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Abstract

 

Chronic granulomatous disease (CGD) is an inherited dis-
order of phagocyte function in which defective superoxide
production results in deficient microbicidal activity. CGD
patients suffer from recurrent, life-threatening infections,
and nearly half develop chronic gastrointestinal (GI) com-
plications (colitis, gastric outlet obstruction, or perirectal
abscess) and/or autoimmune/rheumatologic disorders (AIDs).
To identify genetic modifiers of disease severity, we studied
a cohort of 129 CGD patients, in whom seven candidate
genes (myeloperoxidase [MPO], mannose binding lectin
[MBL], Fc

 

g

 

 receptors IIa, IIIa, IIIb, TNF-

 

a

 

, and IL-1 recep-
tor antagonist), each containing a physiologically relevant
polymorphism predicted to influence the host inflammatory
response, were selected for analysis. Genotypes of MPO
(

 

P

 

 

 

5

 

 0.003) and Fc

 

g

 

RIIIb (

 

P

 

 

 

5

 

 0.007) were strongly associ-
ated with an increased risk for GI complications, while an
Fc

 

g

 

RIIa (

 

P

 

 

 

5

 

 0.05) genotype was suggestive for an associa-
tion. Patients with all three associated genotypes had the
highest risk for GI complications (

 

P

 

 

 

,

 

 0.0001). The risk of
AIDs was strongly associated with variant alleles of MBL
(

 

P

 

 

 

5

 

 0.01) and weakly associated with an Fc

 

g

 

RIIa genotype
(

 

P

 

 

 

5

 

 0.04). Patients with variant forms of both MBL and
Fc

 

g

 

RIIa had the highest risk of developing an AID (

 

P

 

 

 

5

 

0.003). (

 

J. Clin. Invest.

 

 1998. 102:2146–2155.) Key words:
myeloperoxidase 
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Introduction

 

Chronic granulomatous disease (CGD)

 

1

 

 is an inherited disor-
der of phagocyte function in which defective or absent super-
oxide production results in deficient microbicidal activity (1–
4). Patients with CGD suffer from frequent, life-threatening

infections with bacterial and fungal pathogens (5). Nearly half
of all CGD patients also develop significant chronic complica-
tions. These include gastric or urinary tract obstruction sec-
ondary to granuloma formation, granulomatous ileocolitis,
perirectal abscesses, and rheumatologic disorders (6–17). The
pathophysiologic processes contributing to these complica-
tions of CGD are poorly understood, but most certainly are
mediated by NADPH oxidase–independent inflammatory path-
ways. Since the frequency and severity of both infectious and
immunologically mediated complications of CGD vary among
affected individuals, suggesting that aberrant immunologic re-
sponses may mediate chronic complications in some individu-
als, we hypothesized that alterations in pathways other than the
NADPH oxidase might influence these complications (18, 19).

The molecular basis of CGD is a mutation in one of four
genes of the NADPH oxidase (1, 20). In X-linked recessive
(XLR) CGD, the most common form of the disease, molecular
analysis of several hundred patients has revealed a diverse
spectrum of mutations (21, 22), making it difficult to associate
specific mutations with disease phenotype, as has been sug-
gested for cystic fibrosis and classical hemophilia (factor VIII
deficiency) (23–25). However, among CGD subtypes, it has
been proposed that the autosomal recessive (AR) forms may
be associated with milder disease (26). The extent to which en-
vironmental and secondary genetic factors influence pheno-
typic expression of disease is unknown.

To study potential genetic modifiers of disease severity in
129 patients with CGD, seven candidate genes were selected
for genetic subtyping of well-defined variant alleles. These
polymorphic genes included TNF-

 

a

 

 (27), IL-1 receptor antag-
onist (IL1RN) (28), mannose binding lectin (MBL) (29–31),
Fc-

 

g

 

 receptor IIa (Fc

 

g

 

RIIa) (32, 33), Fc

 

g

 

RIIIa (34, 35), Fc

 

g

 

-
RIIIb (36), and myeloperoxidase (MPO) (37, 38). Candidate
genes were chosen because of their central role in innate
immunity or phagocyte biology, high frequency (5–40%) of
variant alleles in the general population, and the presence of
biological and/or clinical correlates, strongly suggesting a dif-
ference in activity that may modify host immune response
(38–51). It is possible that subtle changes (polymorphisms) in
genes of immune function, which may have little or no effect
in the general population, could assume greater significance in
individuals with defects in host defense systems, such as CGD.
In this setting, one would predict that the coinheritance of sus-
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ceptibility genes may influence the frequency and severity of
infectious and inflammatory complications.

 

Methods

 

Database analysis.

 

This study retrospectively investigated the natural
history of CGD in 129 patients followed by Dr. John Curnutte at a
national referral center. A confirmed diagnosis of CGD, adequate
clinical history, and banked genomic DNA were required for inclu-
sion in the study. The diagnosis of CGD was confirmed by absent or
defective production of superoxide, Western blot analysis, and mo-
lecular characterization of a defect in one of four genes, gp91

 

phox

 

,
p67

 

phox

 

, p47

 

phox

 

, or p22

 

phox

 

. We obtained DNA from 104 patients with
XLR (gp91

 

phox

 

) CGD and 25 patients with AR CGD, including 16 de-
ficient in p47

 

phox

 

, 6 in p67

 

phox

 

, and 3 in p22

 

phox

 

. The study population
consisted of both living and deceased pediatric and adult patients.
The population included 105 Caucasian Americans, 8 Asian/Polyne-
sian Americans, 7 African Americans, 2 Native Americans, 1 patient
of Indian ancestry, and 6 of unspecified background. 116 patients
were male and 13 were female.

All clinical information was extracted and organized into a data-
base prior to genotypic analysis of genomic DNA and was delinked
from unique patient identifiers, such as date of birth or date of death.
Clinical data from patient records were cross-referenced with reports
submitted to the National Institutes of Health’s Chronic Granuloma-
tous Disease Registry of the Immune Deficiency Foundation (Tow-
son, MD). The data gathered included demographic information
(gender, race, and subtype of CGD), age range of death or last con-
tact, documentation of autoimmune/rheumatologic disorder (AID),
fungal infections, nonpulmonary abscess (e.g., hepatic, chest wall,
brain, or intra-abdominal), perirectal abscess (or fistulae), colitis, and
granulomatous (including gastric, urinary, and esophageal outlet ob-
structions and testicular granulomas) complications.

Tubes of genomic DNA were linked directly to the completed
clinical database with a unique identifier. The protocol for anony-
mous analysis of genetic information from banked genomic DNA
samples was approved by the Institutional Review Board of the Na-
tional Cancer Institute.

 

Polymorphism analysis from genomic DNA.

 

Genomic DNA (50
ng/

 

m

 

l) was initially isolated from peripheral blood samples by con-
ventional methods for the purpose of molecular analysis of CGD sub-
types (1, 21, 52–54). Polymorphism analysis for each of the seven
genes, MPO (38), Fc

 

g

 

RIIa (32, 33), Fc

 

g

 

RIIIb (36), MBL (29–31),
IL1RN (28), TNF-

 

a

 

 (27), and Fc

 

g

 

RIIIa (34, 35) was performed in du-
plicate according to modifications of protocols based upon previously
reported assays. Primer pairs (including sequence primers when indi-
cated), annealing temperatures, and detection methods used in PCR-
based assays are as follows: MPO (F cgg tat agg cac aca atg gtg ag, R
gca atg gtt caa gcg att ctt c, 58

 

8

 

C, AciI digest), Fc

 

g

 

RIIa (F gga aaa tcc
cag aaa ttc tcg c, R caa cag cct gac tac cta tta cgc ggg, 55

 

8

 

C, BstUI di-
gest), Fc

 

g

 

RIIIb (NA1F ctc aat ggt aca ggg tgc tc, NA1R ggc ctg gct
tga gat gag gt, 67

 

8

 

C; NA2F ctc att ggt aca gcg tgc tt, NA2R cac ctg tac
tct cca ctg tcg tt, 67

 

8

 

C, Control-MycF acg atg ccc ctc aac gtt agc tt and
Control-MycR cgc aga tga aac tct ggt tca cca t, allele-specific PCR
with Myc primers as positive control), MBL (F gga att cct gcc aga aag
gta gag, R cag gca ggt tcc tct gga agg, 58

 

8

 

C, Thermo Sequenase radio-
labeled terminator cycle sequencing; Amersham Life Sciences, Inc.,
Cleveland, OH), sequencing primer (act gtg acc tgt gag gat gcc caa
aag), IL1RN (F ctc agc aac act cct at, R tcc tgg tct gca ggt aa, size frac-
tionation of variable number tandem repeat polymorphism), and
TNF-

 

a

 

 (F caa aag aaa tgg agg caa tag gtt ttg agg gcc at, R agg gcg ggg
aaa gaa tca ttc aac cag cgg aaa ac, 63

 

8

 

C, NcoI digest). For Fc

 

g

 

RIIIa, a
nested PCR was performed with the following sets of primers: Exter-
nalF ata ttt aca gaa tgg cac agg, ExternalR gac ttg gta ccc agg ttg aa,
56

 

8

 

C, and Internal F tca tca taa ttc tga ctt ct, Internal R ctt gag tga tgg
tga tgt tc, 62

 

8

 

C. The product of the internal (nested) PCR reaction
was blotted onto a Hybond

 

1

 

 membrane and hybridized with one of

two 

 

32

 

P-labeled allele-specific oligonucleotides (G gca ggg ggc ttg ttg
gga gta aa, final wash: 6

 

3

 

 SSPE, 1% SDS, 2 

 

3

 

 10 min at 72.5

 

8

 

C, or T
gca ggg ggc ttt ttg gga gta aa, final wash: 6

 

3

 

 SSPE, 1% SDS, 2 

 

3

 

 10
min at 70.5

 

8

 

C).

 

Statistical analysis.

 

Differences in proportions (using either the
Fisher’s Exact test (

 

f

 

) or the Chi-square statistic), odds ratios (ORs)
and 95% confidence interval (CI) (using the approximation of
Woolf) were calculated using InStat

 

®

 

 for Macintosh Version 2.0
(GraphPad Software, San Diego, CA). We have presented each anal-
ysis without a correction for multiple statistical significance tests on
the premise that candidate genes were chosen because of the estab-
lished differences between alleles in both in vitro and previous clini-
cal association studies. In this context, we have elected to interpret
our findings as follows: a 

 

P

 

 value (two-tailed) between 0.05 and 0.10
indicates a weak association, which probably does not merit further
exploration or confirmation; a 

 

P

 

 value between 0.01 and 0.05 indi-
cates a strong relationship, which may be worth exploring in subse-
quent or confirmatory studies; a 

 

P

 

 value between 0.005 and 0.01 indi-
cates a strong association, which is worthy of confirmation; and a 

 

P

 

value below 0.005, which indicates a very strong association between
genotype and outcome.

 

Results

 

Study population.

 

The frequency of major infectious and in-
flammatory complications was retrospectively determined in a
cohort of 129 CGD patients. The study population was com-
prised of 104 patients with XLR CGD (gp91

 

phox

 

 deficiency)
and 25 with AR CGD. The mean length of follow-up was 12.6
yr (median 9.7 yr, range 0.2 yr–51 yr, SD 10.8). In 13 deceased
patients, the mean age of death was 11 yr (median 4.5 yr, range
2 mo to 35 yr).

56 (43.4%) of the 129 CGD patients developed at least one
major complication of either the gastrointestinal or genitouri-
nary (GI/GU) system. These “granulomatous” complications
include three major groups: granulomatous ileocolitis (

 

n

 

 

 

5

 

 22,
17.1%), perirectal abscess or fistula (

 

n

 

 

 

5

 

 24, 18.6%), and “ob-
structive” GI/GU granuloma (combined frequency of major
granuloma 

 

n

 

 

 

5

 

 26, 20.2%; including: gastric outlet obstruction

 

n

 

 

 

5

 

 20, esophageal obstruction 

 

n

 

 

 

5

 

 6, urinary tract outlet ob-
struction 

 

n

 

 

 

5

 

 5, testicular granuloma 

 

n

 

 

 

5

 

 2). The frequency of
at least one or more chronic GI/GU complications differed be-
tween patients with XLR and AR CGD (51/104, 49.0% vs. 5/25,
20.0%; 

 

P

 

 

 

5

 

 0.009, OR 3.85, CI 1.35–11.03). In 9 of 129 CGD
patients, a rheumatologic or autoimmune process was diag-
nosed.

The database was analyzed for the frequency and severity
of infectious complications of CGD. Documented endpoints
were categorized according to the types and location of in-
fection, which included invasive fungal infection (abscess or
pneumonia, 

 

n

 

 

 

5

 

 45, 34.9%); Gram-negative bacteremia (pre-
dominant organism 

 

Burkholderia cepacia

 

) or meningitis (

 

n

 

 

 

5

 

19, 14.7%); deep, nonpulmonary bacterial abscess (

 

n

 

 

 

5

 

 38,
29.5%); and osteomyelitis or septic arthritis (

 

n

 

 

 

5

 

 22, 17.1%).
Allelic frequencies of the previously published polymor-

phic sites in the seven candidate genes chosen for study, MPO
(38), MBL (29), Fc

 

g

 

RIIa (55), Fc

 

g

 

RIIIa (34, 35), Fc

 

g

 

RIIIb
(36), IL-1RN (56, 57), and TNF-

 

a

 

 (27), were determined for
the entire population of CGD patients and, with two excep-
tions (IL1RN and Fc

 

g

 

RIIIa), reflected the frequencies ob-
served in published control populations.

 

Granulomatous complications.

 

The strongest association
between phenotype and genotype was identified in patients
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with chronic GI or GU complications of CGD. These end-
points are characterized by an abnormal granulomatous or in-
flammatory process of the GI or GU mucosal surface, result-
ing in a chronic, debilitating condition (6–11). Variant alleles
of MPO, Fc

 

g

 

RIIa, and Fc

 

g

 

RIIIb each are associated with one
or more of these outcomes (Table I) and in combination may
contribute additively to susceptibility to one or more of these
endpoints (Table II). These results suggest that secondary ge-
netic factors may influence susceptibility to immunologically
mediated complications. Overall, the analysis of GI/GU com-
plications indicates the importance of secondary pathways that
may be affected in individuals lacking effective NADPH oxi-
dase activity.

In patients homozygous for the MPO G allele at bp -463, a
polymorphism in the promoter, which increases transcriptional
activity (37), the observed frequency of one or more major GI/
GU complications was 54.1%, which differed from the ob-
served frequency of 27.5% in patients who were heterozygous
or homozygous for the A allele (

 

P

 

 

 

5

 

 0.003). Examined sepa-
rately, a positive association was observed between GG ho-
mozygotes and perirectal abscess (25.7% vs. 7.8% for heterozy-
gotes and A homozygotes; 

 

P

 

 

 

5

 

 0.02 (

 

f)) as well as with a major
GU or obstructive GI granulomatous complication (25.7% vs.
9.8%; P 5 0.03). In an analysis of the MPO polymorphism re-
stricted to the 100 XLR CGD patients, a strong positive associ-
ation was maintained between the GG genotype and the pres-
ence of at least one major GI/GU complication (59.0% vs.
33.3%; P 5 0.01) (Table III). Perirectal abscess occurred in
26.2% of XLR CGD patients with two G alleles and in 7.7% of
the remaining patients with either AA or AG genotypes (P 5
0.03 (f)).

Polymorphisms within two members of the Fc-g receptor
gene family, FcgRIIa and FcgRIIIb, each appear to be associ-
ated with the development of GI or urinary tract complica-
tions (Table I). The frequency of major GI/GU complications
was more common among homozygotes for the H allele of
FcgRIIa compared with HR heterozygotes or RR homozygotes
(58.1% vs. 37.9%; P 5 0.05). A very strong positive association
between the HH genotype and major GU or obstructive GI
granulomatous complications was observed (38.7% vs. 12.6%;
P 5 0.001), but neither colitis nor perirectal abscess was inde-
pendently associated with the HH genotype. In an analysis re-
stricted to the XLR CGD patients, the association between the
HH genotype of FcgRIIa and granulomas or outlet obstruc-
tion was preserved (39.3% vs. 13.7%; P 5 0.005) but the mar-
ginal overall association with any GI/GU complication loses
significance (Table III).

The risk of developing a major GI or GU complication was
lower for CGD patients homozygous for the NA1 allele of
FcgRIIIb when compared with the risk in patients with the
other genotypes, NA1/NA2 or NA2/NA2 (7.7% vs. 47.4%;
P 5 0.007 (f)) (Table I). Neither colitis nor GI/GU granulomas
complicated the clinical course of the 13 patients homozygous
for NA1 (0% vs. 42/116, 36.2%; P 5 0.009 (f), OR 15.40, CI
0.89–265.86). In patients with at least one NA2 allele, colitis
developed in 19% (P 5 0.12 (f)) and obstructive granulomas
developed in 22.4% (P 5 0.07 (f)). In the XLR CGD cohort
(Table III), the frequency of major GI/GU complications was
10.0% for NA1 homozygotes compared with 53.2% in the re-
maining XLR patients (P 5 0.02 (f)), again suggesting that the
NA2 allele may be a risk factor for immunologically mediated
GI/GU complications of CGD.

For a third closely linked Fc-g receptor, Fc-gRIIIa, there
was no overall association with GI/GU complications, but for
the subgroup of patients with granulomas and outlet obstruc-
tion, a weak association (P 5 0.05 (f)) was observed (Table I).

As a result of our analysis, which identified individual asso-
ciations of each of three different variant genes with granulo-
matous complications, we undertook an exploratory analysis
of combinations of variant alleles in relation to this outcome.
In some cases, we observed a potentially greater risk for gran-
ulomatous complications in patients who coinherited combina-
tions of variant alleles in comparison with individual associa-
tions of this outcome (Table II). For example, the frequency of
major GI or GU complications among patients homozygous
for allele H of FcgRIIa but without the protective FcgRIIIb
NA1/NA1 genotype was 66.7% versus 36.4% for all other
combinations of the two genotypes (P 5 0.005). While 15
(83.3%) of the 18 patients with both the HH FcgRIIa geno-
type and the GG MPO genotype had a history of GI or GU
complications, these complications were observed in only 38
(35.8%) of the 106 remaining CGD patients (P 5 0.0002 (f)).
Notably, 17 (94%) of 18 patients with a GG, HH genotype
lacked an NA1 allele. Among these 17 patients, in 88.2% there
was a history of a chronic GI or obstructive complication, yet
similar complications were observed in only 36.4% of the re-
maining patients (P , 0.0001 (f)). It is also notable that our
preliminary analysis of combinations of variant alleles demon-
strated less risk associated with a combination of variant al-
leles compared with either individually. Table II shows that
the combination of MPO and FcgRIIIb appears to confer less
risk than FcgRIIIb alone.

Rheumatologic and autoimmune disorders. Rheumatologic
and AIDs have been reported in both XLR and AR CGD
(12–17). In 7 (5.4%) of 129 patients, an AID was diagnosed,
with the distribution of conditions as follows: discoid lupus
erythematosus (DLE) in 3, and 1 each of DLE plus Raynaud’s,
nodular vasculitis, systemic lupus erythematosus with juvenile
rheumatoid arthritis, and immune-mediated thrombocyto-
penia. In two additional patients, there was a strong history of
photosensitive rash resembling DLE, but neither was con-
firmed by skin biopsy. A strong association was observed be-
tween the structural variant alleles of MBL and AID (Table
IV). All seven patients with confirmed AID were heterozy-
gous for variant MBL alleles (12.5% vs. 0%; P 5 0.003 (f)).
When the two patients with a history of photosensitivity were
added to the seven documented cases of AID, the strength of
the association between structural variant alleles of MBL and
AID was maintained (14.3% vs. 1.5%; P 5 0.01 (f)). A weaker
association was observed between the variant allele of FcgRIIa
and AID, 12.9% of RR homozygotes versus 3.2% of HR or
HH genotypes (P 5 0.06 (f)). Including the two patients with a
history of photosensitivity, the observed frequencies for RR
versus HR or RR were 16.1% and 4.2%, respectively (P 5
0.04 (f)).

Five of the nine CGD patients with either AID or photo-
sensitivity had both a variant MBL allele and the homozygous
R genotype (27.8% vs. 3.8%; P 5 0.003 (f)) (Table IV). Simi-
larly, for the seven patients with a documented AID, the RR
genotype was overrepresented (22.2% vs. 2.9%; P 5 0.009 (f)).
Among XLR patients with the combined genotypes, the fre-
quency of AID or photosensitivity was 21.4% (3 of 14), com-
pared with 3.5% (3 of 84) in the remaining patients (P 5 0.04
(f), OR 7.36, CI 1.32–41.13).
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Infectious complications. Specific infectious complications,
including fungal abscess/pneumonia, deep bacterial abscess,
osteomyelitis/septic arthritis, and Gram-negative bacteremia/
meningitis were not strongly associated with variant alleles of
the seven candidate genes studied. However, two separate
genotypes may be of interest for future studies, but in our
study did not attain an adequate level of significance: among
heterozygotes and homozygotes for the TNF-a -308 allele 2,
fungal pneumonia/abscesses was observed in 38% (36/94) of
patients compared with 19% (6 of 32) in homozygotes for
wild-type, TNF-a -308 allele 1 (P 5 0.04, OR 2.69, CI 1.01–
7.17). Neither of the two patients homozygous for allele 2 had
a history of fungal infection. Nonpulmonary, bacterial ab-
scesses may have an association with patients homozygous for
allele V of the FcgRIIIa (5 of 8, 62.5%) compared with 32
(27.8%) of 115 with one or both F alleles (P 5 0.05 (f), OR
4.32, CI 0.98–19.16).

Discussion

In search of host genetic factors that modify the clinical pheno-
type of a primary immunodeficiency, CGD, we analyzed the
frequency of variant alleles of seven candidate host defense
genes in a cohort of 129 patients. For each candidate gene, pre-
vious data suggested that the variant allele(s) biologically al-
tered either the function of the gene product or expression of
the gene (38–51). Our findings provide clinical evidence that
subtle genetic differences in molecules of innate immunity
contribute to interindividual differences in host inflammatory
responses in the context of disruption of a primary immuno-
logical pathway, the NADPH oxidase. In particular, we ob-
served that polymorphisms of the genes for MPO, FcgRIIa,
and FcgRIIIb individually and in combination are associated
with the development of chronic gastrointestinal inflammation
and granuloma formation in patients with CGD, independent
of the CGD subtype. In addition, we observed that variant al-
leles of MBL and, to a lesser extent, FcgRIIa genotypes are as-
sociated with rheumatologic disorders.

Polymorphisms, defined as common variations in a ge-
nomic sequence, occur frequently throughout the human ge-
nome and in some cases are known to alter either the expres-
sion or function of a gene product. Most polymorphisms are

phenotypically benign in the normal host. However, in the ap-
propriate environmental and genetic context, a polymorphism
may influence susceptibility or outcome in a disease, often
by acting upon one or more pathways not disrupted by the
primary defect. Therefore, for a given population, polymor-
phisms may act as susceptibility genes and modify the clinical
expression of the disease (58). For patients with CGD, the risk
of developing granulomatous complications appears to be in-
fluenced by genotypes of myeloperoxidase and Fcg receptors,
while the risk of developing a rheumatologic disorder is modi-
fied by the presence of variant alleles of mannose binding lec-
tin or FcgRIIa. In both situations, individuals who inherited
more than one susceptibility gene had the greatest risk for a
granulomatous or rheumatologic disorder. Other groups have
examined the association between individual variant alleles
and outcomes in other immunocompromised hosts, such as
those with HIV (59–61). However, by studying combinations
of polymorphic genes, it may be possible to gain even greater
insight into the complex genetic traits that contribute to inter-
individual differences in immune response.

The significance of the findings linking selected variant al-
leles of candidate genes to outcomes in CGD may shed new
light on host defense pathways. For example, the association of
granulomatous and GI tract complications in CGD patients
with a polymorphism in an upstream regulatory region of
MPO is intriguing. Previously, London et al. reported that the
GG genotype was associated with an increased risk for lung
cancer and hypothesized that differential amounts of MPO
may influence the metabolism of tobacco smoke (38). Our
findings suggest that the MPO polymorphism may be informa-
tive in understanding the role of MPO in host defenses. Re-
cently, MPO has been shown to alter the production or effect
of nitric-oxide–derived inflammatory oxidants in activated
neutrophils (62). In CGD patients, who have defective or ab-
sent NADPH oxidase activity, other sources of oxidants (i.e.,
xanthine oxidase or mitochondrial cytochrome c or even possi-
bly peroxynitrite) are available for regeneration and interac-
tion with MPO (63–65). Since it has been shown in the X-CGD
mouse knockout model that lung vascular injury did not re-
quire oxidants generated by the NADPH oxidase, it is not sur-
prising to note the protective effect of L-NMA, a competitive
inhibitor of L-arginine, in the X-CGD mouse (66). This last

Table IV. Risk of Rheumatologic or Autoimmune Disorders in Patients with CGD According to the Presence of Variant Alleles of 
the Mannose-Binding Lectin and FcgRIIa, Individually and in Combination

Host defense molecule(s) Genotype Rheumatologic disorders Rheumatologic disorders or photosensitivity

MBL AX 1 XX (%) vs AA (%)
P value, OR (95% CI)

7/52 1 0/4 (13%) vs 0/68 (0%) 8/52 1 0/4 (14%)* vs 1/68 (1%)
P 5 0.003 (f), OR 20.76 (1.16–372.26) P 5 0.01 (f), OR 11.17 (1.35–92.30)

FcgRIIa RR (%) vs HH 1 HR (%) 4/31 (13%) vs 2/31 1 1/64 (3%) 5/31 (16%) vs 3/31 1 1/64 (4%) 
P 5 0.06 (f), OR 4.54 (0.96–21.57) P 5 0.04 (f), OR 4.38 (1.09–17.49)

MBL 1 FcgRIIa  MBL variants 1 FcgRIIa RR vs 
remaining

4/18 (22%) vs 3/105 (3%) 5/18 (28%) vs 4/105 (4%)
P 5 0.009 (f), OR 9.71 (1.96–48.03) P 5 0.003 (f), OR 9.71 (2.31–40.84)

Seven patients had well documented autoimmune or rheumatologic disorders: DLE in three, and one each of DLE plus Raynaud’s, nodular vasculi-
tis, SLE with juvenile rheumatoid arthritis, and immune-mediated thrombocytopenia. In two additional patients there was a strong history of photo-
sensitive rash resembling DLE, but neither diagnosis was confirmed by skin biopsy. The first line of each data cell contains information on the num-
ber of patients with a given phenotype (numerator) for each genotype (denominator), expressed within the parentheses as a percentage. The second
line shows the P values (calculated using either the Fisher’s Exact test (f) or the Chi-square statistic) followed by odds ratios and 95% confidence in-
tervals (using the approximation of Woolf). *Eight of these patients were heterozygous for one of the three variant structural alleles of MBL (desig-
nated together as X), five heterozygous for allele B, and three heterozygous for allele D.
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point implies that neutrophils may be using an alternative su-
peroxide-generating pathway involving nitric oxide synthesis.
Furthermore, it has been suggested that nitrite enhances the
antimicrobicidal activity of MPO (67). On the basis of these
data, it is possible that the amount of MPO available could af-
fect the regulation of nitric oxide oxidants, resulting in an exu-
berant response, manifested by ineffective granuloma forma-
tion. Several reports have correlated NO with granuloma
formation, and in one model significant increases in colonic
MPO activity were observed in the chronic phase of granu-
loma formation (68–70).

In our study, the risk of granuloma formation was influ-
enced by variant alleles of two closely linked genes expressing
FcgRIIa and FcgRIIIb (71). The FcgRIIa HH genotype was
highly associated with obstructive granuloma formation, whereas
individuals homozygous for the NA1 allele of FcgRIIIb had a
decreased risk for immunologically mediated granulomatous
and GI complications. These data suggest that subtle varia-
tions in Fcg receptor function may influence granuloma for-
mation in CGD patients, who are unable to effectively kill
invading microorganisms. The role of Fcg receptors in granu-
loma formation has been demonstrated by the phenotype of the
FcgR chain knockout mouse, which fails to express FcgRI,
FcgRIII, and FceRI (72). When infected with Shistosoma man-
soni, these mice display enhanced granuloma formation in re-
sponse to acute infection. In chronically infected mice, extensive
tissue fibrosis accompanies an inability to modulate granuloma
formation. The augmented granuloma formation appears to be
independent of changes in the T cell proliferative response as
well as perturbations in the balance of TH1 and TH2 cytokines.
Since a nearly identical phenotype is observed in B cell–defi-
cient mice, it has been suggested that antibodies may modulate
granulomatous response by triggering the production of anti-
inflammatory mediators via the Fcg receptors (73).

Rheumatologic disorders have been described in CGD pa-
tients and, interestingly, occur in carriers of XLR CGD (12–17,
74). In our study, structural variant alleles of MBL and FcgRIIa
were associated with rheumatologic disorders, both individu-
ally and in combination. Of note, polymorphisms within each
of these genes have been previously reported to be associated
with the risk or severity of rheumatologic disorders (48, 75–
79). Several lines of evidence support the possibility that one
or more variant alleles of MBL and/or FcgRIIa may influence
the ability to handle immune complexes or perhaps absorb dy-
ing, apoptotic cells. In this context, it is important to note that
MBL resembles C1q structurally and functionally; both display
a globular head connected to a collagen tail and activate com-
plement. The structural variant forms of MBL (the B, C, and
D alleles) disrupt the triple helix structure of the protein, re-
sulting in markedly decreased levels of circulating MBL and
defective activation of complement. It is possible that variant
alleles of MBL may be less effective in clearing not only im-
mune complexes but also apoptotic cells. Recently, it has been
suggested that the association of C1q deficiency and lupus dis-
orders may be related to defective clearance of cells undergo-
ing apoptosis (80). A parallel process may explain the overrep-
resentation of the R allele of FcgRIIa in lupus patients with
renal disease (48, 78). The protein encoded by the variant R al-
lele has been shown to have low affinity for complexed IgG2
and IgG3 (46, 81), which may result in an impaired ability to
handle immune complexes and thus contribute to the develop-
ment of AIDs in CGD patients.

These results suggest that genotype analysis of cohorts with
a restriction or ablation of a central component in a host defense
pathway makes possible the identification of gene/function rela-
tionships in other components that are not easily discernible in
individuals with an intact immune system. Furthermore, these
observations provide insight into the pathophysiologic mecha-
nisms that underlie the complications that occur as a conse-
quence of a primary disruption of the NADPH oxidase, a criti-
cal host defense pathway. A central role for MPO and Fcg
receptors in the development of CGD-related granulomas is
suggested. In addition, our results support an association be-
tween variant alleles of both MBL and FcgRIIa and AIDs. In
the future, it may become possible to individualize treatment
protocols for CGD patients based on the presence of second-
ary genetic risk factors. Such an approach might include early
intervention strategies designed for patients at high risk for de-
veloping obstructive granulomas or AIDs. Clinical association
studies, using polymorphisms within host defense genes, are
powerful tools for investigating the complex web of host de-
fenses that comprise the innate immune system. In this regard,
one may view this approach as a window to observe immunol-
ogy in vivo.
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