and Shirkey, 1957]. The estimate incidence of this disease is 1/250000 live births
per year. The infections are geperally caused by catalase positive bacteria, such as
Staphylococcus aureus and gram-negative bacilli; or fungal species such as Aspergillus and
Candida [Segal et al., 1983; Segal et al., 2000].

The molecular defects causing CGD are generally due to the absence, low
expression or malfunctioning of one component of the phagocyte NADPH oxidase
responsible for the generation of microbicidal reactive oxygen species [Winkelstein et al.,
2000]. The X-linked form of the disease (OMIM 306400} is caused by defects in the heavy
chain of the cytochrome bsgz component (gp91-phox) and accounts for 56% of the cases
[Dinauer et al., 1987]. The autosomal recessive forms are caused by defects in one of the
cytosolic components of the NADPH oxidase (p47-phox and p67-phox, respectively 33%
and 5% of the cases) [Clark et al., 1989]; or the cytochrome bsgs light chain component
(p22-phox , 6% of the cases) [Dinauer et al., 1990; Parkos et al., 1988]. To date, no CGD
patients have been reported with defects in pd40-phox, rapl A, racl, or GDI components, A
related immunodeficiency has recently been reported to result from a defect in the gene for
Rac2 [Heyworth et al., 2003].

Genetic defects of patients with CGD described to date include 410 reported
mutations in the four affected genes [Heyworth et al, 2003). The diversity of these
mutations and the multiple affected genes give an explanation for the clinical and genetic
heterogeneity of CGD [Curnutte , 1993;Roos et al., 1996a].

Molecular defects leading to X-linked CGD have been identified in the coding
region, introns, and (rarely) in the 5 flanking regulatory region of the CYBB gene [Segal
et al., 2000; Roos et al,. 1996b; Rae et al.,. 1998].Over 300 CYBB mutations resulting in
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X-linked CGD have been registered in an  international  database
{http://www.uta fi/imtbioinfo/CYBBbase) [Heyworth et al., 2001].

The mutations causing X-linked CGD include large mukigenié deletions,
smaller deletions and insertions, missense or nonsense substitutions, and splicing defects.
The mutations are distributed evenly among the exons and gene boundaries [Segal et al,
2000;Ro0s et al.,. 1996b; Rae et al.,. 1998] and most patients have mutations unique to their
kindred. The heterogeneity of the mutations and the absence of a predominant genotype
show that the worldwide incidence of CGD is a consequence of many independent

martational events.

In the only previous study from Latin America, Patino er al [Patiﬁo et al,
1999]. identified X-linked CGD mutations in seven independent families in Colombia and
Brazil. They found a splice site mutation IV12-2A—G, four nonsense mutations (R91X,
W106X, R157X, R290X), and two missense mutations (E225V, C244Y). This study found
that six mothers had a mutant CYBB allele, and one of the cases represented a de nove
mutation. The aim the present study was to further investigate the molecular genetic basis
of defects leading to the phemotype of X-linked CGD in Latin American patients from
Brazil and Chile.
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METHODS
Patients

Patients with a clinical history of recurrent severe infections such as
poeumonia, lymphadenitis, liver abscess, pyodermitis, and adverse reactions to BCG
immunization were evaluated at the Center for Investigation in Pediatrics at State
University of Campinas Medical School. A detailed clinical and family history and physical
examination were performed. Patients and their families received explanations about the
research plan and written informed consent was obtained. The Medical School Ethics
Committee approved the research plan and the experimental procedures according to the
Ministry of Health of Brazil (Resolution 196/96). Alternatively, a physician certified by the
Latin-American Group of Primary Immunodeficiencies, according to the Pan-American
Group of Primary Immunodeficiencies protocols [Conley et al., 1999] evaluated patients at
distant locations or m other Latin-American countries for inclusion in this research

protocol.

NBT tests and superoxide release assays

The biochemical diagnosis of CGD was established according to the Pan
American Group for Immunodeficiency ctiteria, including impairment of NADPH oxidase
activity demonstrated by the nitroblue tetrazolium (NBT) slide test and the superoxide
anion release assay in peripheral blood neutrophils and monocytes [Conley et al., 1999;
Ochs and Igo, 1973]. For this study, the cells were isolated by centrifugation of blood over
a Ficoli-Hypaque density gradient [Boyum, 1968].

The NBT slide test is based on the reduction of NBT t¢ formazan by activated
leucocytes [Ochs and Igo, 1973]. The assay was performed as previously published [Patino
et al, 1999]. In concurrent normal controls, more than 95% of 200 neutrophils stimulated
with PMA (30nM) must be able to reduce NBT. Absence of reaction or <5% positive cells
is diagnostic of CGD [Conley et al, 1999] “variant” CGD patients may show >95%
positive cells, but with very little formazan production. The histochemical NBT test also
detects female carriers for X-linked CGD, in whom random X inactivation generally leads
to NBT reduction by >5% but <95% of phagocytes.
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Quantitative superoxide release by neutrophils and monocytes was measured by
the superoxide dismutase inhibitable reduction of cytochrome ¢ assay as previously
described [Condino-Neto et al., 1993; Condino-Neto et al, 1996]. Results are expressed as
nmol of superoxide released by 10° cells per hour. Leukocytes from patients with CGD
show less than 10% of control values.

Detection of gp91-phox and p22- phox by western blot assay.

Western blotting was performed as previously published [Patino et al., 1999]
with some modifications. The gp91-phox and p22-phox components were detected by
analysis of proteins solubilized in a 1% Triton X-100 from neutrophils or Epsten-Barr
virus (EBV)-transformed B-lymphocytes (30 ug of proteins in each sample). Protem
detection was performed using goat anti-human gp91-phox and p22-phox (Santa Cruz
Biotechnology). Rabbit anti-goat IgG AP (Santa Cruz Biotechnology) was used as the
secondary antibody. Band densitometry was performed by computer image analysis using
an ImageMaster VDS System (Pharmacia). Absence of a protein component determined
the CGD type.

Genotype determinations

DNA and RNA samples were extracted from neutrophils, monocytes and
EBV-transformed B-lymphocytes from CGD confirmed patients and healthy controls by
DNAzol® {(Life Technologies, Gibco) and guanidine HC! method followed by ethanol
precipitation [Ginsburg et al., 1985; Subrahmanyam et al., 1999]. |

EBV-transformed B cell lines reproduce the biochemical and molecular defects
of CGD patients [Condino-Neto and Newburger, 1998] avoid repeated blood collections
from patients, and provide an abundant source of nucleic acids for molecular studies. To
prepare such cell lines, mononuclear cells were cultured with supernatants from B95-8, an
EBV-producer cell live [Condino-Neto and Newburger, 1998] in RPMI 1640 medium
supplemented with heat inactivated fetal bovine serum (10%), 2 mM L-glutamine, 100
U/ml penicillin, and 100 pg/ml of streptomycin, at 37°C, in a humid atmosphere with 5%
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CO:. Cellular viability was monitored and the cultures were maintained during the studies.
Aliquots of EBV-transformed B cells were frozen in liquid nitrogen for archiving and
future studies.

In order to identify the mutation responsible for the CGD phenotype, we
investigated the underlying mutation by single strand conformation polymorphism (SSCP)
analysis of PCR-amplified genomic DNA (gDNA) and by sequencing of the affected gene
region, both according to previously published procedures [Patino et al., 1999]. The gDNA
was amplified by nested PCR. Appropriate primers were designed for amplification of ail
13 exons of gp91-phox [Patino et al., 1999].

The SSCP assay is based on changes in the electrophoretic mobility of
denatured PCR products and is sensitive even to single nucleotide mutations, The
polyacrylamide gels were stained with silver and the electrophoretic mobility of the PCR-
amplified products from CGD patients and healthy controls were compared.

Samples of PCR-amplified gDNA or RT-PCR amplified cDNA were purified
using the “Concert Rapid PCR Purification System™ (Life Technologies, Gibco) and
sequenced using the "DNA sequencing Kit, Big Dye Terminator Cycle Sequencing Ready
Reaction for ABI 377 PE/Applied Biosystems”, as previously published [Condino-Neto and
‘Newburger , 2000].

The sequences obtained from CGD patients and healthy controls were
compared to GenBank data (Accession No NM_000397) and submitted to BLAST
analysis. Description of sequence changes was made in accordance with the nomenclature
of the Human Genome Variation Society (www.hgvs.org/mutnomen/). The nucleotides
were numbered according to the cDNA sequence used by Heyworth et al [Heyworth et al.,
2001] where the start of translation is +1 and the A of ATG start codon is 13.
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RESULTS

. We studied 7 male unrelated patients from Chile and Brazil referred to our
laboratory for biochemical and molecular diagnosis of CGD. The subjects’ included 2
Blacks and 5 Caucasians; age 2-8 years; height 88-108 cm; weight 11-19 kg. The patients
presented clinical histories of recurrent severe infections such as pneumonia,
Iymphadenitis, liver abscess, pyodermitis, and adverse reactions to BCG immunization.
The results from the NBT slide tests in all patients showed less than 5% positive
leukocytes; five patients also demonstrated impaired superoxide release by granulocytes
and/or mononuclear leukocytes (less than 10% compared to healthy comntrols). The mother
of patient IC was found to have an NBT slide test compatible with the carrier state of
X-linked CGD.

Western blot analysis of granulocytes from all seven CGD patients showed the
absence of both protein components of flavocytochrome bsss, gp91-phox and p22- phox,
indicating that all had the X-linked form of CGD with the X91° phenotype.

Sequence analysis of the CYBB gene (encoding gp91-phox) in the patient JY
revealed an insertion ¢.1267 1268insA in exon 10 leading to a frameshift mutation (Figure
1). This mutation is novel [Heyworth et al, 2001]. We found two single base-pair
substitutions that lead to nonsense mutations: in patient PT, a ¢.95 G>A substitution in
exon 2 which predicts a stop codon W28X (Figure 2) and in patient MF a ¢.229 CT
substitution in exon 3 which predicts a stop codon R73X (figure 3). Both mutations were
confirmed with the reverse primer. These mutations have been previously reported in the
X-CGD mutations database [Heyworth et al., 20011

Four cases were associated with different splice site mutations. Two patients
(RS and GG), showed an exon 3 deletion in gp91-phox ¢cDNA; in genomic DNA, each
showed a substitution ¢.264 G> A at the 5” end of exon 3 (Figures 4, 5). Another two splice
site mutations were identified, both resulting in exon 10 deletion. The first patient (IC) had
a ¢.1326 + 1 G>A substitution in intron 10, with the mutation alsc detectable in his
heterozygous mother (Figure 6). The second patient (Vin} demonstrated a ¢.1164 — 2 A>G
substitution in intron 9 (Figure 7). This mutation is also novel. The other three splicing
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defects described in this study were previously reported in the X-CGD mutations database
{Heyworth et al., 2001].All mutations here reported are summarized in Table 1.
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DISCUSSION

CGD is a rare inherited disorder in which phagocytic cells are unable to
generate superoxide anion and other reactive oxygen intermediates. This papef reports on
the biochemical and gene expression studies of seven unrelated Brazilian and Chilean male
patients with a clinical history of CGD, who were referred to our laboratory for detailed
investigation. We initially established the diagnosis of CGD by means of biochemical tools
such as the NBT slide tests and/or superoxide anion release assays. Our results show that
all patients presented an impaired NADPH oxidase function and in turn, probable CGD.

The analysis of protein expression showed absence of cytochrome bssg in all
patients. Because absence of either cytochrome b component destabilizes the other, patients
with defects in either the gp91-phox or p22-phox gene generally show no expression of the
other protein. If the specific form of the disease cannot be determined by family studies (i.¢.
for X-linked or autosomal inheritance patterns) or carrier detection, both genes need to be
further investigated by western blot assay, as performed in this study.

X-linked CGD may result from mutations in any part of the CYBB gene that
encodes gp91-phox. The seven mutations identified in this study include several different
mechanisms that interfere with gp91-phox expression. An insertion ¢.1267_1268insA in
exon 10 leads to a frameshift mutation and eventual downstream termination. This mutation
is a novel report. Overall, mutations of this type constitute 24% of CYBB gene defecis
resulting in X-linked CGD [Rae et al,, 1998]. We found two single base-pair substitutions
that leave to nonsense mutations. The frequency of nonsense mutations is around 23% for
X-linked CGD [Rae et al., 1998].

In four cases, splice site mutations were identified. The same mutation was
found at the 5° end of exon 3 in two cases. This mutation is itself silent as a coding change,
but it disrupts the donor splice site of intron 3, changing the CpG sequence to CpA. Most
single nucleotide substitution mutations involve CpG sequences, which can be considered
mutational hot spots. Ten similar mutations have been documented to date [Heyworth et al,,
2001]. In addition, we identified two other splice site mutations which lead to exon 10

deletions.
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Mutations near splice sites leading to defects in RNA processing have been
observed in 39 out of 251 cases in the largest studies [Segal et al., 2000 ;Winkelstein ¢t al.,
2000; Roos et al., 1996a; Rae et al.,. 1998]. Most resulted in the X91° phenotype due to the
deletion of one or more exons [de Boer et al,, 1992]. However, in few cases, such mutations
lead to X91" phenotype, due to the partial maintenance of the normal “splicing” [Rae et al.,.
1998]. One of these families had been shown to be extremely responsive to the treatment
with IFN-y, which almost completely restored oxidase activity in vitro and in vivo
[Ezekowitz et al., 1987; Ezekowitz et al., 1988].

Our previous studies showed this response to derive at least in part from
increases in the level of normally spliced transcripts [Condino-Neto and Newburger ,
2000]. For this reason, we have investigaied the splice site mutations reported here, for
evidence of correctly and incorrectly spliced products. RT-PCR analysis has shown only a
smaller PCR product (between 300 and 400 bp) between exons 1-5 in gp91-phox transcripts
from the patients RS and GG, as presented in a previous paper [Agudelo-Florez et al.,
2004a].

The mutations in gp91-phox demonstrated in these Latin American patients
showed a high degree of molecular heterogeneity, as reported in other ethnic groups. All of
the specific mutations predict structural defects that alter the expression and function of the
gene product; two of them are novel. Most mutations are distributed throughout the 13
exons or at exon/iniron boundaries. In this study the most common location was the splice
site. The absence of a large portion of the mRNA might generate an unstable transcript,
which would be degraded after its synthesis. Patient RS also presents an association of
glucose-6-phosphate deficiency in addition to X-linked CGD, as previously reported
[Agudelo-Florez et al., 2004b]. These cases validate the current concept that the definitive
diagnosis of CGD requires the demonstration of the defective component of the NADPH
oxidase system and the detection of the underlying mutation responsible for the CGD

phenotype.

Capétlo 2
74



ACKNOWLEDGEMENT

The authors thank Jussara Rehder from Department of Pediatrics and Dulcineia
Albuquerque from Division of Hematology, Department of Medicine, State University of
Campinas Medical School for technical assistance.

Capitulo 2
75



REFERENCES

i. Berendes H, Bridges RA, Good RA. 1957. A fatal granulomatosus of childhood: the
clinical study of a new syndrome. Minn Med 40:308-312.

2. Landing BH, Shirkey HS. 1957. A syndrome of recurrent infection and nfiltration of the
viscera by pigmented lipid histiocytes. Pediatrics 20:431-442.

3. Segal AW, Cross AR, Garcia RC, Borregaard N, Valerius NH, Soothill JF, Jones OTG.
1983. Absence of cytochrome b,ss in chronic granulomatous disease. A multicenter
European evaluation of its incidence and relevance. N Engl J Med 308:245-251.

4. Segal HH, Leto TL, Gallin JI, Malech HL, Holland SM. 2000. Genetic, biochemical, and
clinical features of chronic granulomatous disease. Medicine 79:170-200.

5. Winkelstein JA, Marino MC, Johnston RB, Jr., Boyle J, Curnutte JT, Gallin JI, Malech
HL, Holland SM, Ochs HD, Quie PG, Buckley RH, Foster CB, Chanock SI, Dickler H.
2000. Chronic granulomatous disease. Report on a national registry of 368 patients.
Medicine 79:155-169.

6. Dinaver MC, Orkin SH, Brown R, Jesaitis AJ, Parkos CA. 1987. The glycoprotein
encoded by the X-linked chronic granulomatous disease locus is a component of the
neutrophil cytochrome b complex. Nature 327:717-720.

7. Clark RA, Malech HL, Gallin JI, Nunoi H, Volpp BD, Pearson DW, Nauseef WM,
Curputte JT. 1989. Genetic variants of chronic gramilomatous disease: Prevalence of
deficiencies of two cytosolic components of the NADPH oxidase system. N Engl J Med
321:647-652.

8. Dinaner MC, Pierce EA, Bruns GAP, Curnutte JT, Orkin SH. 1990. Human neutrophil
cytochrome b light chain (p22-phox). Gene structure, chromosomal location, and mutations
in cytochrome-negative autosomal recessive chronic granulomatous disease. J Clin Invest
86:1729-1737.

Capituio 2
76



9. Parkos CA, Dinauer MC, Walker LE, Allen RA, Jesaitis AJ, Orkin SH. 1988.The

primary structure and unique expression of the 22 kilodalton light chain of human
neutrophil cytochrome b. Proc Natl Acad Sci USA 85:3319-3323. :

10. Heyworth PG, Cross AR, Curnutte JT. 2003. Chronic Granulomatous Disease. Curr
Opin Immunol 15:578-584.

11. Curnutte JT. 1993, Chronic granulomatous disease: The solving of a clinical riddle at
the molecular level. Clin Immunol Immunopathol 67:52-815.

12. Roos D, Curnutte JT, Hossle JP, Lau YL, Ariga T, Nunoi H, Dinauer MC, Gahr M,
Segal AW, Newburger PE, Giacca M, Keep NH, van Zwieten R. 1996. X-CGDbase: a
database of X-CGD-causing mutations. Immunol Today 17:517521

13. Roos D, de Boer M, Kuribayashi F, Meischl C, Weening RS, Segal AW, Anlin A,
Nemet K, Hossle JP, Bernatowska-Matuszkiewicz E, Middleton-Price H. 1996. Mutations
in the X-linked and autosomal recessive forms of chronic granulomatous disease. Blood
87:1663-1681.

14. Rae J, Newburger PE, Dinauer MC, Noack D, Hopkins PJ, Kuruto R, Curnutte JT.,
1998. X-linked chronic granulomatous disease: Mutations in the CYBB gene encoding the
gp91-phox component of the respiratory burst oxidase. Am J Hum Genet 62:1320-1331.

15. Heyworth PG, Curnutte JT, Rae J, Noack D, Roos D, van Koppen E, Cross AR. 2001.
Hematologically important mutations: X-linked chronic granulomatous disease. Blood
Celis Mol Dis 26:561-565.

16. Patino PJ, Perez JE, Lopez JA, Condino-Neto A, Grumach AS, Botero JH, Curnutte IT,
Garcia de Olarte D.1999. Molecular analysis of chronic granulomatous disease caused by
defects in gp91-phox. Human Mutation 13:29-37

17. Conley ME, Notarangelo LD, Etzioni A. 1999. Diagnostic criteria for primary
immunodeficiencies. Clinical Immunology 93:190-197.

18. Ochs HD, Igo RP. 1973. The NBT slide test: a simple screening method for detecting
chronic granulomatous disease and female carriers. J Pediatr 83:77-82.

Capitulo 2
77



19. Boyum A.1968. Isolation of mononuclear cells and granulocytes from human biood.
Scand J Clin Lab Invest 21(Suppl.97):1-77.

20. Condino-Neto A, Muscara MN, Grumach AS, Carneiro-Sampaio MMS, de Nucci G.
1993. Neutrophils and mononuclear cells from patients with chronic granulomatous disease
release nitric oxide. Br J Clin Pharmacol 35:485-490.

21. Condino-Neto A, Muscara MN, Grumach AS, Bellinati-Pires R, Brandao AC, Carpeiro-
Sampaio MMS, de Nucci G. 1996. The effect of recombinant human interferon-gamma
therapy on neutrophil and mononuclear cell nitric oxide release from patients with chronic
granulomatous disease. J Interferon Cytokine Res 16:357-364.

22. Subrahmanyam YVBK, Baskaran N, Newburger PE, Weissman SM. 1999, A modified
method for the display of 3-end restriciton fragments of ¢cDNAs: Molecular profiling of
gene expression in neutrophils. Meth Enzymol 303:272-297,

23. Condino-Neto A, Newburger PE. 1998. NADPH oxidase activity and cytochrome b558
content of human Epstein-Barr virus transformed B lymphocytes correlate with expression
of genes encoding components of the the oxidase system. Arch Biochem Biophys 360:158-
164.

24. Condino-Neto A, Newburger PE. 2000. Interferon-gamma improves splicing efficiency
of CYBB gene transcripts in an interferon-responsive variant of X-linked chronic
granulomatous disease due to a splice site consensus region mutation. Blood 95:3548-3554.

25. de Boer M, Bolscher BGIM, Dinaver MC, Orkin SH, Smith CIE, Ahlin A, Weening
RS, Roos D. 1992. Splice site mutations are a common cause of X-linked chronic
granulomatous disease. Blood 80:1553-1558.

26. Ezekowitz RAB, Orkin SH, Newburger PE. 1987. Recombinant interferon gamma
augments phagocyte superoxide production and X-chronic granulomatous disease gene
expression in X-linked variant chronic gramulomatous disease. J Clin Invest 80:1009-1016.

27. Ezekowitz RAB, Dinauer MC, Jaffe HS, Orkin SH, Newburger PE. 1988. Partial
correction of the phagocyte defect in patients with X-linked chronic granulomatous disease
by subcutaneous interferon gamma. N Engl J Med 319:146-151.

Capitulo 2
78



28. Agudelo-Florez P, Lopez JA, Redher J, Cameiro-Sampaio MM, Costa-Carvalho BT,
Grumach AS, Condino-Neto A. 2004. The use of reverse transcription-PCR in the
diagnosis of X-linked chronic granulomatous disease. Braz J Med Biol Res 37:625-634

29. Agudelo-Florez P, Costa-Carvalho BT, Lopez JA, Redher J, Newburger PE, Olalla-
Saad ST, Condino-Neto A. 2004. Association of ghucose-6-phosphate dehydrogenase
deficiency and X-linked chronic granulomatous disease in a child with anemia and
recurrent infections. Am J of Hematology 75:151-156.

Copltnio 2
79



LEGENDS TO FIGURES

Figure 1-CYBE genotype of patient JY. A, SSCP analysis of exon 2 amplified from
gDNA. Arrow shows the altered migration pattern. B. DNA sequence of exon 10 shows an
insertion ¢.1267_1268 insA in the patient (lower panel) compared to a normal control
{upper panel). C. DNA sequence downstream from the insertion demonstrates the

formation of a termination site (indicated by *) in place of amino acid 430.

Figure 2-CYBB genotype of patient PT. A. SSCP analysis of exon 2 amplified from
gDNA. Arrow shows the altered migration pattern. B. DNA sequence shows a hemizygous
G > A mutation leading 1o the nonsense substitution W 28X.

Figure 3-CYBEB genotype of patient MF. DNA sequence analysis in patient MF shows a
C > T mutation in exon 3 leading to the nonsense substitution R 73X.

Figure 4-CYBB genotype of patient RS. A. SSCP analysis of exon 3 amplified from
gDNA. Arrow shows the altered migration pattern. B. cDNA sequence shows a deletion of

exon 3.

Figure 5-CYBB genotype of patient GG. A. SSCP analysis of exon 3 amplified from
gDNA. Arrow shows the altered migration pattern. B. DNA sequence shows a hemizygous
G >A transition in the splice site. ‘

Figure 6-CYBB sequence analysis of patient IC. Left panel: The arrow in SSCP shows
the altered migration pattern.. Right panel: DNA sequence shows a hemizygous G>A
trapsition in the splice site of intron 10 in the patient (bottom tracing), while his mother
(middle tracing) is heterozygous for this mutation. The top tracing is a normal control.

Figare 7-CYBB genotype of patient Vin. A. SSCP analysis of exon 10 and flanking
intronic sequence amplified from gDNA. Arrow shows the altered migration pattern. B.
DNA sequence shows a hemizygous A>G transition in the splice site of intron 9.
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Table I-Mutations in CYBB gene identified in Latin American CGD patients.

Patient Mutation Pesition Nucleotide Change Produoct Reference
Iy Frameshift Exon 10 ¢.1267 1268insA Termination SiteExon New report
10
PT Nonsense Exon 2 ¢95 GA Termination Site Heyworth et al.,
W28X 2001.
MF Nonsense Exon3 €229 C>T Termination Site R73X  Heyworth et al.,
2001.
RS Splicing Exon 3 c.264 G-A Splicing ProductExon 3 Heyworth et al.,
deletion 2001.
GG Splicing Exon 3 c.264 G=A Splicing Productiixon 3 Heyworth et al.,
deletion 2001.
ic Splicing Intron 10 1326 + 1 GrA Splicing ProductExon  Heyworth et al.,
10 deletion 2001,
Vin Splicing Intron ¢ e 1164 -2 A>G Splicing ProductExon New report
10 deletion
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ABSTRACT

Patients with severe G6PD deficiency in leukocytes may present with an impairment of the
NADPH oxidase activity and a history of recurrent infections, mimicking the pﬁenotype of
chronic granulomatous disecase. We here report a child with recurrent infections who
initially received the diagnosis of G6PD deficiency. His erythrocyte G6PD activity was
reduced: 1.8 U/ g Hb (normal: 12.1 + 2.1 U/ g Hb). Further studies revealed that G6PD
activity in neutrophils, mononuclear leukocytes, and Epstein-Barr virus-transformed
B-lymphocytes from the proband was similar to healthy controls. Molecular studies showed
that the G6PD deficiency was due a 202 G—A mutation, the A- variant common in
African ethnic groups. The proband also exhibited severely impaired respiratory burst
activity, as observed in X-linked CGD. Sequence analysis of genomic DNA showed a 264
G-»A substitution at the 3’ splice junction of gp91-phox exon 3. The cDNA sequence
showed a deletion of gp91-phox exon 3, giving rise to an unstable or nonfunctional mutant
gp91-phox and to the phenotype of X-linked CGD. We propose that clinicians in face of 2
patient with G6PD deficiency under a severe infection episode consider the possibility of
temporary or permanent impaiment of the phagocytes microbicidal activity, and the
eventual association of G6PD deficiency and chronic granulomatous disease.
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INTRODUCTION

The phagocytic cells constitute one of the major effector mechanisms against
invasive microorganisms. Phagocyte abnormalities are generally manifested by recurrent
and severe infections, usually starting in early infancy. When phagocytes are activated, they
increase oxygen consumption and reduce molecular oxygen to superoxide, a reaction
known as the “respiratory burst”, catalyzed by an enzymatic complex called the NADPH

oxidase (1).

The NADPH is the electron donor used to reduce the molecular oxygen to
superoxide. It is generated from glucose, via the hexose’s monophosphate shunt, which also
increases substantially its activity when the phagocytic cells are activated. In the first step
of this pathway, glucose-6-phosphate (G6P) is converted into 6-phosphoglucoliactone,
catalyzed by glucose-6-phosphate dehydrogenase, and accompanied by the reduction of
nicotinamide adenine dinucleotide phosphate (NADP) into NAPDH (2).

Chronic Granulomatous Disease (CGD) is a primary immunodeficiency,
characterized by recurrent infections affecting mainly the natural barriers of the organism
such as the respiratory tract, lymph nodes, and eventually inner structures, such as the ﬁver,
spleen, bones and brain (3). The biochemical defect in CGD is an impairment of the
NADPH oxidase activity and the subsequent inability to destroy microorganisms (1). The
main components of the NADPH oxidase system are gp91-phox, p22-phox, p47-phox, and
p67-phox. The molecular defects causing CGD are generally due to the absence, low
expression or malfunctioning of one of these NADPH oxidase components. The X-linked
form of the disease is caused by defects in gp91-phox, the heavy chain of the cytochrome
bsss, and accounts for approximately 60% of the cases. The CYBB gene encodes gp91-phox
and is located to Xp21.1. The autosomal recessive forms are caused by defects in one of the
cytosolic components of the NADPH oxidase (p47-phox or p67-phox, respectively 30% and.
5% of the cases), or even the cytochrome bsgg light chain component (p22-phox, 5% of the
cases) {4- 6).

G6PD deficiency is a common genetic disorder in humans. Clinically, it varies
from mild hemolytic anemia to chronic nonspherocytic hemolytic anemia, associated with
attacks of severe anemia induced by infections and drugs. The G6PD gene is iocated to
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Xg28. Thus, hemizygdus men most frequently express the clinical symptoms (2,7). Patients
with severe G6PD deficiency in leukocytes may indeed present an impairment of the

NADPH oxidase activity and subsequent recurrent infections, mimicking the phenotype of
chronic granulomatous disease (8, 9).

We here report on child with anemia and recurrent infections, who initially
received the diagnosis of GOPD deficiency. Further studies confirmed an impairment of the
NADPH oxidase system. Mutation analysis revealed a splicing defect on the exon 3 of
CYBB gene, confirming a unusual association of X-linked chronic granulomatous disease
and the African variant of G6PD deficiency.
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PATIENTS AND METHODS
Case report and human subjects

The proband is a male, born in 1994 to Brazilian parents with African and
Caucasian ethnic background, who presented with anemia and recurrent severe infections
since he was six months old. By age five years, he had already had twelve episodes of
pneumonia (two with pleural effusion), two of diarrhea (enteropathogenic E. coli, and
Salmonella), three of otitis, four of sinusitis, one of stomatitis, two of skin abscess, and one
of sepsis. He was hospitalized on eight occasions. He received the recommended
immunizations, including BCG, without any side effects. His parents were not
consanguineous. A three-year-old brother died from sepsis secondary to pneumonia and
abscesses in the liver and lungs. His father and his sister have sickle cell trait, His physical
examination findings at age five years included: weight 17 kg, height 107 cm, pallor, digital
clubbing, and moderate hepatosplenomegaly.

Blood cell counts revealed anemia (hemoglobin range: 8.1 — 10.9 g/dL),
neutrophilia and eosinophilia. The reticulocyte count was normal (1.3%), as well as serum
unconjugated bilirubin (0.3 mg/dl). Serum immunoglobulin levels (IgA, 1gG, and IgM)
were increased. CD3, CD4, and CD8 cell counts were normal. Lymphocyte proliferation in
response to phytohemaglutinin, pokeweed mitogen and concanavalin A was normal. The
complement CH50 activity was normal. The HIV test was negative. A thoracic CT scan
showed emphysema and extensive areas of pulmonary destruction. Erythrocyte G6PD
activity was reduced: 1.8 U/ g Hb compared to the normal range: 12.1 +2.1 U/ g Hb.

Considering the recurrent infections, the hypothesis of a phagocyte abnormality
was established and the patient was referred to our laboratory for further investigation.
Experiments compared assays in blood samples and cell Iines obtained from the proband,
one patient with X-linked chronic granulomatous disease (10), one patient with G6PD
deficiency (African variant) (11), and healthy controls. Written informed consent was
obtained prior to the study. The Medical School Fthics Committee approved the protocol in
accordance to the Helsinki Convention and the Brazilian National Health Council
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Purification and culture of blood cells

Erythrocytes were obtained by centrifugation and aspiration of plasma and
buffy coat, followed by washing 3 times with saline (12). Neutrophils and mononuclear
leukocytes were obtained by centrifugation of heparinized blood over a Ficoll-Hypaque
density gradient (13).

B-lymphocytes were transformed in vitro with Epstein-Barr virus (EBV) in
order to provide an abundant source of leukocytes for biochemical and molecular studies.
EBV-transformed B cell lines reproduce the biochemical and molecular defects of CGD
patients (14) and avoid repeated blood collections. Briefly, mononuclear leukocytes were
cultured with supernatants from B95-8, an EBV-producer cell line, in RPMI 1640 medium-
supplemented with heat inactivated fetal bovine serum (10%), 2 mM L-glutamine, 100
U/ml penicillin, and 100 pg/mi of streptomyein, at 37°C, in a humid atmosphere with 5%
CO,. (15). Cellular viability was monitored and the cultures were maintamned during the
studies.

G6PD studies

G6PD activity was assayed as the rate of reduction of NADP to NADPH, when
erythrocytes or leukocytes lysates were incubated with glucose-6-phosphate, as originally
described by Beutler (16), modified by Saad. (11). Comparative studies included
erythrocytes, neutrophils, mononuclear leukocytes, and EBV-transformed B-lymphocytes.

Genomic DNA was obtained from peripheral blood leucocytes using DNAzol
Reagent (Life technologies, Gibco BRL). The 202 G—A mutation was investigated by
allele specific oligomer hybridization, as described elsewhere (11) or digestion of the exon
4 of the G6PD gene with the restriction endonuclease Niglll. The Mediterranean variant
was investigated by digestion of exon 6 with the restriction enzyme Mboll.

NADPH oxidase studies

The biochemical diagnosis of CGD was established according to the Pan
American Group for Immunodeficiencies criteria (17). NADPH oxidase activity of

neutrophils and mononuclear leukocytes was measured by superoxide dismutase
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(SOD)-inhibitable reduction of cytochrome ¢, as described McCord and Fridovich (18)
modified by Condino-Neto (15). Oxidase activity in cells from patients with CGD generally
show up to 5% of control values (17).

The definitive diagnosis of CGD requires the demonstration of the underlying
mutation or the absence of mRNA for one of the NADPH oxidase components {17). RNA
samples were prepared from leukocytes by the guanidine HCI method, followed by ethanol
precipitation (19). Reverse transcription followed by PCR (RT-PCR) analysis was
performed on total RNA prepared from EBV-transformed B-lymphocytes. The cDNA
samples were obtained by reverse transcription of total RNA with SuperScript II RT
(GIBCO BRL) and random hexamers (15). The cDNA samples were amplified by PCR (30
cycles) with primers specific for the CYBB gene encoding gp91-phox (Gen Bank
NM_000397), including exons 1-5, 32F-443R. For p47-phox (Gen Bank NM_000265)
samples were amplified by PCR with specific primers, 48F-451R. PCR products were
analyzed by 2% agarose gel electrophoresis and stained with ethidium bromide.

Single strand conformation polymorphism analysis (SSCP) was used to detect
the affected gene region. Fragments of genomic DNA (gDNA) were amplified by PCR
using specific primers, according to previously published procedures (10). The
polyacrylamide gel was stained with silver and the electrophoretic mobility of the
PCR-amplified products from the proband was compared to healthy controls.

Samples from PCR-amplified gDNA or RT-PCR-amplified c¢DNA were
purified using the “CONCERT™ Rapid PCR Purification System” (Life Technologies,
Gibco) and sequenced by the DNA sequencing kit, Big Dye Terminator Cycle Sequencing
Ready Reaction for ABI 377 PE/Applied Biosystems, as previously published (15). The
sequences obtained from the proband and healthy controls were compared to GenBank data
by BLAST analysis (http://www.ncbi.nlm.nth.gov/BLASTY).
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RESULTS
GO6PD studies

G6PD  activity was assayed in ervthrocytes, neutrophils, mononuclear
leukocytes and EBV-transformed B-lymphocytes from the proband, a patient with X-linked
CGD, a patient with the African (A") variant of G6PD deficiency, and healthy controls. As
presented in Table I, the proband and the known G6PD-deficient patient showed very low
erythrocyte G6PD activity. However, the G6PD activity of the proband’s neutrophils,
mononuclear leukocytes, and EBV-transformed B-lymphocytes leukocytes was similar to
the healthy controls.

Molecular studies of the G6PD gene included the digestion of PCR-amplified
gDNA with the restriction endonuclease Nigll. As shown in Figure 1, exon 4 of the G6PD
gene was digested and the 202 G—A mutation was detected in the proband gDNA,
confirming his African variant genotype.

NADPH oxidase studies

A series of studies compared superoxide release by neutrophils and
mononuclear leukocytes from the proband, a patient with known X-linked CGD, a patient
with the African variant of G6PD deficiency, and healthy controls. The results in Table II
show severely impaired respiratory burst activity in the proband and the X-linked CGD
patient, but normal respiratory burst activity in the patient with G6PD deficiency (African
variant) and the healthy controls,

Because the proband showed defective respiratory burst activity, which was not
present in the patient with the African variant G6PD deficiency, a mutational screen for
CGD was performed. RT-PCR analysis included the amplification of p47-phox and
gp91-phox transcripts, since these genes are affected in 90% of the mutations leading to the
phenotype of CGD. Figure 2, shows that p47-phox was expressed normally in both the
proband and healthy conirols. On the other hand, as shown in Figure 3, gp9l-phox
expression was impaired in the proband, as in the X-linked CGD patient, compared to
healthy controls, indicating the diagnosis of X-linked CGD i the proband. Moreover,
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amplified fragment from his gp91-phox transcript was 300-400 bp smaller than that of
healthy controls, suggesting the presence of a splicing defect.

SSCP analysis of gDNA (Figure 4) revealed a faster e}ectrophoretié mobility of
gp91-phox exon 3 in the proband sample. Figures 5 and 6 show sequence analysis of
gDNA and c¢DNA respectively of this region in gp91-phox. Sequencing of exon 3 in the
gDNA showed a 264 G—A substitution at the splice junction. Further sequencing of the
cDNA showed a deletion of exon 3, giving rise to unstable or nonfunctional mutant
gp91-phox protein and hence to the phenotype of CGD.
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DISCUSSION

We have studied a male patient with a clinical history of chronic anemia and the
diagnosis of erythrocyte G6PD deficiency. In addition, this patient also had recurrent severe
infections, with exacerbation of the anemia during infections.

The bactericidal activity of phagocytes depends primarily on the activation of
the NADPH oxidase system and the subsequent release of oxygen free radicals within the
phagolysosome. G6PD is the first enzyme in the hexose monophosphate shunt pathway, in
which glucose-6-phosphate (G6P) is converted to 6-phosphogluconate and simultaneously
NADP+ is reduced to NADPH, the substrate for the NADPH oxidase responsible for the
respiratory burst.

Assays of phagocyte oxidase activity in the proband demonstrated impaired
respiratory burst activity. Thus we needed to determine if the impairment of the his
respiratory burst activity was due tfo severe G6PD deficiency in his leukocytes or to 2

concurrent genetic disorder, chronic granulomatous disease.

African variants and other mild forms of G6PD deficiency do not produce only
intermittent, not chronic, hemolysis in response to oxidative stress (e.g. infection,
anti-malarial drugs). Only the more severe forms of G6PD deficiency, the class I variants,
produce chronic hemlysis (11,20). The digestion of the proband’s PCR-amplified gDNA
with the restriction endonuclease Mall detected the 202 G->A mutation in the exon 4 of
the G6PD gene, and confirmed the African variant, the most frequent G6PD deficiency in
the population of southeastern Brazil (11,21). Thus, the chronic anemia of the proband
could be explajnéd in part by the association the recurrent severe infections and the Aftican
variant phenotype of G6PD deficiency.

However, considering that the African variant of G6PD deficiency could not
solely explain the clinical history of recurrent severe infections of the proband, a series of
comparative biochemical assays with phagocytes from the proband, healthy controls, a
patient with known X-linked CGD, and another patient with previously characterized
African variant of G6PD deficiency were performed. The results showed impaired
respiratory burst activity in the proband, similar to the patient with X-linked CGD, but not

Capitsdo 3
101



observed in the phagocytes of the patient with the African variant phenotype of G6PD

deficiency.

The definitive diagnosis of CGD requires the demonstration of the defective
component of the NADPH oxidase system and the detection of the underlying mutation
responsible for the CGD phenotype (17). Further molecular screening by RT-PCR
demonstrated a smaller fragment between exons 1-5 in gp91-phox transcripts from the
proband. SSCP analysis of his gDNA revealed faster electrophoretic mobility of gp91-phox
exon 3. Sequence analysis of gDNA revealed a 264 G—A substitution at exon 3 splice
Jjunction. Sequencing of the cDNA showed a deletion of exon 3, giving rise to unstable or
nonfunctional mutant gp91-phox and hence to the CGD phenotype, as previously reported
by (4,6).

Several reports have described severe G6PD deﬁciency Jeading to an
impairment of the respiratory burst activity (9,8,22-27). However, this is the first report of
concurrent G6PD deficiency and CGD genotypes. The African variant of G6PD deficiency
is considered mild and unlikely to affect respiratory burst activity. However, one has to
consider that in patients with G6PD deficiency, localized hypoxemia and oxidative stress at
sites of infection could exacerbate both conditions to produce hemolysis and further
impairment of microbial killing. Future studies of infections or stress conditions in vitre or
in vivo in G6PD deficient individuals may determine whether this condition can interfere in
defense mechanisms dependent on respiratory burst activity or can worsen the CGD
phenotype. However, our studies support the CGD phenotype as the major cause of
recurrent infections i this patient, with chronic anemia secondary to the infections.

We suggest that clinicians caring for a G6PD-deficient patient with a severe
infection consider the possibility of temporary or local impairment of phagocyte
microbicidal activity related to lack of substrate for the NADPH oxidase. This defect can be
the result of an unusual association of CGD, as in the present case, or due to the
aggravation of milder G6PD phenotypes under stressful conditions.
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LEGENDS TO FIGURES

Figure 1-G6PD mutational screen performed with digestion of gDNA with the restriction
enzyme Na III. Healthy controls show a 320 bp fragment (Lanes 2, 4, 5 and 6). The
proband gDNA produces a 213 bp fragment (Lane 3) confirming a G202A/A376G
mutation, typical of the African phenotype. Lane 1: 100 bp ladder size markers.

Figure 2-RT-PCR analysis of p47 phox gene expression. Agarose gel electrophoresis
(2%) stained with Ethidium bromide of PCR products. Lane 1: molecular weight marker
(100 bp), Lane 2: healthy control; Lane 3: proband with normal expression; Lane 4:

negative control.

Figure 3-RT-PCR analysis of gp 91 phox gene expression: Agarose gel electrophoresis
(2%) stammed with Ethidium bromide of PCR products. Lane 1: molecular weight marker
{100 bp); Lane 2: X-linked CGD no expression compared to the healthy control; Lane 3:
another X-linked CGD patient with reduced expression; Lane 4: proband with a lower size
product; Lane 5: healthy control. |

Figure 4-SSCP analysis of genomic DNA amplified by PCR. Arrow shows abnormal
electrophoretic mobility of gp91-phox exon 3 from the proband compared to healthy
controls in all other lanes.

Figure 5-Genomic DNA sequence of the proband showing a substitution (guanine-adenine)
at the 3 splice junction of gp91-phox exon 3.

Figure 6-cDNA sequence of the proband gp91-phox transcript showing deletion of exon 3.
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Table I-G6PD activity in red blood cells (U/g Hb), neutrophils, mononuclear leukocytes,
and EBV-transformed B-lymphocytes (U/mg protein) from the proband, a X-
linked CGD patient (X-CGD), a patient with the African variant of G6PD
deficiency (G6PD-AV), and healthy controls (HC).

Proband X-CGD G6PD-AY HC

Eythrocyies 1.8 12.8 0.9 i4.1
Neutrophils 0.4 1.0 i.8 3.1
Mononnclear leukocytes 0.8 4.2 0.5 0.5
B-lymphocytes 2.0 2.0 0.6 2.8

Values are given as mean of 3 determinations.

Table T-Superoxide release (nmol/10° cells/h) by neutrophils and mononuclear leukocytes
from the proband, a X-linked CGD patient (X-CGD), a patient with the African
variant of G6PD deficiency (G6PD-AV), and healthy controls (FHC).

Proband X-LCGED GOPD-AY HC

Nextrophils 0.3 0.3 i9.6 9.4
Mononnclear leukocytes 0.0 0.0 4.6 55

Values are given as mean of 3 determinations.
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RESUMO

Objetivo: Relatar dois casos de irmfos com Doenga Granulomatosa Crdnica. A Doenca
Granulomatosa Cronica ¢ uma imunodeficiéncia priméria caracterizada pér atividade
microbicida deficiente. MutagBes no gene que codifica a proteina p4d7-phox (NCF-1) estdo
presentes em 30% dos casos de DGC. Esta forma da doenga ¢ de heranca autossOmica
recessiva e resulta em fenétipo de evolucfio mais benigna e inicio tardio em relagfio a forma
ligada ao X, que corresponde a 56% dos casos.

Descri¢iio: Caso 1- paciente feminina, iniciou infecgdes de repeticdo aos 10 anos, com
impetigo, seguida de pneumonia grave seis meses apos. A gravidade da infec¢do pulmonar
associada a abscesso hepético ¢ sua refratariedade ao tratamento demandaram mvestigacio
laboratorial para imunodeficiéncia, com teste do nitroblue tetrazolium ¢ dosagem de &nion
superéxido compativeis com Doenca Granulomatosa Cronica. A avaliag8o dos familiares
confirmou o mesmo diagnéstico em seu irmfo (Caso 2), que também iniciou infecgSes de
repetigiio com impetigo aos 10 anos ¢ pneumonia seis meses apos, porém tratada com
sucesso ambulatorialmente. A andlise de polimorfismo conformacional de cadeia simples
revelou alteragiio da mobilidade eletroforética do exon 2 do gene NCF-I. Identificou-se
uma delecdio dos nucleotideos GT no exon 2 por sequenciamento do DNA.

Comentirios: Este estudo mostra a importéncia da avaliagio de familiares, mesmo quando
ndo apresentam histéria clinica tipica de Doenca Granulomatosa Cronica. A identificacBo
da mutacéio e sua correlagdo com o fendtipo dos pacientes € importante para estabelecer o

prognostico e o aconselhamento genético.

Palavras-chave: doenca granulomatosa crdmica, imunodeficiéneia, NADPH oxidase,
p4'7-phox.
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ABSTRACT

Objective: To report two siblings with Chronic Granulomatous Disease. Chronic
Granulomatous Disease is a primary immunodeficiency due to a defect in phagocytes
respiratory burst, resulting in abnormal microbicidal activity. Mutations in p47-phox gene
(NCF-1) are present in about 30% of Chronic Granulomatous Disease patients and they
have a better prognosis and later onset of recurrent infections comparing with X linked

Chronic Granulomatous Disease, present in about 56% of patients.

Description: Case 1- a girl who presented skin infections since age 10 years, followed by
severe pneumnonia and liver abscess, which prompted laboratory investigation for
immunodeficiency. The nitroblue tetrazolium test and superoxide release were consistent
with the diagnosis of Chronic Granulomatous Disease. Laboratory tests of the parents and
siblings revealed the diagnosis of the disease in her brother (Case 2), who also started
presenting skin infections at age 10, however followed by non severe pneumonia. Single-
strand conformational polymorphism analysis detected abnormal electrophoretic mobility
of exon 2 of NCF-1 gene. Sequence DNA analysis revealed a dinucleotide GT deletion in

exon 2.

Comments: It is important to evaluate the relatives of a Chronic Granulomatous Disease
patient, even if they do not present a typical clinical course of the disease. Defining the
mutation and its correlation with phenotype is important to provide appropriate genetic
counseling and clinical prognosis.

Key words: chronic granulomatous disease, immunodeficiency, NADPH oxidase,
pd7-phox.
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INTRODUCAQ

A Doenca Granulomatosa Cronica (DGC) € uma sindrome caracterizada por
alteracOes genéticas que determinam um defeito na produco dos reativos intermediarios do

oxigénio, interferinde na capacidade dos leucécitos destruirem microrganismos
fagocitados .

A incidéncia da DGC é de aproximadamente 1:250000 nascidos vivos *.

Uma alteragfio genética na gp91-phox, p22-phox, pd7-phox ou p67-phox,
proteinas que fazem parte do sistema NADPH oxidase, pode determinar falha da expressio
e/ou fingfio deste sistema transportador de elétrons, levando ao fenétipo da DGC >,

A forma mais comum de DGC € causada por um defeito na gp91-phox, que tem
padrio hereditario ligado ao cromossoma X (X-DGC, 56%), seguida pelas formas
autossOmicas recessivas por alteragio na p47-phox (A47-DGC, 30%), p22-phox
(A22-DGC, 5 a 7%) ¢ p67-phox (A67-DGC, 5 a 7%)°.

Clinicamente, a DGC caracteriza-se por infeccdes de repeticdo por
microrganismos catalase-positivos, principalmente Staphylococcus aureus, bactérias gram-
negativas ¢ Aspergillus, além de microrganismos intracelulares, como Preumocystis carinii e
Mycobacterium spp, que acometem com freqgiiéncia pele, pulmdes, figado, bago, linfonodos e
ossos 2. Pode ocorrer formagiio de granulomas inflamatérios em trato gastrointestinal e vias
urimérias, causando simtomas obstrutivos em esdfago, estdmago ou duodeno 4 além de
manifestagSes que assemelham-se 4 doenga inflamatoria intestinal °.

Os pacientes com heranca ligada a0 X apresentamn manifestacBes mais precoces,
no 1° ano de vida, e o diagnéstico € feito, em geral, antes dos 2 anos *°. Além disso, as
nfecgdes costumam ser mais graves € o nimero de hospitalizacSes maior em relagBio aos

pacientes com heranga autossbmica recessiva >,

De acordo com o Grupo Pan-Americano de Estudo em Immumodeficiéncias
Primarias (PAGID), o diagnéstico de DGC € estabelecido para ¢ individuo do sexo
masculino ou feminino com teste do NBT ou explosio respiratéria de neutréfilos alterados
(menor que 5% dos controles) e que apresentem: mutacfio na gp9l-phox, p22-phox,
p47-phox ou p67-phox ou auséneia de mRNA observado por andlise de “Northern blot”
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para um dos genes citados ou mde, primos, tios ou sobrinhos com alteragic no teste de

NBT ou explosio respiratéria .

O teste do NBT em lamina ¢ um método bastante 1til para o diégnéstico da

DGC, e também permite detectar as portadoras do defeito (mie, irm#is) nos casos de
X-DGC®,

Este estudo apresenta a analise clinica, bioquimica ¢ molecular de dois irmfios

com DGC autossdmica recessiva por defeito na p47-phox.
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Descrigiio dos casos
Caso 1- Adr.O.M., sexo feminino.

Recebeu imunizagdo bdsica completa, sem reagles adversas & apresentava

desenvolvimento pdndero-estatural e neuropsicomotor adequados.

Em junho de 1992, com 10 ancs de idade, apresentou pneumonia tratada por
dois periodos de 15 dias com ampicilina, seguidos de 45 dias de esquema triplice para
tuberculose, sem melhora. Recebeu entfo cefalotina e cloranfenicol, evoluindo com
discreta melhora clinica e radiolégica. A biépsia pulmonar realizada nesta fase do
tratamento evidenciou reagfio inflamatéria mespecifica com infiltrado linfo-histiocitario ¢
presenca de granuldceitos de células gigantes multinucleadas e circundados por fibrose; coxﬁ
cultura deste material negativa para fungos e bactérias. A cultura de lavado broncoalveolar
foi positiva para Candida sp € Streptococcus pneumoniae.

A paciente evoluiu com pneumopatia cronica necessitando novas internagdes
em fevereiro, para tratamento de pneumonia e abscesso hepatico, e em abril de 1993. Nesta
época foi estabelecido o diagndstico de DGC por redugio do NBT em granulécitos
estimulados com PMA (1pg/ml) <5% em relagfio ao controle sadio e 2 mée da paciente. Do
mesmo modo, a producgio de 4nion superéxido em resposta ao estimulo com PMA (30nM)
na presenga de citocromo C (80uM) foi muito baixa em relagio ao controle sadio ¢ a mée
(Tabela 1).

Recebeu alta da Gitima internacfio com ciprofloxacina e imterferon gama

humano recombinante, apresentando controle moderado da pneumopatia.

No ano seguinte inferrompeu o uso de interferon gama e desde entfio mantém
uso frregular de sulfametoxazol e trimetoprimn. Evoluiu com melhora importante da
pneumopatia, com funcdo pulmonar normal. No periodo de nove anos de acompanhamento
apresentou bartolinite (1999) e uma pneumonia (2003), ambas tratadas ambulatorialmente

COII SUCesso.
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Casc 2- Adm.O.M., sexo masculine.

Assim como sua irmd recebeu imunizacio basica completa, sem reacBes
adversas € sempre apresentou desenvolvimento pOndero-estatural e neuropsicomotor
adequados.

Apresentou trés episodios de impetigo acometendo regifio axilar bilateral e
membros inferiores no ano de 2000. Em janeiro de 2001 apresentou pneumonia tratada por
10 dias com sulfametoxazol e trimetoprim.

Entre os meses de agosto e dezembro de 2001 apresentou mais dois episédios

de impetigo, com resposta adequada a tratamento antibiotico.

Para determinar qual o componente afetado do sistema NADPH oxidase, foi
realizado inicialmente andlise de polimorfismo conformacional de cadeia simples (SSCP).
Sabendo-se que a grande maioria dos pacientes com deficiéncia nesta proteina apresentam
uma delecdo homozigota dos nucleotideos GT no inicic do exon 2 do gene NCF-J,
realizou-se SSCP para este exon, observando-se um padrdo de migragio distinto nos dois
pacientes, em comparagio com o controle (Figura 1),

A seguir foi realizado o sequenciamento desta regifio especifica do DNA
utilizando-se o kit comercial “DNA sequencing Kit, Big Dye Terminator Cycle Sequencing
Ready Reaction for ABI 377 PE/Applied Biosystems", conforme previamente publicado,
confirmando que ambos os pacientes apresentam a delegiio GT (AGT) no inicio do exon 2

(Figura 2).

Comentarios

As alteracbes na atividade da NADPH oxidase, caracteristicas da DGC,
resultam em deficiéncia importante que envolve a etapa imicial da defesa as infeccBes.
Como ha amplo contato entre agentes do meio externo e a pele ¢ as mmcosas do trato
respiratério e gastrointestinal, barreiras naturais do organismo, estes locais, juntamente com
seus tecidos adjacentes, constituem os alvos primérios de invasfo microbiana e sitios
freqiientes de processos infecciosos em pacientes com DGC *°. Ambos os pacientes deste

estudo apresentaram inicio tardic de quadros infecciosos, ¢ apenas Adr.O.M. apresentou
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mnfeccdo grave. Além das infecgSes de pele e pulmdes e abscesso hepatico eles ndo
apresentaram outros quadros infecciosos freqiientes na DGC, como abscessos de partes

moles, adenite supurada € osteomielite.

As infecgfes pulmonares constituem a forma mais comum de infeccio invasiva
na DGC 2, e o envolvimento pulmonar est4 associado a aumento significativo da morbidade
¢ da mortalidade, uma vez que pneumonias de repetico podem evoluir para bronguiectasia
¢ fibrose pulmonar.

Embora a topografia dos processos infecciosos sejam sugestivas de
munodeficiéneia de fagécitos, a evolugio favoravel contrasta com as descricbes de
pacientes com DGC '°. Recentemente, a casuistica de 368 pacientes apresentada por
Winkelstein et al. (2000) demonstrou maior precocidade em relagio ao inicio dos sintomas
¢ maior taxa de mortalidade nos pacientes com X-DGC (p<0,02) . Akm disso, foi
observada maior prevaléncia de manifestagSes inflamatérias causando obstruciio géstrica e
urindria ¢ de determinado tipos de infeccdo (abscesso perirretal, adenite supurativa e

septicemia) em pacientes com X-DGC *.

Segundo alguns autores, a evolugio mais favordvel observada na A47-DGC
poderia ser atribuida a uma produgio residual de superéxido e peréxido de hidrogénio por
" neutréfilos deficientes de p47-phox ''. Entretanto, observamos niveis extremamente baixos

nos pacientes deste estudo, semelhantes aos niveis de outros pacientes brasileiros com
X-DGC .

Outra caracteristica importante da A47-DGC ¢ o fato de se encontrar a mesma
mutacdo no gene NCF-1 entre as diferentes familias, ao contrario da X-DGC, onde existem
300 mutages descritas, 200 das quais exclusivas para cada famflia °. De 82 pacientes com
alteracfio na p47-phox estudados até o ano de 2000, 74 apresentavam a mesma mutacio,
uma delegio homozigota do nucleotideo GT, correspondente s 4 primeiras bases do
segundo exon do gene NCF-]. Os demais pacientes eram heterozigotos para a delegdio GT
(n=6) ou apresentavam outra mutacdio associada & delecio GT (n=2)"*. A elevada
frequéncia da deiegiio GT no micio do exon 2 do gene NCF-I em pacientes ndo
aparentados com alteracdo na p47phox, ¢ explicada pela presenca de um pseudogene

altamente homologo, o qual por meio de fendmenos de recombinacio meidtica faz com que

Capituls 4
125



© gene normal seja eliminado ou convertido 4 sequéncia anormal °. Duas novas mutacies
no gene NCF-/ foram recentemente identificadas: uma mutaciio homozigota G579A, coma
formacfio de um “stop codon”, sendo os pais deste paciente heterozigotos para tal mutagio
e no segundo caso, mutagfio heterozigota G579A 6.

Estudos que mostrem aspectos clinicos e moleculares correlacionados na DGC
sdo importantes para o estabelecimento de prognéstico, aconselhamento genético adequado

e eventual terapéutica no futuro.

A pesquisa de DGC em familiares de pacientes ja diagnosticados deve ser
considerada, mesmo quandc os familiares ndo apresentem sinais e sintomas clinicos
caracteristicos. Talvez as formas autossbmicas recessivas de DGC possam ocorrer com
maior freqiiéncia do que o observado até o momento, se pesquisadas com mais freqiiéncia e
profundidade.
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L.egendas das Figuras

Figura 1-Polimorfismo Conformacional de Cadeia Simples de pacientes com DGC:
Perfil migratério do exon 2 do gene NCF-1. Note-se o perfil migratério alterado nos
pacientes (Adr, Ade), com relagfio aos individuos normais (N).

Figura 2-Sequenciamento do DNA genOmico de pacientes com DGC e controle:
Anglise da seqiiéncia do exon 2 do gene NCF-1. A: Paciente Adr. Observa-se uma delegio
GT (AGT) no inicio do exon 2. B: Paciente Ade. Observa-se a mesma mutagio AGT no
icio do exon 2. C: Controle, note-se a dupla segiiéncia do gene NCF-] pela presenca do

pseudogene.
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Tabela 1-Dosagem de &nion superéxido dos pacientes com DGC.

Paciente PMN esp’ PMN PMAT MONO esp* MONO PMA®
Adr.OM. 1,0 1,03 21,33 0,37
Ade.O.M. 0,01 1,94 0,37 0,37
Controle 5,12 13,04 1,75 12,94

*liberagdio espontanea de dnion superéxido por polimorfonucieares

tliberagdo de Anion superéxido por polimorfonucleares estimulados com forbol miristato acetato (PMA)
Iliberagdo espontinea de &nion superéxido por mononucleares

§liberaciio de dnion superéxido por mononucleares estimulados com PMA
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FIGURE 2-
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A DGC ¢ causada por defeitos moleculares que levam a auséneia, baixa
expressdo ou mau funcionamento de um dos componentes do sistema NADPH oxidase. A
maior parte dos pacientes com DGC possuem mutacdes exclusivas de suas familias. A
diversidade destas mutaces e os multiplos genes afetados constituem uma explicagéio para
a heterogeneidade clinica ¢ genética da DGC (CURNUTTE et al,,1993; ROOS et al,
1996a ). Desta maneira, o estudo das células dos pacientes com DGC, além de ilustrar a
relevancia clinica dos reativos intermediarios do oxigénio, possibilita a identificagdo dos
diversos componentes da NADPH oxidase, bem como seus mecanismos de ativagio
(DINAUER et al.,2000).

O gene CYBB que codifica a proteina gp91-phox contém 13 éxons e ocupa
aproximadamente 30 kb da regiio Xp2l.1 do cromossomo X, compreende 570
aminoscidos (aa) distribuidos em quatro dominios. O primeiro é um dominio N-terminal
(aa 1-277), o segundo ¢ o dominio de unifo ao FAD (aa 278-397) com o dominio de unifio
a0 NADPH (aa 398-483 e 504-570) e por tltimo um “loop over” no domfnio de unifio ao
NADPH (484-503) (ROOS et al.,1996b).

A DGC ligada ao X resulta de mutaces em qualquer destes dominios de
gp91-phox. Os defeitos neste gene resultam na anséneia de citocromo bsss, com sdo grandes
delegBes multigénicas, delecGes , insergBes menores, substituicbes do tipo “missense” e
“nonsense”, bem como defeitos de “splicing”. Mais de 300 muta¢des que levam ao fendtipo
de DGC ligada ao X tém sido identificadas até a data (HEYWORTH et al.,2001).

Na América Latina, Patino e colaboradores (PATINO et al.,1999a) estudaram 7
familias nfo relacionadas na Colombia e no Brasil. Neste estudo, 6 mfes eram portadoras
de um alelo CYBB mutante, sendo que um dos casos deveu-se a mutaciio "de novo".
Identificou-se uma substituicio A por G no pemiltimo nucleotideo do intron 12, quatro
novas mutagBes "nonsense” (R91X, WI106X, R157X, R290X), além de outras duas
mutacdes "missense” (E225V, C244Y).

Com o presente estudo, determinamos no gene CYBB 7 mutaches
(AGUDELO-FLOREZ et al.,2004 submetido). No paciente JY, encontramos uma insergio
¢c. 1267 _1268 ins A, afetando o dominio de unifio ao NADPH, resultando numa perda de

interacic da proteina gp91-phox com os outros componentes citosdlicos do sistema
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NADPH oxidase. Esta mutagiio aqui descrita ¢ inédita na literatura (HEYWORTH et al,
2001). Descrevemos também duas substituigSes “nonsense” W28X no paciente PT e R73X
no paciente MF, que resultam num erro de leitura da janela (“frameshift”), origitando *“stop
codons” prematuros. Estas mutagSes afetam o dominio N-terminal que afetam a unifio da

gp91-phox 4 membrana e a interagfio com a proteina p22-phox.

Em quatro casos, diferentes erros de “splicing” foram encontrados. Duas
mutagSes (pacientes RS e GG) deste tipo levaram a delegio do éxon 3 da proteina
gp91-phox , quando uma substituicio G>A foi evidenciada no final do éxon 3. As outras
duas mutagGes encontradas, levaram & delegfio do éxon 10, a primeira (paciente IC) foi uma
substituicdo de uma G>A no intron 10 ¢ a outra (paciente Vin) foi uma substituigio de uma
A>G intron 9. Neste {ltimo caso, mais um inédito erro de “splicing” foi aqui documentado

(HEYWORTH et al.,2001).

-~

MutagBes préximas aos sftios de “splicing™ s&o uma causa freqiiente de DGC
ligada ao sexo, estas mutagdes interferem com o processamento do RNA, mensageiro, sendo
documentadas em 39 de 251 casos em estudos anteriores (WINKELSTEIN et al.,2000;
SEGAL et al.,2000; ROOS et al., 1996a; RAE et al.,1998). A maioria ocorreu nos sitios de
“splicing”, e resultaram no fenétipo X91° devido a delecsio de um ou mais ‘rX0ons, como na
maioria das mutagdes “splicing” que levam a DGC ligada ao sexo, anteriormente
documentadas (de BOER et al.,1992). Entretanto, numa minoria de casos, tais mutagdes
levam ao fenétipo X917, devido 4 manutencdo parcial do “splicing” normal (RAE et al,
1998). O estudo do fendtipo destes pacientes pela analise Western Blot evidenciou a
auséncia de expressdo da protefna gp91-phox. Quando as mutacSes levam a completa
auséncia ou diminuigdo dos niveis de tradugfio da proteina, o gene sofren deleciio parcial ou
total, podendo haver a possibilidade de sintezar-se um produto protéico {ou mRNA)
aberrante ou nfio estdvel. As mutagBes aqui relatadas produzem significativos disturbios
bioquimicos demonstrados pela auséncia da atividade do “burst” oxidativo, acompanhada
pela instabilidade do mRNA de gp 91- phox, de sua proteina ou de ambos, resultando em
niveis indetectavéis desta proteina por Western Blot e um quadro clinico grave, como
relatado na dissertagio de Mestrado, que apresentou o curso clinico de nossos pacientes
(PRANDO-ANDRADE, 2003).
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As mutagbes no genme gp9l-phox determinadas nestes pacientes Latino-
Americanos mostraram um alto grau de heterogeneidade molecular, como ¢ relatados em
outros grupos étnicos. Todas estas mutacdes especificas predizem defeitos estruturais que
alteram a expressdo e funcgfio do produto génico, A maioria das mutagSes € distribuida ao
longo dos 13 éxons ou nas bordas éxon/intron. Neste estudo, a mutacio mais comum foi a
do sitio de “splicing”. A auséncia de uma grande porgfio de mRNA pode gerar um
transcrito instével, o qual pode ser degradado depois de ser sintetizado. O Paciente RS
também apresentou uma associacdo com a deficiéncia de G6PD além de DGC ligado ao X,
como foi descrito por AGUDELO-FLOREZ et al.(2004b). Este caso valida nosso conceito
de que o diagndstico definitivo de DGC necessita a demonstragio do componente
defeituoso do sistema NADPH oxidase e a detecgfio da mutacio responsavel pelo fenétipo
de DGC.

O nimero de mutagdes identificadas em pacientes com DGC autossdmica €
menor que na DGC ligada ao sexo. Publicou-se a caracterizagio molecular de dois irmios
(PRANDQO- ANDRADE et al, 2004 in press), com DGC causada por deficiéncia de
p47-phox (gene NCF-1). O estudo demonstrou uma delegfio homozigota de 2 nucleotideos
na repetigdo GTGT, correspondente as 4 primeiras bases do segundo éxon do gene. A alta
freqiiéncia da delecdo GT no inicio do exon 2 em pacientes nfo relacionados, ¢ explicada
pela presenca de um pseudogene altamente homélogo que sob eventos de recombinagio,

elimina o gene normal ou converte este numa seqiiéncia anormal.

Os resultados indicam que as bases genético-moleculares da deficiéncia de
gp91-phox, higada ao X sfo beterogéneas, enquanto as observadas na deficiéncia de
p47-phox s3o0 mais homogéneas. A correlagio gendtipo-fenétipo determina que a clinica da
DGC ligada ao X ¢ grave, enquanto a DGC autossOmica secunddria aos defeitos na p47-
phox, tem evolug@o mais benigna (WEENING et al., 1985; MARGOLIS et al.,1990), o que
pode ser atribuida a uma atividade NADPH oxidase residual (WINKELSTEIN et al.,2000).

Paralelamente, determinou-se também, a expressdo do componente gp91-phox
do sistema NADPH oxidase, por RT-PCR, nos leucdcitos de 8 pacientes com DGC
(AGUDELO-FLOREZ et al.,2004a). Oligonucleotideos especificos foram desenhados para
amplificar trés regides exdnicas do gene gp91-phox por RT-PCR: 1-5, 3-9, e 7-13.
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Com esta estratégia foi possivel detectar a expressfio defeituosa de gp91-phox
em sete pacientes. A expressio da proteina gp91-phox esteve reduzida no paciente RB em
todas as regibes exdnicas. Esta reducfio sugestiona uma mutacfio que leva 4 uma baixa
estabilidade do RNA ou uma atividade transcricional alterada.

Os pacientes GM ¢ TP apresentaram express3o ausente na regido exdnica 7-13,
© que pode ser o resultade de mutages “nonsense”, € deve ser confirmado em uma futura
analise mutacional. O paciente GG apresentou um produto de tamanho menor € pouco
abundante nos exons 1-5 ¢ uma expressfio ausente nas outras regides exdnicas. A analise da
muta¢do deste paciente mostroun um defeito no sitio do *splicing” do exon 3. De maneira
similar, a andlise da mutacio do paciente RS, revelou um defeito no sitio de “splicing”
também no exon 3, embora neste caso um produto de PCR abundante se evidenciou,

O paciente MF apresentou uma expressio reduzida nas regides 3-9 e 7-13,
resultado da mutagio “nonsense” no éxon 3. JEM apresenta uma mutaciio “ponsense” no
exon 5 (PATINO et al, 1999a) que leva a uma perda de expressdo de gp91-phox, como foi
evidenciado pela andlise RT-PCR.

No caso, TPB, a expressio do gene gp91-phox foi normal embora este paciente
tivesse um histoérico compativel com DGC e um defeito na atividade do “burst” oxidativo.
Neste caso o diagnéstico provével de DGC ligada ao X, baseou-se nos testes de NBT,
revelando o perfil de portadora em sua mée e irma. Este achado sugere existir um defeito
pos-transcricional neste caso,

Estes estudos mostram que 0 RT-PCR € uma ferramenta de grande potencial
para determinar alteragSes na expressio génica. Esta caracteristica pode explicar em parte a
variabilidade na expressio génica do gene gp9l-phox. Entre os pacientes incluidos neste
estudo a importincia de combinar pares de primers para fazer um “screening” de todo o
mRNA. Além disso, através da metologia de RT-PCR, pode-se estudar a expressfic do
mRNA, permitindo assumir o diagndstico definitivo de DGC segundo os critérios atuais
(CONLEY et al,1999), sendo uma alternativa ao método “northern biot”, de alta
complexidade e elevado custo.

Diante disso, outras metodologias mais sensiveis estfio agora disponiveis para
aprofundar e continuar este estudo, entre elas, Cromatografia Liquida de Alta Pressfio em
condicdes denaturantes (DHPLC) que ja foi ussada para o diagnéstico prenatal da DGC
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figada ao X (CHIEN, S. et al, 2003) ¢ PCR em Tempo Real que ajudou a determinar os
genétipos polimorficos de p22-phox e sua relagiio com a expresséio do sistema NADPH
oxidase em pacientes hipertensos (WYCHE, K.E. et al, 2004). A disponibilizagéio destas
metodologias e sua utilizagiio para estudar pacientes com DGC e diferentes aspectos
relacionados com o sistema NADPH oxidase, ampliardo o espetro de deteccfc mutacional
que teve este trabalho, e elucidarfio outros aspectos do complexo gendtipo-fenétipo da
DGC.
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Os dados obtidos com ¢ presente trabatho permitem concluir que:

O teste RT-PCR é uma ferramenta com bom potencial para determinar a
expressdo génica e pode explicar em parte a variabilidade na expresséo génica do gene

gp91-phox entre os pacientes incluidos neste estudo.

O teste RT-PCR, por estudar a expressio do mRNA, permite assumir o
diagnostico definitivo de DGC segundo os critérios atuais, sendo uma alternativa ao
método “northern blot”, de alta complexidade e elevado custo.

As mutacdes no gene gp9l-phox determinadas nestes pacientes
Latino-Americanos mostraram um alto grau de heterogeneidade molecular, como ¢ relatado
em outros grupos étmicos. Todas estas mutacdes especificas predizem defeitos estruturais
que alteram a express3o e fungdo do produto génico.

Propomos aos clinicos que frente a um paciente com deficiéncia de G6PD com

episédios de infecgBes graves recorrentes, considerem a possibilidade de um defeito

fagocitico e uma eventual associagio com DGC,

As bases genético-moleculares da deficiéncia de gp91-phox, ligada ao X sdo

heterogéneas, enquanto as observadas na deficiéncia de p47-phox sdo mais homogéneas.

O diagnostico definitivo de DGC requer a demonstragio do componente
defeituoso do sisterna NADPH oxidase € a detecgfio da mutacio responsdvel pelo fenétipo
de DGC.
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The use of reverse transcription-PCR
for the diagnosis of X-linked chronic

granulomatous disease

Abstract

Chrenic graplomatous disease (CGD) is an inherited disorder of the
innate immune system characterized by a defective oxidative burst of
phagocytes and subsequent impairment of their microbicidal activity.
Mutstions in one of the NADPH-oxidase components affect gene
expression or finction of this system, leading fo the phenotype of
CGD. Defects in gp91-phox lead to X-linked CGD, responsible for
approximately 70% of CGD cases. Investigation of the highly hetero-
geneous genotype of CGD patients includes nautation analysis, North-
¢m blot or Western blot assays according to the particular case. The
aim of the present study was to use reverse transeription (RT)-PCR for
the analysis of molecular defects responsible for X-linked CGD in
eight Brazilian patients and to assess its potential for broader applica-
tion to molecular screering in CGD. Total RNA was prepared from
Epstein B virus-transformed B-lymphocytes and reverse transcribed
using randor hexamers. The resulting ¢DNA was PCR-amplified by
specific and overlapping pairs of primers designed to amplify three
regions of the gpSl-phox gene: exons 1-5, 3-9, and 7-13. This strategy
detected defective gp9l-phox expression in seven patients. The RT-
PCR results matched climical history, biochemical data (nitroblue
tetrazolinm or superoxide release assay) and available mutation anal-
ysis in four cases. In three additional cases, RT-PCR results matched
clinical history and biochemical data. In anofher case, RT-PCR was
normal despite a clinical history compatible with CGD and defective
respiratory burst. We conclude that this pew application of RT-PCR
analysis - 2 simple, economical and rapid method - was appropriate for
screening molecular defects in 7 of 8 X-linked CGD patients.
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Introduction

Chronic granulomatous disease (CGD)
is a primary immunodeficiency originally
described in 1957 as a clinical eatity affect-
ing male infants and named, at the time, fatal
granulomatous disease of childhood. The
main characteristics of CGD are recurrent
and severe infections involving the natural
barriers of the organism such as the respira-
fory tract and lymph nodes, and eventually
mner structures such as the liver, spleen,
bones, and brain (1-3). The estimated ingci-
dence of this rare disease is 1/250,000 live
births per year. The infections are generally
caused by catalase-negative bacteria such as
Staphylococcus aureus, Gram-negative ba-
cilli, and fungal species such as Aspergiflus,
Candidz and Nocardia (4,5).

The NADPH-oxidase system generates
superoxide and other reactive oxygen inter-
mediates, crucial for the microbicidal activ-
ity of phagocytes. The biochemical defect in
CGD is an impairment of NADPH-oxidase
activity and subsequent inability to destroy
microorganisms {6). The main components
of the NADPH-oxidase system are gp91-,
p22-, p47-, p67-, and p40-phox. Molecnlar
defects causing CGD are generally due to
absence, Jow expression or malfimctioning
of one of the NADPH-oxidase components.
The X-linked form of this disease is caused
by defects in gp91-phox, the heavy chain of
cytochrome bygs, and accounts for approxi-
mately 70% of all cases (7.8). The autosomal
recessive forms are cansed by defects in one
of the cytosolic components of NADPH oxi-
dase (p47- or p67-phox, respectively in 20
and 5% of cases), or the cytochrome bag
light chain component (p22-phox, 5% of
cases) (9,10). CGD is a highly heteroge-
neous condition: over 300 mutations have
been registered in an internationally main-
tained X-CGD database (8). The mutations
have been distributed largely within the 13
exons or at the exon/iniron boundaries of the
gp91-phox (CYBB) gene and almost 200 of

P. Agudelo-Flbroz ot al.

these mutations are unique,

The diagnosis of CGD is generally based
on the clinical characteristics of the disease
plus defective NADPH-oxidase activily as
demonstrated by abnormal nitroblue tetrazo-
lium (NBT), dihydrorthodamine 123, or su-
peroxide release assays (11,12). In the
stimulated NBT test, normal individuals dis-
play nearly 100% positive cells, while in
CGD patients fewer than 5% of the cells are
positive (13). In addition, cells from patients
with variant CGD are positive, but show
only very low activity (6). The NBT test also
detects the carriers of X-linked CGD (moth-
ers and sisters). A definitive molecnlar CGD
diagnosis is established in patients with an
abnormal NBT test or respiratory burst ac-
tivity who have one of the following charac-
teristics: a mutation i gp91-, p22-, pd7-, or
p67-phox; absent mRNA for one of these
genes detected by Northern blot analysis;
and/or absent protein for one of these oxi-
dase components by Western blot. A ge-
netic, but not molecular, disgnosis can be
established by demonstration of maternal
cousins, uncles, or nephews with an abnor-
mal NBT test or respiratory burst {14). Thus,
the establishment of a definitive diagnosis of
this rare and highly heterogeneous disease
requires complex and expensive methodolo-
gies such as a combination of Northern blot
or Western blot, and single-strmd confor-
mation polymorphism analysis (SSCP) fol-
lowed by DNA sequencing of several family
members, all performed in high complexity
research laboratories,

The reverse transcription-PCR (RT-PCR)
method involves the amplification of cDNA
by PCR. This technique can be casily stan-
dardized in less sophisticated laboratories. It
provides information about gene expression
and preliminary data sbout the structure or
size of the mRNA of the defective compo-
nent, RT-PCR has seldom been used in CGD
research, being limited to pathophysiology
studies (15-29). To date, the potential nse of
this useful tool for establishing the definitive
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diagnosis of X-linked CGD, the most fre-
quent forn, has not been extensively investi-
gated. The aim of the present study was fo
evaloate the use of RT-PCR for screening
molecular defects responsible for X-linked
CGD, a rare and possibly misdiagnosed im-
mwunodeficiency, in eight Brazilian patients.

Patients and Methods
Patients

The stady included 8 unrelated male Bra-
zilian patients with probable X-linked CGD
(2 Blacks and 6 Caucasians; age 2-8 years;
height 88-108 cm; weight 11-19 kg). The
patients presented clinical histories of recur-
rent severe infections such as pnewmonia,
ivmphadenitis, liver abscess, pyodermitis,
apd adverse reactions to BCG immuniza-
tion. They were referred to our laboratory for
biochemical and molecular diagnostic evalu-
ation. Written inforroed consent was ob-
tained from the participants priorto the study.
The Medical School Ethics Committee ap-
proved the protocol in accordance to the
Helsinki Convention and Brazil Ministry of
Health, Resolation 196/96.

Biochemical diagnosis of CGD

The biochemical diagnosis of CGD was
established according to the Pan American
Groap for Immmnedeficiencies criteria. Aa
impairment of NADPH-oxidase activity was
demonstrated by the NBT slide test and/or
the superoxide anion release assay by pe-
ripheral blood neutrophils and mononuclear
lemkocytes (14.30,31). Neutrophils and
mononuclear leukocytes were obtained by
centrifugation of blood samples over a Ficoli-
Hypaque density gradient (32).

The NBT slide test was based on the
reduction of NBT to formazan by activated
leukocytes (31). The assay was performed as
previously described {30). More than 95%
of 200 normal neutrophils stimulated with

30 oM phorbol 12-myristate 13-acetate
(PMA) should be able to reduce NBT. Ab-
sent reaction or <5% posttive cells was con-
sidered to indicate a diagnosis of CGD (14).

Quantitative superoxide release by neu-
tophils and mononuclear lekocytes was
assessed by 2 modified superoxide dismu-
tase-mhibitable cytochrome ¢ reduction as-
say (33-35). The amount of superoxide re-
leased was calculated using an extinction
coefficient of 0.21 sM/em for cytochrome ¢.
The results are reported as nmol superoxide
released by 10¢ cells per hour. Patients with
CGD showed less than 10% of control values.

Sereening molecular defects responsible for
X-inked CGD

B-lymphocytes from X-linked CGD pa-
tients were transformed in vitro with Epstein
B virus (EBV) (15.16) in order to provide an
abundant source of nucleic acids for molec-
ular studies. The EBV-transformed B cell
lines reproduce the biochemical and molec-
ular defects of CGD patients (15,16,36), and
eliminate the need for repeated biood coliec-
tions. Briefly, peripheral blood leukocytes
from X-linked CGD patients were caltured
with supernatants from B95-8, an EBV-pro-
ducer cell line (15,16,36,37), in RPMI 1640
medium supplemented with heat-inactivated
fetal bovine seram (10%), 2 mM L-gluta-
mine, 100 U/md penicillin, and 100 pgfml of
streptomycin, at 37°C, in 8 humid atmos-
phere with 5% CO,. Cell viability was moni-
tored and the cultures were maintained
throughont the stndy period.

RNA samples from EBV-transformed B-
cell fines were prepared by the guanidine
HC1 method, followed by ethanol precipita-
tion and quantification by standard methods
(38,39). The ¢DNA. samples were obtained
by reverse transcription of 2 ug of total RNA
with SuperScript II RT (GIBCO BRL) and
random hexamers (15). The quality of the
miNA samples was checked by PCR ampli-
fication of B-actin, a constitutive gene con-
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trol (bp 920-943 and bp 1494-1471) {Gen
Bank accession No., NMOQ1101).
2p%1-phox gene expression was assessed
by RT-PCR. Specific and overlapping pairs
of primers (Gen Bank accession No.
NM_000397, Table 1) were used to amplify
{30 oycies) three gp91-phox exonic regions:
1-3,3-9, and 7-13. This strategy permitted us
to screen all gp91-phox exons. PCR prod-
ucts were analyzed by 2% agarose gel elec-

P. Agudelo-Fiérez o2 al.

trophoresis and stained with ethidium bro-
mide.

Relative gp91-phox gene expression was
analyzed with the [mage Master Software
{Pharmacia-Biotech). The densitometry re-
suit for target samples was divided by the
densitometry result of B-actin, a constitative
gene control, normalizing the level consid-
ered for anpalysis. The results of RT-PCR
assays were compared to patient clinical his-
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tory, biochemical assavs (NBT and/or super-
oxide release assay), and available mutation
analysis data (hitp:/Fwww.sbi.org.br/Sbi2003/
index htm).

Resuits

We stodied 8 male patients with clinical
histories of recurrent severe infections, re-
ferred to our laboratory for biochemical and
molecular diagnosis of CGD. The results of
the NBT slide tests and the superoxide re-
lease assays are shown in Table 2. Six of the
patients presented less than 5% positive leu-
kocytes in the NBT slide test. Six patients
showed impaired superoxide release by
granulocytes and/or mononuclear leukooytes
(iess than 10% compared to healthy con-
trols). Four patients had abnormal results in
both tests. All patients presented at least one
abnormal test and received the diagnosis of
probable X-linked CGD. The mother and the
sister of patient T.B.P. presented an NBT
slide test compatible with the carrier status
of X-linked CGD. During the study period

one patient {G.M.) died from pnemmonia.

We next investigated the definitive diag-
nosis of X-linked CGD by RT-PCR analysis
of gp91-phox gene expression. The resulis
of RT-PCR amplification with three sets of
overlapping primers are presented in Table
2. The quality of the mRNA sample was
checked by PCR amplification of B-actin, a
constitotive gene control. The expected nor-
mal products were obtained in this case (Fig-
ures 1, 2 and 3).

The amplification of exons 1-5 detected
two patients (G.M. and R.B.) with reduced
£p91-phox gene expresston (Figure 1, lanes
1 and 2, respectively). One patient (JEM.,
lane 8) showed absent gp91-phox gene ex-
pression. Two patients (G.G. and R.S.; Fig-
ure 1, lanes 3 and 7, respectively) presented
a smaller PCR product (between 300 and
400bp), suggesting a splicing defect or small
deletion. Three patients presented normal
ep91-phoxexpression (TPB,MF. and TF,;
Figure 1, lanes 4, 5, and 6, respectively).

The results of RT-PCR amplification of
g9 1-phox exons 3-9 are presented in Figure

Zeactin

1.8+

Relative expression {gpd1-phox B-acting

Figure 1. RT-PCR analysis of gp9i-phox gene expres-
sion {exons 1-5) in Epstein B virus-transformed 8 cells
from patients with Xdinked chronic graruomatous dis-
ease. Representative 2% agarose ge! electrophoresis
of PCR products steined with ethidium brormide. Size
standards (100-bp iadder); Lane 7, patient G.M., lane 2,
patient R.B.; lane 3 patient G.G.; lane 4, patent TP.B.;
Izne B, patient MLF,; lane 6, patent T.P,; lana 7, patent
R.8.; lene 8, patient JE.M., and lane 9 healthy control.
ff-actin was used as an internal control for BT-PCR in all
samples. The lower pane! shows the mean band densi-
wometry of gp81-phoxB-actin relative expression (N =
3.
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Figure 2. RT-PCR analysis of gp9i-shox gene
exprassion {exons 3-8} in Epstsin B virus-trans-
farrned B cell lines from patients with X-linkad
chronic gramfiomatous disease. Represents-
tiva 2% agarose gel siectrophoresis of PCR
products stained with ethidium brornide. Size
standards {100-bp ladder); Lane 7, patient G.M.
fane 2, patient R.B.; lang 3, patient G.G.; sne 4,
patient T.P.B.; fane 8, patient M.F.; jane & pe-
tient T.P.; fane 7, patient R.S.; fane 8 patiant
JEM., and fane 8, healthy control, R-actin was
used as an intemal conwrol for RT-PCR in all
sampies. The lower pane! shows the mean
band densitometry of gp91-phox/-actin reia-
tive expression (N = 3).

Figure 3. RT-PCR analysis of gp9i-phox gene
expression (exons 7-13} in Epstein B virus-
transformed B cell lines from Xdinked CGD
patients. Representative 2% agarose gel slec-
trophoresis of PCR products stained with athi-
dium bromide. Size swmndards (100-bp ladder);
Lane 7, patiernt G.M.; jJane 2, patient R.B.. fane
3, patient G.G.; fane 4, patent T.PB.; sne 5
patent M.F,; lane 6, patient T.P,; lane 7, patient
R.S.; lane 8, patiert J.E.M., and lane 8, haalthy
control. B-actin was used as an intemnal control
for RT-PCR in ail samples. The lower panel
shows the meen band densitometry of gp91-
phox-actin relztive expression (N = 3).
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2. Two patients (R.B. and M.F.) presenied
reduced gp91-phox gene expression (Figure
2, lanes 2 and S, respectively). Three pa-
tients (G.G, R.S.,and JEM.; Ianes 3,7, and
8, respectively) presented absent gp91-phox
gene expression. Three patients presemted
normal gp91-phox expression (GM., TPB.
and T.P.; Figure 2, lanes 1, 4 and 6, respec-
tively).

RT-PCR amplification of gp91-phox ex-
ons 7-13 is presented in Figure 3. One pa-
tient (R.B.) presented reduced gp91-phox
gene expression (Figure 3, lane 2). Four
patients (GM., G.G., T.P. and JEM., lanes
1, 3, 6, and &, respectively) presented absent
gp%1-phox gene expression. Three patients
(TPB., MF. and R.S.; Figure 3, lanes 4, 5
and 7, respectively) presented normal gp¥i-
Phox expression.

In four cases, it was possible to match
RT-PCR data with available mutation analy-
sis, presented elsewhere by Patifio et al. (30
or by our group (http: //www.sbi.org.bt/
Sbi2003/index.htin): JEM. presented a
C.—T transition in exon 5, predicting a
nonsense mutation (R157X}. MLF. presented
a nonsense substitution in exon 3, R (argi-
ning) 73-Stop. R.S. showed a 264 G-A
substitution at the 3' splice junction of gp91-
phox exon 3. The cDNA sequence showed a
deletion of gp91-phox exon 3, giving rise to
an unstable or nonfunctional mutant gp91-
phox. G.G. presented a defective splicing of
gpSli-phox exon 3 (the underlying mutation
has not yet been determined). The other
patients contimue to be under investigation.

As a whole, this strategy permitted the
detection of defective gp91-phox expression
m seven of eight patients. The RT-PCR re-
sults matched clinical history, biochermnical
data (NBT or superoxide releass assay) and
available mutation analysis in four cases. In
three additional cases, RT-PCR results
matched climical history and biochemical
data. In another case, RT-PCR was nommal
despite a clinical history compatible with
CGD, a defective respiratory burst charac-

terized by the NBT test and superoxide re-
lease assay and NBT tests of his mother and
sister compatible with X-linked CGD cartier
status.

Discussion

This paper reports on the biochemical
and gene expression studies of 8 unrelated
Brazilian male patients with a clinical his-
tory of CGD, whoe were referred to our Iabo-
ratory for detailed imvestigation. CGD is 2
rare inherited disorder in which phagocytic
cells are mnable to generate superoxide an-
ion and other reactive oxygen intermediates,
We initially established the diagnosis of prob-
able X-linked CGD by means of biochemi-
cal methods such as the NBT slide tests and/
or superoxide anion release assays. Our re-
suits showed that all patients presented im-
paired NADPH-oxidase function and, in furn,
probable X-linked CGD.

Both methods contribante to the probable
diagnosis of CGD in different ways. The
NBT slide test provides information about
the number of cells that reduce NBT to
formazan inside the cytoplasm and the inten-
sity of this reduction. Thus, patients with
variant forms of X-linked CGD show abnor-
mal NBT slide tests, in which most of the
cells weakly reduce NBT to formazan. The
NBT shide test alse detects female carriers of
X-linked CGD. The superoxide release as-
say measures the reduction of cytochrome o
by superoxide produced by activated leuko-
cytes present in the reaction, permitting the
diagnosis of variant forms of X-tnked CGD.
Both tests can be easily standardized in Jow
complexity laboratories and neither requires
expensive equipment. The dihydrorhodamine
123 test is a highly sensitive method for the
biochemical diagnosis of CGD; however, it
requires 2 flow cytometer, a very expensive
imstrument.

We evaluated gp91-phox gene expres-
sion in EBV-transformed B Iymphocytes
from CGD patients by RT-PCR apalysis.
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Specific and overlapping pairs of primers
were used to amplify three regions of the
gp91-phox gene by RT-PCR: exons 1-5, 3-9,
and 7-13. This strategy permitted the detes-
tion of defective gp91-phox expression in 7
of 8 patients. The RT-PCR results matched
clinical history, biochemical data (NBT or
superoxide release assay) and available mu-
tation analysis in four cases, In three addi-
tional cases, RT-PCR results matched clini-
cal history and bicchemical data.

gp91-phox gene expression was reduced
in all exonic regions of patient R.B. This
reduction can be the resuit of mutations lead-
mg to low RNA stability or altered transcrip-
tional activity. Patients GM. and T.P. showed
absent expression of exons 7-13, suggesting
that the decreased expression of fhese addi-
tional 3'-end exons can be the result of RNA
mstability or a splicing defect, e.g., partially
correct splicing to produce a signal, but
partially abnormal splicing to eliminate a
primer binding site, a subject to be investi-
gated by future genomic DNA mutation
analyses.

Patient G.G. presented a diffase, low
abundance, smaller-sized product of exons
1.5 (Figure 1), and absent expression of
other exonic regions. His mutation analysis
showed a defect at the exon 3 splice site.
Similarly, the mutation analysis of patient
R.S. also revealed a defect at the exon 3
spiice site. However, in this case, a less
abundant PCR product could be detected.

Patient MF. presented reduced expres-
sion of exonic regions 3-9 and 7-13, which
can be the result of defective transcriptional
activity in exon 3. JEM. presented a non-
sense mutation in exon 5 that reselted in loss
of gp91l-phox expression, as evidenced by
RT-PCR analysis, 2 possible consequence of
nonsense-mediated mRNA instability.

In one case, patient T.P.B., gp91-phox
gene expression was normal despite a family
history compatible with CGD and a defec-
tive respiratory burst activity, In this case,
the diagnosis of probable X-linked CGD

was based on asbnormal NBT tests in his
mother and his sister, compatible with car-
tier status. We hypothesize that 2 point ma-
tation, such 2s a single base substitution that
does not change PCR fragment length or
abundance, should be investigated in this
particuiar case.

RT-PCR is a powerful tool to assess gene
expression. This characteristic may partially
explain the variability of gp91-phox gene ex-
pression among the patients included i this
study, and the importance to combine overlap-
ping pair of primers to screen the full length of
the message. RT-PCR has been nsed in iso-
lated case studies as part of the initial diagno-
sis of the different forms of CGD (17-22). RT-
PCR analysis was also useful in the prenatal
diagnosis of CGD, resulting from p47-phox
deficiency (23). However, it has been more
commonly nsed for the study of gene repula-
tion of the NADPH-oxidase components in 2
variety of cells {15,16,24-29). To date, the
potential use of this useful tool for establish-
ing the definitive diagnosis of X-linked CGD,
the most frequent form, has not been investi-
gated extensively. Fuxther studies shonld be
performed to compare the sensitivity and
specificity of this test compared to other
comnplex assays such as Western or Northern
blots.

Overall, we have demonstrated that RT-
PCR, a simple and iow cost methodology,
established the definitive diagnosis of X-
linked CGD in 7 of 8 cases, without the need
to use complex and expensive methodolo-
gies such as Northern blot, slot blot, SSCP
analysis, or genomic DNA sequencing. Thus,
RT-PCR may be a suitable tool for diagnos-
ing CGD in laboratories in developing conn-
tries. It is very important to determine the
definitive molecular genetic defect in order
to provide the appropriate genetic counsel-
ing and prognosis to kindreds with CGD. In
addition, molecular genetic studies of the
hnman NADPH-oxidase system will advance
the kmowledge about this crucial and ancient
defense mechanism,
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Association of Glucose-6-phosphate Dehydrogenase
Deficiency and X-Linked Chronic Granulomatous Disease
in a Child With Anemia and Recurrent Infections

Piedad Agudeio-Fiérez,’ Beatnz T. Costa-Carvalho,? Juan Alvaro Lépez,’ Jussara Redher,’
Peter E. Newburger,® Sara Teresinha Olalla-Saad,* and Antonic Condino-Neto™
1 Center for Investigation in Padiatrics and Depariment of Peciatrics, State University of Campinas Medical School, Campinas, Brazit
2 pivision of Allergy, immunology and Rheumatology, Department of Pediatrics, Federal University of Sao Paulo, S&o Paulo, Brazil
% Dapartment of Pediatrics, University of Massachuseits Medical School, Worcester, Massachusetits
*Division of Hematology, Department of Medicine, State University of Campinas Medical School, Campinas, Brazii

Patients with severe leukocyte GEPD deficiency may present with impairment of NADPH
oxldase activity and a history of recurrent infections, mimicking the phenotype of chronic
granulomatous disease, We report herein & child with recurrent infections who Inltially
received the diagnosis of G6PD deficiency. His erythrocyte GSPD activity was reduced:
1.8 U/g Hb (normal: 12.1 = 2.1 Ulg Hb). Further studies revealed that GSPD activity in
neutrophils, mononuciesr leukocytes, and Epstein-Barr virus-transformed B-lympho-
cytes from the proband was similar to healthy conirols. Molecular studies showed that
the GEPD deficiency was dus 5 202 G—A mutation, the A variant common in African
ethnic groups. The proband also exhibiied severely impaired respiratory burst activity,
as observed in X-linked CGD. Sequence analysis of genomic DNA showed a 264 G—A
substitution at the 3’ gplice junction of gp81-phox exon 3. The cDNA sequence showed &
deletion of gp91-phox exon 3, giving rise to an ungtable or nonfunctional mutant gp93-
phox and to the phenotype of X-linked CGD. We propose that clinicians treating a patient
with GSPD deficloncy during a severe infection episode consider the possibility of
temporary or permanent impairment of the phagoeytes’ microbicidal activity and the
eventual agssoclation of G6PD deficiency and chronic gmnuiomtous disease. Am. J.
Hematol. 75:151--158, 2004,  © 2004 Wiley-Liss, ne.

Key words: chronic granulomsatous disease; GE6PD deficiency; recurrent infections;

anemia; phagocytes

INTRODUCTION

The phagocytic cells constitute one of the major
effector mechanisms against invasive microorganisms.
Phagocyte abnormalities are generally manifested by
recurrent and severe infections, usually starting in
early infancy. When phagocytes are activated, they
increase oxygen consumption and reduce molecular
oxygen to superoxide, a reaction known as the “respira-
tory burst”, catalyzed by an enzymatic complex called
the NADPH oxidase [1}.

NADPH is the electron donor used to reduce the
moolecular oxygen to superoxide. It is generated from
glucose, via hexose’s monophosphate shunt, which also
substantiafly increases its activity when the phagocytic
cells are activated. In the first step of this pathway,
© 2004 Wiey-Liss, Inc.
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glucose-6-phosphate {G6P) is converted into 6-phos-
phoglucolactone, catalyzed by glucose-6-phosphate
dehydrogenase, and accompanied by the reduction of
nicotinamide adenine dinucleotide phosphate (NADFP)
into NAPDH[2].

Chronic granulomatous disease (CGD) is a primary
immunodeficiency, characterized by recurrent infec-
tions affecting mainly the natural barriers of the organ-
ism such as the respiratory tract, lymph nodes, and
eventually inner structures, such as the liver, spleen,
bones, and brain [3]. The biochemical defect in CGD
is impairment of the NADPH oxidase activity and the
subsequent inability to destroy microorganisms [1]. The
main components of the NADPH oxidase system are
gp9l-phox, p22-phox, p47-phox, and p67-phox. The
molecuiar defects causing CGD are generally due to
the absence, low expression, or malfunction of one of
these NADPH oxidase components. The X-linked
form of the disease is caused by defects in gp91-phox,
the heavy chain of the cytochrome bsse, and accounts
for approximately 60% of the cases. The CYBE gene
encodes gp%1-phox and is located at Xp21.1. The auto-
somal recessive forms are caused by defects in one
of the cytosolic components of the NADPH oxidase
{p47-phox or p67-phox, tespectively 30% and 5% of
the cases), or even the cytochrome bsge lght chain
component{p22-phox, 5% of the cases) [4-6].

G6PD deficiency is a common gepetic disorder in
humans. Clinically, it varies from mild hemolytic
anemia to chronic nonspherocytic hemolytic anemia,
associated with attacks of severe anemia induced by
infections and drugs. The G6PD gene is located to
Xq28. Thus, hemizygous men most frequently express
the clinical symptoms [2,7]. Patients with severe G6PD
deficiency in leukocytes may indeed present impair-
ment of the NADPH oxidase activity and subsequent
recurrent infections, mimicking the phenotype of
chronic granulomatous disease [8,9].

We report herein on a child with anermia and recur-
rent infections, who initially received the diagposis of
G6PD deficiency. Further studies confirmed an impair-
ment of the NADPH oxidase system. Mutation ana-
Iysis revealed a splicing defect on the exon 3 of CYBB
gene, confirming an unusual association of X-linked
chronic granulomatous disease and the African variant
of G6PD deficiency.

PATIENTS AND METHODS
Case Report and Human Subjects

The proband is a male, born in 1994 to Brazilian
parents with African and Caucasian ethnic back-
ground, who presented with anemia and recurrent
severe infections since he was 6 monthg old. By age
5 years, he had already had 12 episodes of pneumonia

(two with pleural effusion), two of diarrhea (entero-
pathogenic Escherichia coli and Salmonella), three of
otitis, four of sinusitis, one of stomatitis, two of skin
abscess, and one of sepsis. He was hospitalized on
eight occasions. He received the recommended immu-
nizations, including BCG, without any side effects.
His parents were not consanguineous. A 3-year-old
brother died from sepsis secondary to pneumonia and
abscesses in the liver and lungs. His father and his
sister have sickle cell trait. His physical examination
findings at age 5 years included weight, 17 kg; height,
107 cm; pallor; digital clubbing; and moderate hepa-
tosplenomegaly.

Blood cell counts revealed anemia (hemoglobin
range: 8.1-10.9 g/dL}, neutrophilia, and eosinophilia.
‘The reticulocyte count was normal (1.3%) as was the
serum unconjugated bilirubin (0.3 mg/dL). Serum
immunogiobulin levels (IgA, IgG, and IgM) were
increased. CD3, CD4, and CDS cell counts were nor-
mal. Lymphocyte proliferation in response to phyto-
hemaglutinin, pokeweed mitogen, and concanavalin
A was normal. The complement CHS) activity was
normal. The HIV test was negative. A thoracic CT
scan showed emphysema and extensive areas of pul-
monary destruction. Erythrocyte G6PD activity was
reduced: 1.8 Ujg Hb compared to the normal range of
12.1 £ 2.1 Ufg Hb.

Considering the recurrent infections, the hypothesis
of a phagocyte abnormality was established and the
patient was referred to our laboratory for further inves-
tigation. Experiments compared assays in blood sam-
ples and cell lines obtained from the proband, one
patient with X-linked chronic granulomatous disease
[10], one patient with G6PD deficiency (African var-
iant) [11}, and healthy controls. Written informed con-
sent was obtained prior to the study. The Medical
School Ethics Committee approved the protocol in
accordance with the Helsinki Convention and the
Brazilian National Health Council.

Purification and Biood Celi Cultures

Erythrocytes were obtained by centrifugation and
aspiration of plasma and buffy coat, followed by wash-
ing 3 times with saline [12]. Nevtrophils and mono-
nuclear leukocytes were obtained by centrifugation
of heparinized blood over a Ficoll-Hypaque density"
gradient{13]. .

B lymphocytes were transformed in vitro with
Epstein-Barr virus (EBV) in order to provide an abun-
dant source of leukocytes for biochemical and molecu-
lar studies. EBV-transformed B-cell lines reproduce the
biochemical and molecular defects of CGID patients
{14] and avoid repeated blood collections. Briefly,
mononuclear leukocytes were cultured with supernatants
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from B95-8, an EBV-producer cell line, in RPMI 1640
medium supplemented with heai-inactivated fetal
bovine serum (10%}, 2 mM r-ghutamine, 160 U/mL
penicillin, and 100 ug/mi. of strepiomycin, at 37°C, in
a humid atmosphere with 5% CQO,{15]. Cellular viabi-
lity was monitored, and the cultures were maintained
during the studies.

(G6PD Studies

G6PD activity was assayed as the rate of reduction of
NADP to NADPH, when erythrocyte or leukocyte
lysates were incubated with glucose-6-phosphate, as
originally described by Beutler [16] and modified by
Saad {11]. Comparative studies included erythrocytes,
neutrophils, mononuclear leukocytes, and EBV-trans-
formed B lvmphocytes.

Genomic DNA was obtained from peripheral blood
leucocytes using DNAzol Reagent (Life Technologies,
Gibco BRL, Bethesda, MD). The 202 G~+A mutation
was investigated by allele-specific oligomer hybridiza-
tion, as described elsewhere [11], or by digestion of exon
4 of the G6PD gene with the restriction endonuclease
Nlalll. The Mediterranean variant was investigated by
digestion of exon 6 with the restriction enzyme Mboll.

NADPH Oxidase Studies

The biochemical diagnosis of CGID was established
according to criteria of the Pan American Group for
Immunodeficiencies [17]. NADPH oxidase activity of
neutrophils and mononuclear leukocytes was measured
by superoxide dismutase {SOD)-inhibitable reduction
of cytochrome ¢, as described McCord and Fridovich
[18] and modified by Condino-Neto [15]. Oxidase
activity in cells from patients with CGD generally
show upto 5% of control values [171

Definitive diagnosis of CGD requires the demonstra-
tion of the underlying mutation or the absence of
mRNA for one of the NADPH oxidase components
[171. RNA samples were prepared from leukocytes by
the guanidine-HCl method, followed by ethanol preci-
pitation [19]. Reverse transcription foliowed by PCR
(RT-PCR) analysis was performed on total RNA
prepared from EBV-transformed B lymphocytes. The
cDDNA samples were obtained by reverse {ranscription
of total RNA with SuperScript I RT (Gibco BRL)and
random hexamers [15]. The cDNA samples were ampli-
fied by PCR {30 cycles) with primers specific for the
CYBE gene encoding gp%1-phox {GenBank accession
number 00397), including exons 1-5, 32F-443R. For
pd7-phox (GenBank accession number 000265), sam-
ples were amplified by PCR with specific primers,
48F-451R. PCR products were analyzed by 2% agarose
gel electrophoresis and stained with ethidium bromide.

183

Single-strand conformation polymorphism analysis
(SSCP) was used to detect the affected gepe region.
Fragments of genomic DNA (gDNA) were amplified
by PCR using specific primers, according to pre-
viously published procedures [10]. The polvacrvla-
mide gel was stained with silver, and the electro-
phoretic mobility of the PCR-amplified products
from the proband was compared to healthy controls.

Samples from PCR-amplified gDNA or RT-PCR-
amplified cDNA were purified using the CONCERT ™
Rapid PCR Parification System (Life Technologies,
Gibeo) and sequenced by the DNA sequencing kit,
Big Dye Terminator Cycle Sequencing Ready Reaction
for ABI 377 PE/Applied Biosystemns, as previously
published [15]. The sequences obtained from the pro-
band and healthy controls were compared to GenBank
data by BLAST analysis (http://www.ncbi.nim.nih gov/
BLAST/).

RESULTS
G6PD Studies

G6PD activity was assayed in erythrocytes, neutro-
phils, mononuclear leukocytes, and EBV-transformed
B lymphocytes from the proband, a patient with
X-linked CGD, a patient with the African (A ™) variant
of G6PD deficiency, and healthy controls. As presented
in Table I, the proband and the known G6PD-deficient
patient showed very low erythrocyte G6PD activity.
However, the G6PD activity of the proband’s neutro-
phils, mononuclear leukocytes, and EBV-transformed
B Iymphocytes was similar to the healthy controls.

Molecular studies of the G6PD gene included the
digestion of PCR-amplified gDNA with the restriction
endonuclease Migll. As shown in Fig. 1, exon 4 of the
GoHPD gene was digested and the 202 G—A mutation
was detected in the proband gDDNA, confirming his
African variant genotype.

TABLE i. G6PD Activily in Red Biood Celis (Vg Hb), Neutrophils,
Mononuciear Leukocytes, and EBV-Transformed B Lymphocytes
{t¥mg protein} From the Proband, an X-linked CGD Patient
{X-CGD), a Patient With the African Variant of GEPD Deficlency
{GEPD-AV}, and Healthy Controis (HC)*

Proband X-CGD GEPD-AV HC

Erythrocytes 1.8 12.8 0.9 14.1

Neutrophils 0.4 10 18 3.1
Mononuciear

lenkocyles 0.8 42 0.5 0.5

B lymphocyles 20 20 0.6 28

*Values are given as mean of 3 delerminations.
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Fig. 1. G&PD mutational screen performed with digestion
of gDNA with the restriction enzyme Nialli. Healthy controis
show a 320-bp fragment (lanes 2, 4, 5, and ). The proband
gDNA produces 3 213-bp fragment (lane 3) confirming a
G202A/A376G mutation, typlical of the African phenotype.
Lane 1: 100-bp iadder size markers,

NADPH Oxidase Studies

A series of studies compared superoxide release by
neutrophils and mononuclear leukocytes from the pro-
band, a patient with known X-linked CGD, a patient
with the African variant of G6PD deficiency, and
healthy controls. The results in Table Il show severely
impaired respiratory burst activity in the proband and
the X-linked CGD patient but normal respiratory burst
activity in the patient with G6PD deficiency (African
variant} and the healthy controls.

Because the proband showed defective respiratory
burst activity, which was not present in the patient
with the African variant G6PD deficiency, a mutational
screen for CGD was performed. RT-PCR analysis
included the amplification of p47-phox and £p%1-phox
transcripts, as these genes are affected in 90% of the
mutations leading to the phenotype of CGD. Figure 2
shows that p47-phox was expressed normally in both
the proband and healthy controls. On the other hand,
as shown in Fig. 3, gp%1-phox expression was impaired
in the proband, as in the X-linked CGD patient, com-
pared to healthy controls, indicating the diagnosis of
X-linked CGD in the proband. Moreover, amplified

TABLE I Superoxide Release (nmolH10° celisfhr) by Neutrophils
and Mononuclesr Leukocytes From the Proband, an X-Linked
CGD Patient (X-CGD), a Patient With the African Variant of GEED
Deficiency {GEPD-AV), and Healthy Controls (HC)*

Proband X-CGD GEPD-AY HC

Neutrophiis 6.3 6.3 198 2.4
Mouponuciear

leukocytes 8.9 0.0 4.6 55

*Values are given as mean of 2 determinations,

Fig. 2. RAT-PCR analysis of p47-phox gens expression.
Agarose gel slectrophoresis (2%) stained with ethidium
bromide of PCR products. L.ane 1, molecuiar weight marker
(100 bp); lane 2, healthy control; izne 2, proband with
normal expression; lane 4, negative contral.

~]

Fig. 3. RT-PCR analysis of gp91-phox gene expression,
Agarose gel electrophoresis {2%) stalned with ethidlum
bromide of PCR products. Lane 1, molecular weight marker
{100 bp); iane 2, X-linked CGD no expression compared to
the healthy control; lane 3, another X-linked CGD patient
with reduced expression; lane 4, proband with a lower size
product; lane 5, healthy control.

fragment from his gp%1-phox transcript was 300-400
bp smaller than that of healthy controls, suggesting the
presence of a splicing defect.

SSCP analysis of gDNA (Fig. 4) revealed a faster
electrophoretic mobility of gp91-phox exon 3 in the
proband sample. Figures 5 and 6 show sequence ana-
lysis of gDNA and ¢cDNA, respectively, of this region in
gp91-phox. Sequencing of exon 3 in the gDNA showed
a 264 G- A substitution at the splice junction. Further
sequencing of the cDNA showed a deletion of exon 3,
giving rise to unstable or nonfunctional mutant
£p91-phox protein and hence to the phenotype of CGD.

DISCUSSION

We have studied a male patient with a clinical history
of chronic anemia and a diagnosis of erythrocyte G6PD
deficiency. In addition, this patient also had recurrent
severe infections, with exacerbation of the anemia dur-
ing infections.

The bactericidal activity of phagocytes depends pri-
marily on the activation of the NADPH oxidase system
and the subsequent release of oxysen free radicals
within the phagolysosome. G6PD is the first enzyme
in the hexose monophosphate shunt pathway, in which
glucose-6-phosphate (G6P) is converted to 6-phospho-
gluconate and NADP™ is reduced simultaneously to
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Fig. 4. SSCP analysis of genomic DNA ampliied by PCR.
Arrow shows abnormal electrophoretic mobility of gp91-
phox exon 3 from the proband compatred to heaithy controis
in ali other lanes,
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Fig. 5. Genomic DNA sequence of the proband showing
a substitution {guanine-sadenine) at the 3’ splice junction of
gpB1-phox exon 3. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

NADPH, the substrate for the NADPH oxidase
responsible for the respiratory burst.

Assays of phagocyte oxidase activity in the proband
demonstrated impaired respiratory burst activity. Thus
we needed to determine if the impairment of this
respiratory burst activity was due to severe (G6PD
deficiency in his leukocytes or to a concurrent genetic
disorder, i.e., chronic granulomatous disease.

B3

ey I 1
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Fig. 6. ¢DNA sequence of the proband gp91-phox
transcript showing deletion of exon 3. [Color figure can
be viewed in the online issue, which is avaliable at
www.intersclence.wiley.com.}

African variants and other mild forms of G6PD defi-
ciency do not produce only intermittent (not chronic)
bemolysis in response to oxidative stress (e.g., infection,
antimalarial drugs). Only the more severe forms of
G6PD deficiency, the class I variants, produce chronic
hemolysis [11,20]. The digestion of the proband’s PCR-
amplified gDNA with the restriction endonuclease
Niall detected the 202 G—A mutation in the exon 4
of the GEPD gene and confirmed the African variant,
the most frequent G6PD deficiency in the population of
southeastern Brazil [11,21]. Thus, the chronic anemia of
the proband could be explained in part by the associa-
tion the recurrent severe infections and the African
variant phenotype of G6PD deficiency.

However, considering that the African variant of
G6PD deficiency could not solely explain the clinical
history of recurrent severe infections of the proband,
a series of comparative biochemical assays with pha-
socytes from the proband, healthy controls, a patient
with known X-linked CGD, and another patient with
previously characterized African variant of G6PD
deficiency were performed. The results showed im-
paired respiratory burst activity in the proband, similar
to the patient with X-linked CGID, but this was not
observed in the phagocytes of the patient with the
African variant phenotype of G6PD deficiency.

Definitive diagnosis of CGD requires the demon-
stration of the defective component of the NADPH
oxidase system and the detection of the underlying
mutation responsible for the CGD phenotype {17].
Further molecular screening by RT-PCR demon-
strated a smaller fragment between exons 1 and 5 in
gpY1-phox transcripts from the proband. 8SCP ana-
Iysis of his gDNA revealed faster electrophoretic
mobility of gp91-phox exon 3. Sequence analysis of
gDNA revealed a 264 G—A substitution at exon 3
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splice junction. Sequencing of the cDNA showed 2
deletion of exon 3, giving rise to unstable or non-
functional mutant gp91-phox and hence to the CGD
phenotype, as previously reported [4,6].
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