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Abstract

Aims: Chronic granulomatous disease (CGD) is a primary immunodeficiency caused by mutations in the
phagocyte reactive oxygen species (ROS)–producing NOX2 enzyme complex and characterized by recurrent
infections associated with hyperinflammatory and autoimmune manifestations. A translational, comparative
analysis of CGD patients and the corresponding ROS-deficient Ncf1m1J mutated mouse model was performed to
reveal the molecular pathways operating in NOX2 complex deficient inflammation. Results: A prominent type I
interferon (IFN) response signature that was accompanied by elevated autoantibody levels was identified in
both mice and humans lacking functional NOX2 complex. To further underline the systemic lupus er-
ythematosus (SLE)-related autoimmune process, we show that naı̈ve Ncf1m1J mutated mice, similar to SLE
patients, suffer from inflammatory kidney disease with IgG and C3 deposits in the glomeruli. Expression
analysis of germ-free Ncf1m1J mutated mice reproduced the type I IFN signature, enabling us to conclude that
the upregulated signaling pathway is of endogenous origin. Innovation: Our findings link the previously
unexplained connection between ROS deficiency and increased susceptibility to autoimmunity by the dis-
covery that activation of IFN signaling is a major pathway downstream of a deficient NOX2 complex in both
mice and humans. Conclusion: We conclude that the lack of phagocyte-derived oxidative burst is associated
with spontaneous autoimmunity and linked with type I IFN signature in both mice and humans. Antioxid.
Redox Signal. 21, 2231–2245.

Introduction

Chronic Granulomatous Disease (CGD) patients are
deficient in phagocyte oxidative burst, as they carry

mutations in the critical subunits of the phagocyte NADPH

oxidase 2 (NOX2) complex. While the hallmarks of CGD
are recurrent life-threatening infections caused by catalase-
positive bacteria and fungi (22), the disease is also character-
ized by hyperinflammatory and autoimmune manifestations
without pathogen involvement. Inflammatory bowel disease
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(IBD) is the most common noninfectious inflammatory
manifestation among CGD patients (36).

CGD patients are also known to have increased risk of
developing systemic lupus erythematosus (SLE) (3, 12, 16,
19, 35, 56, 59, 63, 64). Anti-phospholipid syndrome, IgA
neurophathy (16), Kawasaki disease (66), and polyarthritis
(33) are other autoimmune manifestations reported to
occur in CGD patients. In addition, to highlight the rela-
tionship between autoimmunity and NOX2 complex
function, several recent genetic studies have provided us
with data linking polymorphisms in the NOX2 complex
components to autoimmune diseases (13, 27, 40, 43, 44,
48, 49, 61, 62).

The mechanism causing these noninfectious, inflammatory
manifestations remains incompletely described. Similar to
humans, mice with functional deficiency in the NOX2 com-
plex develop more severe bacterial and fungal infections and
exhibit less efficient pathogen killing (26, 39). Furthermore,
even in rodents, this deficiency in phagocyte reactive oxygen
species (ROS) production leads to enhanced autoimmune
arthritis (24, 42), lupus (11), and, in addition, exacerbated
innate immunity-mediated inflammation in ears (55), lungs
(57), and joints (65).

We performed a genome-wide hypothesis-free gene ex-
pression analysis to find out the pathogenic mechanism
driving inflammation in the CGD patients and in its Ncf1m1J

mutated mouse model. We describe a predominant STAT1
(downstream type I interferon, IFN) signature in ROS-
deficient humans and mice that is associated with elevated
autoantibody titers in both species.

Results

CGD patients have impaired oxidative burst
on phagocytes and on B cells

A cohort of 7 children with CGD along with their healthy
family members (13 healthy controls and 4 heterozygous X-
linked CGD carriers) was recruited (Table 1). All CGD
patients were confirmed to have impaired oxidative burst in
granulocytes, monocytes, and B cells when compared with
healthy controls after PMA stimulation (Supplementary
Fig. S1; Supplementary Data are available online at www
.liebertpub.com/ars).

Gene expression profiling revealed significant
changes in gene expression in the blood samples
of CGD patients

Whole blood samples were subjected to genome-wide
gene expression analysis using Illumina HumanHT-12 v3
Expression BeadChip technology. Of all the differentially
expressed transcripts between CGD patients and healthy
controls, the majority (58%, n = 182) was upregulated. The
technical performance of the microarray was verified by
quantitative real-time polymerase chain reaction (Q-RT-
PCR) analysis for the 10 most significantly (i.e., lowest p-
value) differentially up- and downregulated (n = 10 + 10)
transcripts. All selected transcripts that were upregulated in
CGD patients were successfully reproduced (Supplementary
Table S1). The downregulated genes could not be statistically
significantly reproduced by Q-RT-PCR, although 90% of the
tested downregulated genes reproduced the trend that was
observed in array analysis.

Principal component analysis of CGD data (Supplemen-
tary Fig. S2A) as well as mouse blood (Supplementary Fig.
S2B) and spleen data (Supplementary Fig. S2C) showed that
the observed gene expression differences did not alter the
global gene expression profile in the studied samples. Dif-
ferent genotypes did not clearly cluster together, but were
randomly spatially scattered.

Hypothesis-free Ingenuity pathway analysis revealed 27
significantly differentially regulated canonical pathways be-
tween CGD patients and the healthy controls (Supplementary
Table S2). The top three most significantly affected pathways
were as follows: B-cell development, role of pattern recog-
nition receptors in recognition of bacteria and viruses, and
IFN signaling. Thirteen out of the 20 most significant path-
ways had a direct immunological connection and the func-
tions of these pathways covered IFN signaling, lymphocyte
(LC) function, and inflammation.

The transcription of type I IFN-responsive genes
was upregulated in CGD patients

All differentially regulated transcripts that fulfilled the
inclusion criteria (adjusted p-value < 0.05 and fold change
(FC) > 1.5) were manually curated into IFN-regulated (IRG),
LC-related and inflammatory (INFL) transcripts. By defini-
tion, IRGs are genes that are expressed after exposure to IFNs
and they can be divided into two main categories: Type I
(induced by IFN-a and IFN-b) and type II (induced by IFN-c)
IRGs (45).

Most (53%) of the upregulated transcripts in CGD samples
were IRGs (Fig. 1A). A prototype IFN-a-responsive gene,
IFI27, was the most powerfully upregulated gene in the CGD
patient cohort (FC = 28.9) (Fig. 1B and Supplementary Table
S3) (58). Another type I IRG, IFI44L, was upregulated in the
CGD patient samples with FC 8.9 (47). OAS1, OAS2, OASL,
and MX1 are additional type I IRGs that were more than 2.5-
fold upregulated in CGD patients (4). All of the top 10
transcripts with the largest FC between patients and controls
displayed an intermediate phenotype in X-linked CGD car-
riers (Fig. 1B).

Importantly, we did not observe any differences in the ex-
pression levels of genes coding for IFN cytokines (data not
shown), but all reported changes in gene expression took place
in cellular processes downstream of IFN receptor signaling.

Innovation

The immunological pathways contributing to the hy-
perinflammatory phenotype that is associated with the
loss of NOX2 complex function remain unknown. Here,
we identified a prominent type I interferon (IFN) signa-
ture in both mice and chronic granulomatous disease
(CGD) patients, both of which lack functional NOX2
complex. The observed type I IFN signature was asso-
ciated with autoimmune manifestations involving spon-
taneous formation of inflammation-associated antibodies
in both species and inflammatory kidney deposits in mice.
Importantly, the autoimmune process was not triggered by
pathogen-induced immune stimulation, as germ-free mice
reproduced the same gene expression pattern as initially
discovered in CGD patients and mice housed in a con-
ventional environment.
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CGD patients had alterations in the peripheral blood
B-cell populations, which translated into changes
in the gene expression profile

B LC-related transcripts (22%) formed the second distin-
guishable group of upregulated genes in the CGD patients.
CD79A, CD79B, and CD19, all of which were intimately con-
nected with B-cell receptor signaling, as well as VPREB3, CD72,
and CD38, regulators of B-cell maturation (46), were more than
two-fold upregulated in the CGD samples. Furthermore, flow
cytometry analysis revealed that the mean fluorescence inten-
sity of CD38 expression on the B cells from CGD patients
(95.9 – 26.5) was significantly ( p = 0.0021) higher than in the
controls (25.3 – 6.4). The carriers displayed an intermediate
phenotype (33.8 – 15.8). The observed B LC signature could be
explained by the increased number and higher percentage of
circulating CD19+ B cells in the CGD patients when compared
with the healthy controls (Fig. 2A, B). In addition, CGD patients

had more naı̈ve IgD+CD27- B cells, and less memory B cells
(both nonswitched IgD +CD27+ and switched IgD -CD27+ )
than the control group. The analysis of T- and NK-cell popula-
tions yielded no differences between the patients and healthy
controls, while the CD11b+ CD14+ CD16 - classical monocytes
were significantly lower in the CGD blood (Fig. 2C, D).

The downregulated genes in CGD patients gave no spe-
cific information about immunological pathways, which is
most likely explained by compromised gene expression data
quality. None of the tested downregulated genes could be
statistically significantly reproduced by Q-RT-PCR (Sup-
plementary Table S1).

The downstream type I IFN signature also
predominated in the Ncf1 mutated mouse

Similar gene expression analysis as was done for the CGD
patients was performed using its Ncf1m1J mutated mouse

Table 1. Demographic and Clinical Data of the Chronic Granulomatous

Disease Patients and Their Healthy Relatives

Family Individual Mutation Age
Age at 1st
symptoms

CRP
(mg/L) Clinical history Therapy

1 CGD (m) CYBA 16 9 months 7.0 Perianal abscess/Anal fissure,
osteomyelitis, lymphadenitis cervical,
colitis (Crohn-like)

Cotrimoxazol,
itraconazol

1 Brother None 17 n.a < 1.0 No inf. No med.
1 Cousin (m) None 20 n.a 1.1 No inf. No med.
1 Cousin (m) None 14 n.a < 1.0 No inf. No med.
1 Father None Adult n.a < 1.0 No inf. No med.
1 Mother None Adult n.a 10.8 No inf. No med.
2 CGD (f) Unknown 8 4 years 1.9 Nasal furuncolosis - Staphylococcus

aureus, gengivoestomatitis/caries, oral
candidiasis, palato enantema, aphthae

Cotrimoxazol,

2 CGD (m) Unknown 5 8 months 1.2 Urinary tract infection,
gengivoestomatitis/caries, palato
enantema, aphthae

Cotrimoxazol,
itraconazol

2 Mother None Adult n.a < 1.0 No inf. No med.
2 Father None Adult n.a 1.4 No inf. No med.
3 CGD (f) NCF1 10 5 years 1.5 Oral ulcers; Burkolderia cepacia causing

cervical lymph node and splenic
abscesses; visceral Leishmaniasis
leading to hepatosplenomegaly and
pancytopenia

Cotrimoxazol,
itraconazol s.c.
IFN-c (age 5–9)

3 Brother None 15 n.a < 1.0 No inf. No med.
3 Mother None Adult n.a 1.4 No inf. No med.
4 CGD (m) CYBB 4 1 month 14.4 Pneumonia, cervical lymphadenitis Cotrimoxazol,

itraconazol
4 Sister Carrier 8 n.a < 1.0 No inf. No med.
4 Mother Carrier Adult n.a 3.3 No inf. No med.
4 Father None Adult n.a < 1.0 No inf. No med.
4 Cousin (m) None 8 n.a < 1.0 No inf. No med.
5 CGD (m) CYBB 5 3 weeks 2.7 Perianal abscess, intra-abdominal

infections, enlarged, lymph nodes,
sepsis, pneumonia, lymphadenitis,
granulomas in colon

Itraconazol,
sulfatrimetoprim,
ASA, penicillin,
immunoglobulin
infusions

5 Sister Carrier 7 n.a < 1.0 No inf. No med.
5 Mother Carrier Adult n.a 3.3 No inf. No med.
6 CGD (m) Unknown 4 22.7 Colitis Prednisolon
6 Brother None 17 n.a 1.1 No inf. No med.
6 Mother None Adult n.a 3.9 No inf. No med.

n.a., not applicable; (m), male; (f), female; No inf., no infections of chronic inflammation; No med., no regular intake of medication that
could interfere with the immune system.
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model. We identified a larger number of differentially regu-
lated genes in the spleen samples (n = 36) than in the blood
samples (n = 17), and the majority (n = 22 and n = 11, re-
spectively) of the differentially expressed genes were upre-
gulated in the Ncf1m1J mouse. (5)

The most significantly differentially expressed genes (ad-
justed p-value < 0.05 and FC > 1.5) in the mouse samples
were manually curated into IRG, LC-related, and inflam-
matory (INFL) transcripts. Most (n = 6, 55%) of the manually

curated genes in mouse blood samples were IRGs (Fig. 3A
and Supplementary Table S4).

The expression of Stat1, a transcription factor that regu-
lates IFN signaling, was upregulated (FC 1.6) in the Ncf1m1J

mice. The transcription of Stat1 has been shown to be more
potently upregulated by type I IFNs (IFN-a and IFN-b), al-
though IFN-c also stimulates Stat1 expression (4). The
transcriptional difference in Stat1 expression was confirmed
at the protein level by intracellular flow cytometry analysis

A

B

FIG. 1. Chronic granulomatous disease patients display a type I interferon signature. (A) All significantly differ-
entially regulated transcripts (adjusted p-value < 0.05 and FC > 1.5) that were upregulated in chronic granulomatous disease
(CGD) patients were curated into interferon-regulated (IRG), lymphocyte-related (LC), and inflammatory (INFL) tran-
scripts. The numbers and percentages of genes in each category are presented. (B) Gene expression analysis results
describing the ten significantly differentially regulated genes (corrected p-value < 0.05) with the largest fold change between
CGD patients and healthy controls are presented. CGD patients n = 7, x-linked carriers n = 4, healthy controls n = 13.
Benjamini–Hochberg corrected p-values for the correlation between the gene expression and phenotype are given. Boxplots
present the minimum, maximum, median, and the 25% and 75% quartiles for each gene; the angular dashed line illustrates
the slope of the correlation.
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(Fig. 3B). After IFN-b treatment, there was significantly more
phosphorylated (Signal transducer and activator of transcrip-
tion 1) STAT1 in the NCF1-deficient cells than in the wild-
type cells, thus reflecting the observed difference in the total
STAT1 level (Fig. 3C).

Irgm and Iigp2 (also known as Irgm2) were other signifi-
cantly upregulated genes in the blood samples collected from
the naı̈ve Ncf1m1J mice. Since the promoter regions of these
genes contain c-IFN activation sites (GAS) and IFN-stimu-
lated response elements, they can be switched on by both type
I and II IFNs. Similarly, the transcription of Ifitm3 (9), Gvin1
(29), and Gbp2 (15) was upregulated in the Ncf1m1J mutated
mice. Furthermore, Oasl2, a relatively sparsely studied
family member of the type I IFN-responsive OAS proteins
(51), was upregulated in the Ncf1m1J mouse.

Similar to CGD patients, no significant differences were
observed in the mouse with regard to the gene expression
levels of IFNs (alphas, beta, zeta, epsilon, and kappa) (data
not shown) or serum levels of IFN-a.

Expression of inflammation-related genes
in the Ncf1m1j mutated mouse

Flow cytometry analysis of the main leukocyte populations
could not reveal any significant differences in the granulocyte
and macrophage populations in either blood or spleen sam-
ples. (Fig. 3D, E). Lactotransferrin (coded by Ltf) and pro-
teinase 3 (coded by Prtn3) are proteins localized in the
neutrophil granules that were significantly upregulated in
the Ncf1m1J mutated mice when compared with the wild-type

A B

C D

FIG. 2. Chronic granulomatous disease patients have alterations in their B-lymphocyte populations. (A) Total cell
counts per ml of blood of the main leukocyte populations. Total CD4 + T cells and total CD8 + T cells were calculated within
total CD3 + cells. CD11b ++ SSChiFCShi are total phagocytes. (B) The frequency of total CD19+ B cells was calculated within
total lymphocytes. The frequencies of the different B-cell subsets were calculated within total CD19+ B cells. (C) Frequency
of total CD11b + monocytes and CD11b + + SSChi granulocytes were calculated within total leukocytes. Frequencies of
monocyte subsets were calculated within CD11b + cells. (D) The frequency of CD3 + T cells was calculated within total
lymphocytes. The frequency of the CD4 + , CD8 + , and CD4 + CD8 + cell subsets was calculated within total CD3 + T cells. The
frequency of the CD4 + subsets was calculated within total CD4 + T cells, and that of the CD8 + subsets was calculated within
the total CD8 + T cells. Bars represent average frequencies, – SEM, Kruskall–Wallis test with Bonferroni–Dunn post hoc
analysis. *Represents p < 0.05, **represents p < 0.01, and ***represents p < 0.001 between the indicated groups.
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mice. Additional proinflammatory transcripts that contrib-
uted to the inflammatory signature observed in the Ncf1m1J

mouse (Fig. 3A) include Ctsg, Lcn2, and Mpo.
Ncf1 was the only significantly downregulated gene in the

blood samples collected from the Ncf1m1J mice. The com-

plete blockage of induced oxidative burst in the Ncf1m1J

mouse is due to a splice site point mutation that abolishes
functional NCF1 expression (23, 24, 52). This explains the
emergence of Ncf1 among the top downregulated genes in
both blood and spleen samples (Supplementary Table S4).

A

B C

D E

FIG. 3. ROS-deficient Ncf1m1J mutated mice share the type I IFN response. (A) All significantly differentially
regulated transcripts (adjusted p-value < 0.05 and FC > 1.5) that were upregulated in ROS-deficient BQ.Ncf1m1J mice
were curated into interferon-regulated (IRG), lymphocyte-related (LC), and inflammatory (INFL) transcripts. The per-
centages and the numbers of genes in each category are presented. BQ.Ncf1m1J n = 12 and in BQ n = 12. (B) STAT1
expression in wild-type (BQ) and Ncf1 mutated (BQ.Ncf1m1J) mice was analyzed in two independent pooled experiments by
flow cytometry. Heparinized blood was subjected to red blood cell lysis and stained for STAT1 expression. The normalized
GeoMean values (BQ signal set as 100) of the STAT1-specific signal are reported. Mean – SEM, n = 11–12, two-tailed
unpaired Student’s t-test. (C) Heparinized blood was suspended into IMDM (Gibco) supplemented with 10% FCS and
heparin. The cells were stimulated with recombinant mouse IFN-b (1000 U/ml; GenWay Biotech) at + 37�C for 10 min and
stained with pSTAT1-PE (pY701) antibody to assess the levels of activated STAT1. Results were calculated as the
GeoMean for PE fluorescence, mean – SEM, n = 6, two-tailed Mann–Whitney U test. The relative frequencies of CD3 + ,
CD3 + CD8 + , CD3 + CD4 + T lymphocytes, and B220 + B lymphocytes were analyzed in the (D) blood and (E) spleen
samples from BQ.Ncf1m1J and BQ mice. Phagocytes were divided into CD11b + Gr-1HI granulocytes and CD11b + Gr-1 -

monocytes (and CD11c + dendritic cells in spleen samples). Mean – SEM, n = 16, two-tailed unpaired Student’s t-test.
***p < 0.001, **p < 0.01, *p < 0.05, ns, not significant.
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The Ncf1m1J mice had reduced numbers of splenic CD3 +

CD27 + T cells (Supplementary Fig. S3), which explains the
emergence of CD27 among downregulated genes. Similarly,
the reduced CD8 expression could be assigned for the re-
duced CD3 + CD8 + LC population observed in the spleen
samples (Fig. 3E).

Blood B LC populations in the Ncf1m1J mice presented a
similar subset distribution as in CGD patients, with a sig-
nificantly reduced B-cell memory compartment (Fig. 4) and
no alterations in the frequency of cells expressing activation
(CD69), apoptosis (CD95), or homing (CXCR4) surface
markers. However, no reduction in the total B-cell com-
partment was observed, which explains the lack of tran-
scriptional B-cell signature in the Ncf1m1J mice.

CGD patients and the Ncf1m1J mutated mice
had elevated levels of lupus-associated autoantibodies

Since the type I IFN response is known to be associated with
autoimmune diseases, in particular SLE, we systematically
screened all subjects enrolled in the study for the presence of
antinuclear antibodies (ANA), anti-neutrophil cytoplasmic
antibodies (ANCA), anti-cyclic citrullinated peptide (CCP)
antibodies, anti-saccharomyces cerevisiae antibodies (ASCA),
and the rheumatoid factor (RF).

Inflammation-associated antibodies were detected in
all CGD patients. We detected IBD-associated ASCA (ei-
ther IgG or both IgG and IgA isotypes) in six patients (Fig.
5A, B). SLE-associated anti-double-stranded DNA (dsDNA),
anti-Th/To ribonucleoprotein (Th/To), and/or vasculitis-
associated anti-bactericidal permeability increasing protein
(anti-BPI) antibodies were detected in the three of the ASCA-

FIG. 4. ROS deficient Ncf1m1J mutated mice have a re-
duced total memory B-cell compartment. Flow cytometry
analysis of heparinized peripheral blood from the Ncf1m1J

mutated and BQ wild-type mice was performed to determine
B-cell subset frequencies. The frequency of total B cells
(CD19+ ) was calculated within the total lymphocyte gate
based on FSCxSSC. Total memory B cells (CD19+ CD23 +

CD21+ IgM+ / - IgD- ) and naı̈ve B cells (CD19+ IgM+ IgD+ + )
were calculated within total B cells. B cells expressing acti-
vation marker CD69 (CD19+CD69+ ), homing receptor
(CD19+CXCR4 + ), or the apoptosis-associated Fas receptor
(CD19CD95+ ) were calculated within total B cells. Mean –
SEM, n = 6/group, two-way Mann–Whitney test.

A

B

C

FIG. 5. Anti-Saccharomyces cerevisiae antibodies
(ASCA) and anti-cyclic citrullinated protein anti-
bodies in chronic granulomatous disease patients. (A)
IgG and (B) IgA ASCA were analyzed from serum sam-
ples from all subjects enrolled in the study. (C) Similarly,
the titers of anti-cyclic citrullinated protein (CCP) anti-
bodies were measured. Bar indicates the mean of each
group, Kruskall–Wallis test followed by Bonferroni post
hoc test. CGD patients n = 7, x-linked carriers n = 4, and
healthy controls n = 13. *Represents p < 0.05, **represents
p < 0.01, and ***represents p < 0.001 between the indicated
groups.
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positive patients. A single patient was positive for RF. Clini-
cally, significant levels of anti-CCP autoantibodies could not
be detected in any of the patients. However, the anti-CCP titers
correlated with the genotype, with CGD patients displaying
higher anti-CCP titers than the healthy controls (Fig. 5C).
Among the CYBB-mutation carriers, only one had borderline
positivity for RF; whereas the remaining carriers were nega-
tive for all the tested autoantibodies. Low but noteworthy
levels of autoantibodies (ASCA, RF, and ANA) were present
in six of the healthy noncarrier family members.

The Ncf1m1J mutation does not induce spontaneous for-
mation of lupus-associated autoantibodies on C57BL/10.Q/
rhd genetic background. Therefore, we backcrossed the
mutation to Balb/c mice that are known to be susceptible to
pristane-induced lupus (53).

Significantly elevated levels of anti-dsDNA and anti-
Sm/ribonucleoprotein (Sm/RNP) antibodies were found in

Balb/c.Ncf1m1J mice (Fig. 6A, B). The observed increase in
anti-histone autoantibodies did not reach statistical signifi-
cance (Fig. 6C). Likewise, naı̈ve Balb/c.Ncf1m1J mice aged
between 8 and 16 weeks showed significant deposits of IgG
(only micrograph shown) and complement factor C3 (Fig.
6D, E) within their kidney glomeruli. Thus, the observed type
I IFN response is likely to be associated with lupus-related
autoimmunity in both CGD patients and its Ncf1m1J mutated
mouse model.

Germ-free Ncf1m1J mice confirmed the endogenous
origin of the type I IFN signature

Even though all CGD patients and all experimental mice
used in the study were free from clinically detectable in-
fections, all of them were surrounded by and interacting
with normal flora. So far, the role of microbial products as

FIG. 6. ROS-deficient naı̈ve Balb/c.Ncf1m1J mutated mice spontaneously produce lupus-associated autoantibodies and
develop inflammatory kidney inflammation. (A) Anti-dsDNA, (B) anti-Sm/RNP, and (C) anti-histone autoantibodies were
measured in sera of wild-type and Ncf1m1J mutated Balb/c mice using ELISA. Horizontal lines represent the mean medians.
Two-tailed Mann–Whitney U test, *p < 0.05, and **p < 0.01, ns, not significant, n = 47 in Balb/c.Ncf1m1J and n = 21 in Balb/c
mice. (D) Representative immunofluorescence images of glomeruli from wild-type and Ncf1m1J mutated mice stained with FITC-
conjugated antibodies to mouse IgG and complement factor C3. Glomeruli of Ncf1m1J mutated mice revealed moderate granular
IgG deposits, mostly in mesangial areas, and a marked mesangial pattern of complement factor C3-deposition. In contrast,
glomeruli from wild-type mice showed only minimal depositions of IgG or C3 in the glomeruli. Microscope; Nikon Eclipse 80i,
Nikon Plan Apo 20 · 0.75 objective, Camera: Nikon DS-QiMc, Original magnification · 200, DAKO Fluorescent Mounting
Medium, scale bar 50 lm. (E) Glomerular deposition of IgG and C3 was analyzed using a semiquantitative scoring system.
0 = no deposits, 1 = mild mesangial deposition, 2 = marked mesangial deposition, 3 = mesangial and slight capillary deposition,
4 = intense mesangial and mesangocapillary deposition. Horizontal lines represent the medians. n = 5 in Balb/c.Ncf1m1J and n = 6
in Balb/c mice. Horizontal lines represent the medians, two-tailed Mann–Whitney U test, *p < 0.05, ns, not significant.

2238 KELKKA ET AL.



inducers of granuloma and as autoimmunity inducing factors
has not been conclusively elucidated.

The type I IFN response is evoked to combat viral infec-
tions, and it can be induced by either viral or bacterial epi-
topes (37). The mice used in the study were clinically fully
healthy and according to institutional health monitoring, they
were free from all investigated FELASA-listed pathogens.
However, the monitoring revealed the presence of anti-
mouse norovirus (MNV) antibodies. MNV is a nonpatho-
genic virus commonly occurring in animal colonies.

All BQ wild type (100%) and six out of the eight tested
(75%) Ncf1m1J mutated mice were positive for anti-MNV
antibodies. The antibody titers in the Ncf1m1J mutated mice
were significantly lower than in the BQ wild-type mice
(Fig. 7A).

To analyze the role of environmental microbes as inducers
of the transcriptional type I IFN signature, we transferred the
mice to a germ-free facility. Spleen samples from the germ-
free mice were of excellent quality, but due to the challenging
sampling environment, we could only analyze blood samples
from one wild-type mouse and from two Ncf1m1J mice.

Type I IRGs dominated the lists of most significantly
differentially regulated genes in the germ-free mice (Fig.
7B). In the spleen, four out of the five transcripts with largest
transcriptional upregulation in the Ncf1m1J mouse were
classical type I IRGs (Fig. 7C). Similarly, in blood samples,
12 out of the 17 transcripts with largest transcriptional up-
regulation in the Ncf1m1J mutated mouse were predominantly
type I IRGs (Fig. 7D). Oas1g, Oas2, and Oasl1 are the type I
IRGs that were upregulated in both tissues. Furthermore, the
transcription of Oasl2, Oas3, and Iigp2 was upregulated in
the germ-free blood samples from the Ncf1m1J mice.

Interestingly, no signs of type II IFN response or granu-
locytic inflammation were seen in the germ-free samples.
Taken together, these results show that the upregulated type I
IFN signature in the ROS-deficient mouse is not dependent
on microbial antigens but is of endogenous origin.

Discussion

Comparative translational genome-wide gene expression
analysis revealed a pronounced type I IFN signature in both

A B
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FIG. 7. The type I IFN signature was confirmed in naı̈ve germ-free BQ.Ncf1m1J mutated mice. (A) Anti-mouse
norovirus antibodies in mouse sera were analyzed by fluorometric immunoassay. Results are presented as arbitrary units
(A.U.). Mean – SEM, in BQ.Ncf1m1J n = 8 and in BQ n = 9, two-tailed unpaired Student’s t-test, mean values – SEM are
presented, **p < 0.01. Spleen and blood samples from germ-free mice were subjected to genome-wide gene expression
analysis. (B) All significantly differentially regulated transcripts ( p-value < 0.05 and FC > 1.3) that were upregulated in the
spleen samples collected Ncf1m1J mutated were curated into interferon-regulated (IRG), lymphocyte-related (LC), and
inflammatory (INFL) transcripts. A similar analysis was performed for the transcripts yielding the largest possible dif-
ference between the genotypes but the smallest possible difference between the Ncf1m1J mutated replicates. The numbers
and percentages of genes in each category are presented. In spleen samples, n = 6 in both groups, in blood samples
BQ.Ncf1m1J n = 2, and in BQ n = 1. (C) Ten significantly differentially regulated transcripts with the largest difference (FC)
between the genotypes in spleen samples and (D) ten transcripts with the largest difference between the genotypes but the
smallest difference between the Ncf1m1J mutated replicates are presented with functional curation into the groups mentioned
earlier (IRG, LC, and INFL).
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mice and humans in the absence of functional phagocyte
ROS production. The classically SLE-associated type I IFN
response was accompanied by signs of developing autoim-
munity in both species. All CGD patients who were included
in the study were tested positive for inflammation-associated
antibodies or autoantibodies, and elevated levels of anti-
dsDNA anti-Sm/RNP and anti-histone autoantibodies along
with signs of inflammatory kidney disease were detected in
the ROS-deficient Balb/c.Ncf1m1J mice.

Type I IFN signature is a well-established finding in auto-
immune diseases such as SLE (6, 7) and Sjögren’s syndrome.
An activated type I IFN signature was also recently shown to
precede seroconversion and to exist throughout the develop-
ment of type I diabetes (28). We are the first to describe the
induction of a type I IFN signature in CGD patients and in the
corresponding Ncf1m1J mutated mouse model. The observed
type I IFN signature was not associated with alterations in the
transcription levels of IFN cytokines, but was completely
dominated by transcripts whose expression is upregulated after
IFN receptor activation-inducible Jak-Stat signaling cascade.

The connection between SLE and CGD is not novel, as
already in the early 1970s two carriers of the x-linked form of
CGD were reported to exhibit discoid lupus (54). The aug-
mented SLE incidence in the x-linked CGD carriers with
partially impaired ROS production has also been extensively
validated (10).

CGD patients have been previously shown to have lower
numbers of T cells (21) and reduced peripheral blood mem-
ory T- and memory B-cell compartments (8, 20). Here, we
reproduce those findings of a reduced B-cell memory com-
partment in the CGD patients, and we show for the first time
that a similar reduction is present in Ncf1m1J mice. The re-
duced memory B-cell compartment, however, has been
shown not to affect the humoral immunologic memory (38).
However, we also report, for the first time, an increase in the
frequency of circulating type 1 transitional B cells in CGD
patients. These cells link B-cell development in the bone
marrow and spleen, and have been reported to be increased in
the blood of SLE patients (60), which further stresses an SLE-
like signature in CGD patients. In the presence of IFN-a, B
cells increase their surface expression of CD38 (18), which is
involved in cell adhesion (17) and apoptosis prevention (67).
Therefore, we hypothesize that the higher expression of
CD38 found on CGD B cells could be a consequence of the
marked type I IFN signature.

Autoantibodies are the hallmark of SLE, but the preva-
lence of autoantibody positivity in CGD patients has not been
systematically addressed earlier. There is a report describing
a CGD patient with juvenile arthritis that was associated with
elevated RF (33), and another CGD patient with SLE has
been reported as ANA and anti-dsDNA antibody positive
(35). Furthermore, a study of several cases of CGD with
autoimmune manifestations reported the presence of auto-
antibodies in many, but not in all CGD patients (16). Even
though ASCA are primarily associated with IBD, increased
ASCA levels have also been measured from patients with
SLE (14). Our systematic autoantibody analysis revealed that
all CGD patients enrolled in the study were positive for either
SLE-associated ANA or ANCA or for ASCA. Furthermore,
the genotype correlated significantly with anti-CCP antibody
titers, with CGD patients displaying higher anti-CCP levels
than the controls.

The antibody findings support the notion of developing
autoimmunity in CGD patients. SLE patients are known to
develop disease-associated anti-SSA antibodies even years
before the disease becomes clinically apparent (2) and sim-
ilarly, autoantibodies are reported to precede and predict the
development of rheumatoid arthritis (30, 31). Furthermore,
ASCA and ANCA are reported to predict the development of
IBD (25).

The Ncf1m1J mouse with a point mutation in the activator
subunit of the NOX2 complex displayed a similar type IFN
signature as was first identified in CGD patients. Further-
more, the mouse model also exhibited clear signs of devel-
oping autoimmunity with elevated autoantibody titers and
histologically evident inflammatory kidney pathology on
Balb/c background. Importantly, all the autoimmune mani-
festations reported in the mouse were identified in naı̈ve state.
The same mouse model has previously been shown to de-
velop enhanced experimental autoimmune arthritis and en-
cephalomyelitis (24, 42) and lupus on MRL.RAS(lpr)
background (11). Furthermore, the Ncf1m1J mouse has also
been reported to spontaneously develop clinically evident
erosive arthritis postpartum and (24) and with older age (32).

Furthermore, since the life expectancy of CGD patients is
increasing, the development of overt autoimmune diseases
has become a therapeutic challenge for CGD (34). Therefore,
early detection of autoantibodies in CGD patients might
provide an efficient means for the prophylaxis of autoim-
munity, in particular SLE and IBD.

In SLE, autoantibodies are reported to show cross-reac-
tivity with viral and bacterial epitopes,46 suggesting that
environmental priming may participate in the disease pro-
gression. In addition, compromised bacterial and fungal de-
fense expose the ROS-deficient mice and CGD patients to
prolonged contact with pathogenic microbial antigens. To
study the potential role of environmental priming in the de-
velopment of type I IFN response, we collected blood and
spleen samples from germ-free mice. The type I IFN response
was replicated in the germ-free samples, while no type II IFN
response-related or phagocyte-derived inflammatory tran-
scripts were upregulated in the germ-free Ncf1m1J mice.
Thus, we conclude that the type I IFN signature was induced
by an endogenous process and was not triggered by micro-
biological stimulation.

Materials and Methods

Patient samples

Blood was collected from seven children with CGD [ac-
cording to the International Union of Immunological Socie-
ties classification of primary immunodeficiencies (1)], from
eight age-matched healthy relatives, and from nine adult
healthy relatives. Identification of the mutations in the NOX2
components was done by either flow cytometry or Western
blot using antibodies specific for gp91phox, p22phox, p47phox,
and p67phox as previously described (50). Four of the healthy
controls were x-linked CGD carriers (Table 1). Gene ex-
pression samples (2 ml) were collected into RNA PaxGene
Blood RNA tubes (Becton Dickinson, Franklin Lakes, NJ),
and heparinized samples (3 ml) were used in flow-cytometry
analysis. At the time of collection, the CGD patients had no
observed undergoing infections, no clinically manifested
inflammatory processes and were not under IFN-c therapy.
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The healthy relatives had no clinical signs of infection or
inflammation, did not take any immune-suppressant drugs,
nor had a history of chronic infections or inflammation. At the
time of blood collection, patients were taking the WHO/
IUIS-approved prophylactic medication for CGD as indi-
cated in Table 1. However, since these are antibiotics and
antifungal drugs, their influence as immune-modulators was
considered negligible.

Flow cytometry on human samples

White blood cells from whole blood were stained with fluo-
rochrome-conjugated monoclonal antibodies against CD19,
CD27, CD38, CD3, CD4, CD8, CCR7/CD197, CXCR4/CD184,
CD25, CD11b, CD16, CD14 (Ebioscience), CD56 (Biole-
gend), IgD, and CD95 (BD Biosciences). Data were acquired
on an FACSCalibur (BD Biosciences), and analyzed with
FlowJo Software v7.6 (Tree Star, Inc.). Statistical analyses
were performed by using the Kruskal–Wallis one-way analy-
sis of variance with Bonferroni–Dunn post hoc analysis; p-
values < 0.05 were considered statistically significant.

PHAGOBURST� kit (Glycotope Biotechnology) was
used to measure the oxidative burst of peripheral blood
phagocytes from all subjects. Data were acquired using
Coulter Epics XL-MCL (Beckman Coulter, Inc.), and ana-
lyzed with FlowJo Software v7.6.

Autoantibody analysis in CGD patients

All subjects were screened for ANA, ANCA, anti-CCP
antibodies, ASCA, and the RF. ANA were quantified by di-
rect immunofluorescence on Hep2 cells (ANA HEp-2 cells
IFA kit; Menarini Diagnostics). When ANA titers were
positive ( > 1/160) with a speckled or homogenous pattern,
the presence of anti-DsDNA, anti-SM, anti-SSA, anti-SSB,
and anti-RNP antibodies was analyzed by Fluoro-Immuno-
Enzymatic assay (FEIA); whenever there were 46 nuclear
dots, the presence of anti-centromer antibodies was detected
by FEIA; and for ANA, positive titers with nucleolar pattern
anti-Slc-70 antibodies were assessed by FEIA. The presence of
anti-RNA polymerase I and III, anti-PM-SCL and anti-KU
antibodies was assessed in anti-Slc-70-positive samples. Serum
ANCA was detected by direct immunofluorescence on leuko-
cytes. Subjects displaying positive titer ( > 1/20) of P- and/or
C-ANCA, the presence of anti-PR3, anti-myeloperoxidase,
anti-catepsin-G, anti-BPI, anti-lactoferrin, and anti-elastase
were assessed by immunoblot or FEIA. X-ANCA-positive
sera were not further evaluated. The serological titer of IgM
anti-IgG RF was determined by immunoturbidimetry. The
presence of anti-CCP1 antibodies was measured by FEIA.
Serum titers of IgG + or IgA + ASCA antibodies were quan-
tified by ELISA. Statistical analyses of ASCA IgG, ASCA
IgA, and anti-CCP antibody levels between the different
experimental groups were performed by using the Kruskal–
Wallis one-way analysis of variance with Bonferroni–Dunn
post hoc analysis; p-values < 0.05 were considered statisti-
cally significant.

Mice

Age- and sex-matched 8–12 week-old, specific pathogen-
free C57BL/10.Q/rhd mice with (BQ.Ncf1m1J) and without
(BQ) the m1J mutation in the Ncf1 gene (24) were used. The

mutation was backcrossed for more than ten generations onto
BQ and Balb/c genetic background, and the BQ.Ncf1m1J mice
were ascertained to be genetically clean even in the linked
fragment. The germfree BQ and BQ.Ncf1m1J mice were
produced at the Core Facility for Germ-free Research, Kar-
olinska Institutet, Stockholm, Sweden.

Mouse sample collection and flow cytometry

After hypotonic lysis of the red blood cells and Fc block
(CD16/CD32, 2.4G2), blood and spleen leukocytes cells were
stained with rat anti-mouse monoclonal antibodies anti: CD3e-
FITC (145-2C11), CD4-AF647 (RM4-5), CD8a-PerCpCy5.5
(53–6.7), B220-Pacific Blue (RA3-6B2), CD11c-APC (HL3)
Gr-1-FITC (RB6-8C5), CD11b-APC (M1/70) (BD Bios-
ciences), and CD11b-PE (M1/70) (eBioscience). For STAT1
phosphorylation analysis, the cells were suspended into Ly-
se&Fix solution (BD Biosciences), permeabilized with 90%
methanol (30 min), and stained with STAT1-PE (1/Stat1),
IgG1-PE isotype control (X40), or pSTAT1-PE (pY701) (4a)
antibody (BD Biosciences). Samples were acquired using BD
LSR II operated by Diva software (BD Biosciences), and the
data were analyzed using Flowing Software (Cell Imaging
Core, Turku Centre for Biotechnology). Identification of blood
B-cell subsets was done using rat anti-mouse monoclonal an-
tibodies anti: IgD-FITC (11-26c2a), CXCR4-AF647 (TG12/
CXCR4), CD69-PE (H1.2F3), CD21/CD35-FITC (7E9),
CD23-PE (B3B4) (Biolegend), IgM-APC (III41), CD95-APC
(15A7), and CD19 PerCpCy5.5 (eBio 1D3) (Ebioscience).
Samples were analyzed on an FACSCalibur (BD Biosciences),
and data were analyzed with FlowJo software v7.6.

Two-tailed Mann–Whitney U test was used to evaluate
whether null hypothesis can be rejected when the groups did
not have equal variance (pSTAT assay and B-cell subset
quantification). Student’s t-test was used with groups of equal
variance (STAT1 expression and relative frequencies of
different blood and spleen cells); p-values < 0.05 were con-
sidered statistically significant.

Lupus-associated autoantibodies
and renal pathology in mouse

For detection of autoantibodies in sera from 8- to 16 week-
old naı̈ve Balb/c.Ncf1m1J and BALB/c mice, microtiter plates
were coated overnight with 50 lg/ml histone from calf
thymus (Roche Diagnostics), 1 lg/ml Sm/RNP (GenWay
Biotech), or precoated with 20 lg/ml poly-L-Lysine (Sigma-
Aldrich) before coating with 20 lg/ml calf thymus DNA
(Sigma-Aldrich), respectively. Sera were added at a 1:20
dilution in PBS containing 2% FCS. Bound IgG was detected
with a horseradish peroxidase-conjugated goat anti-mouse
IgG (Southern Biotech). Two-tailed Mann–Whitney U test,
p-values < 0.05 were considered statistically significant.

For assessing glomerular deposits, PBS-flushed kidneys
were embedded in OTC Tissue-Tek (Sakura) compound, snap
frozen, and stored at - 80�C. Five mocrometer cryo-sections
were fixed, permeabilized with acetone, and stained with
FITC-labeled antibodies to complement factor C3 (Cedarlane)
and IgG (BioLegend). Glomerular deposits were evaluated
by two blinded individual scorers by immunofluorescence
microscopy using a semiquantitative scoring system as pre-
viously described (41). Two-tailed Mann–Whitney U test, p-
values < 0.05 were considered statistically significant.

TYPE I IFN AND AUTOIMMUNITY IN CGD 2241



Genome-wide gene expression analysis

RNA preservation, isolation, and purification reagents are
listed in Supplementary Table S5. RNA amplifications were
performed using Illumina Total Prep RNA Amplification kit
(Ambion); in vitro transcription and biotinylation were per-
formed overnight. cRNA concentration measurement with
Nanodrop ND-1000 was followed by Experion electropho-
resis station (Biorad) quality check.

Sentrix BeadChip Array MouseRef-8 v2 (Illumina) and
HumanHT-12 v3 Expression BeadChip (Illumina) hybrid-
izations were detected with Cyanine3-streptavidine; the ar-
rays were scanned with Bead Array Reader (Illumina); and
the numerical results were extracted with Bead Studio v3.2.6
without normalization or background subtraction.

The microarray data were quantile normalized, log2
transformed, and filtered for absent calls (germ-free data) and
differentially regulated genes were identified using linear
modeling (LIMMA packages; Bioconductor). Hierarchical
clustering divided Finish and Portuguese CGD samples into
two separate groups, and the samples were treated as batches
in subsequent data analysis. Neither mouse blood nor spleen
samples revealed biased clustering. For all further analyses,
false discovery rate (FDR, Benjamini–Hochberg procedure)
adjusted p-values < 0.05 were considered statistically signif-
icant. Blood samples from germ-free mice had compromised
RNA quality, and the analysis was restricted to the good-
quality samples (BQ.Ncf1m1J n = 2, BQ n = 1). Transcripts
were ranked to yield a list of genes with highest possible FC
between the genotypes but the smallest variation between the
mutant replicates. The microarray data have been deposited
in the NCBI gene expression omnibus (GEO) MIAME-
compliant database with accession numbers GSE44969
(CGD data) and GSE45125 (mouse data).

The relationship between the genotype and the log2-
transformed gene expression level was analyzed for all
probes (n = 48 802, no absent call filtering) by fitting the data
into the linear regression model. The slope p-values were
corrected for multiple testing by using the Benjamini–
Hochberg procedure.

Ingenuity pathway analysis

The canonical pathways from transcripts with adjusted p-
value p < 0.05 were generated using the Ingenuity pathway
analysis (IPA, Ingenuity Systems, www.ingenuity.com). The
IPA software measured the significance of the association
between the data set and the canonical pathway in two ways:
(i) A ratio of the number of molecules from the data set that
map to the pathway divided by the total number of molecules
which map to the canonical pathway. (ii) Fisher’s exact test
was used to calculate a p-value determining the probability
that the association between the genes in the dataset and the
canonical pathway is explained by chance alone.

Manual curation of the most significantly
differentially expressed genes

Selected transcripts passing inclusion criteria (adjusted p-
value < 0.05 and FC > 1.5) were curated into IRG, LC-related,
inflammatory (INFL), and miscellaneous (Misc.) transcripts
by accessing Interferome.org and PubMed Gene (www.ncbi
.nlm.nih.gov/gene) databases ( June 2012).

Quantitative RT-PCR

The most significantly differentially regulated transcripts
were confirmed by Q-RT-PCR. RNA was reverse transcribed
using iScript cDNA Synthesis Kit (Bio-Rad) followed by Q-
PCR amplification using TaqMan Universal Master Mix
(Applied Biosystems) with primers and probes specified in
Supplementary Table S1. PCR cycling was performed using
Applied Biosystems 7900HT Fast Sequence Detection Sys-
tem. p-values < 0.05, calculated by using Student’s t-test,
were considered statistically significant.

Anti-MNV antibodies

MNV antibody analysis was performed by multiplexed
fluorometric immunoassay at Surrey diagnostics Ltd. Statis-
tical significance was tested by using the two-tailed unpaired
Student’s t-test; p-values < 0.05 were considered statistically
significant.

Study approvals

All subjects were enrolled after signed written consent had
been obtained. Parents provided consent for the participants
younger than 18 years of age. The study was approved by
the ethics committee of the Centro Hospitalar do Porto, and it
was in accordance with the Helsinki Declaration governing
clinical trials.

All mouse experiments were performed in accordance with
EU guidelines with ethical permits from the national Animal
Experiment Board (Eläinkoelautakunta, ELLA, Finland)
under license numbers ESHL-2008-02873/Ym-23 and
ESAVI-0000497/041003/2011 and in Erlangen, Germany,
with permit number 54-2532.1-29/12.
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Abbreviations Used

ANA¼ antinuclear antibodies
ANCA¼ anti-neutrophil cytoplasmic antibodies

anti-BPI¼ anti-bactericidal permeability increasing
protein

anti-Sm/RNP¼ anti-Sm/ribonucleoprotein
ASCA¼ anti-saccharomyces cerevisiae antibodies

C3¼ complement factor 3
CCP¼ cyclic citrullinated peptide
CGD¼ chronic granulomatous disease

dsDNA¼ double-stranded DNA
FC¼ fold change

GAS¼ c-interferon activation sites
IBD¼ inflammatory bowel disease
IFN¼ interferon
IgA¼ immunoglobulin A
IgG¼ immunoglobulin G

INFL¼ inflammation-related gene
IRG¼ interferon-regulated gene
LC¼ lymphocyte

MNV¼mouse norovirus
NCF1¼ neutrophil cytosol factor 1
NOX2¼ nicotinamide adenine dinucleotide

phosphate-oxidase
OAS¼ 2¢-5¢-oligoadenylate synthetase
PCA¼ principal component analysis
PMA¼ phorbhol 12-myristate 13-acetate

Q-RT-PCR¼ quantitative real-time polymerase chain
reaction

RF¼ rheumatoid factor
ROS¼ reactive oxygen species
SLE¼ systemic lupus erythematosus
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