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Key Points

• CGD monocytes 
exhibit profound 
glycolytic and 
mitochondrial 
metabolic defects, and 
reduced intracellular 
amino acid levels.

• IFN-γ rebalances 
metabolic and 
functional defects in 
CGD monocytes, 
revealing mechanisms 
behind its prophylactic 
benefits in CGD.

Chronic granulomatous disease (CGD) is a primary immunodeficiency characterized by 
recurrent life-threatening infections and hyperinflammatory complications. It is caused by 
mutations in the reduced nicotinamide adenine dinucleotide phosphate (NADPH) oxidase 
complex and the consequent loss of reactive oxygen species (ROS) production. 
Recombinant human interferon gamma (rIFN-γ) prophylaxis reduces the risk of severe 
infections, but the mechanisms behind its efficacy in CGD are still an open question, as it 
does not restore NADPH oxidase-dependent ROS production. Here, we demonstrate that 
the innate immune cells of patients with CGD are transcriptionally and functionally 
reprogrammed to a hyperactive inflammatory status, displaying an impaired in vitro 
induction of trained immunity. CGD monocytes have reduced intracellular amino acid 
concentrations and profound functional metabolic defects, both at the level of glycolysis 
and mitochondrial respiration. Ex vivo and in vivo treatments with IFN-γ restored these 
metabolic defects and reduced excessive interleukin 1β (IL-1β) and IL-6 production in 
response to fungal stimuli in CGD monocytes. These data suggest that prophylactic rIFN-γ 
modulates the metabolic status of innate immune cells in CGD. These data shed light on the 
effects of NADPH oxidase–derived ROS deficiency to the metabolic programs of immune 
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cells and pose the basis for targeting this immunometabolic axis, potentially beyond CGD, 
with IFN-γ immunotherapy.

Introduction

Chronic granulomatous disease (CGD) is a rare inherited immu
nodeficiency with an estimated frequency of 1:200 000 to 
1:250 000 in newborns.1 Distinct causative genetic mutations 
have previously been defined in the 5 genes encoding the subunits 
of the reduced NAD phosphate (NADPH) oxidase complex,1

which is mainly expressed in mononuclear phagocytes and gran
ulocytes,2 with additional expression in T, B,3 and endothelial 
cells.4 The NADPH is a multicomponent protein complex 
composed of the p22phox, gp91phox, p47phox, p67phox, and p40phox 

subunits. The p22phox and gp91phox subunits are transmembrane 
proteins and couple with the cytosolic subunits (p47phox, p67phox, 
and p40phox) and the small guanosine triphosphate (Rac1 and 
Rac2) on cell activation. This activation leads to the transfer of 
electrons from cytosolic NADPH to intraphagosomal or extracel
lular oxygen and results in the generation of oxygen superoxide, a 
potent reactive oxygen species (ROS).3 Owing to mutations in the 
NADPH oxidase complex, patients with CGD display a severe 
deficiency in NADPH oxidase-dependent ROS production. The 
main symptoms of patients with CGD include life-threatening 
recurrent bacterial and fungal infections, hyperinflammatory com
plications such as colitis, multisystemic granuloma formation, and 
increased risk of autoimmune disease.5 An altered transcription of 
proinflammatory mediators, a more highly active caspase-1 (p10) 
expression in unstimulated monocytes,6 and defective autophagy 
in macrophages7 have been established as part of the hyper
inflammatory phenotype. Appropriate antibiotic and antifungal 
prophylaxis is crucial in preventing patients with CGD from 
developing serious infections.8 At present, hematopoietic stem cell 
transplantation is the only available curative treatment for CGD, 
with a success rate of 90%,9 but gene therapy has also been 
applied successfully.10 Prophylactic immunotherapy with recom
binant human interferon gamma (rIFN-γ) has been found to reduce 
the relative risk of developing serious infections in patients with 
CGD by 67%.11,12 However, the precise biological mechanism 
behind this protection remains unclear.13 Here, we reveal that 
human innate immune cells isolated from patients with CGD 
display a distinct transcriptional and epigenetic profile compared 
with the healthy controls and profound functional metabolic 
defects. Our data define dysregulated immunometabolism with 
hyperinflammation as a consequence of deficient NADPH oxidase- 
dependent ROS production in myeloid cells as a new patho
physiological concept in CGD which can be reversed by IFN-γ in a 
prophylactic regimen.

Materials and methods
Ethics statement and patient material

Healthy volunteers were recruited through a voluntary blood dona
tion platform at Radboud University Medical Center. Approval 
for including healthy controls was obtained from the Medisch Eti
sche Toetsingscommissie Arnhem-Nijmegen (NL32357.091.10), 
adhering to International Council for Harmonisation-Good Clinical 

Practice guidelines. The inclusion of patients with CGD was 
approved by the Institutional Review Board (National PID study, 
NL40331.078). EDTA blood was collected from healthy controls 
(self-reported free of infections) and genetically diagnosed patients 
with CGD with confirmed impaired ROS production. Buffy coats 
from healthy donors (Sanquin blood bank) were used for apocynin- 
related experiments, whereas fresh peripheral blood was used for all 
other assays. Details on protocols, blood counts, plasma storage, 
cell culture, and other methods are available in the supplemental 
Methods.

Single-cell RNA-seq

Peripheral blood was drawn from 5 patients with CGD and 5 
matched controls into medium-filled TruCulture tubes. For 4 par
ticipants in each group, additional blood samples were collected in 
IFN-γ–filled tubes. Further processing details are available in the 
supplemental Methods.

ATAC-seq

Assay for transposase-accessible chromatin sequencing (ATAC- 
seq) was performed on monocytes from the same subjects used 
for bulk RNA sequencing (RNA-seq), following a protocol with 
minor adaptations14 (supplemental Methods).

Liquid chromatography-mass spectrometry/mass 
spectrometry–targeted metabolomics and lipidomics 
sample preparation

Monocytes (2 × 106) and neutrophils (2 × 106) from CGD and 
control donors were incubated at 37◦C for 2 hours. Pellets were 
frozen in liquid nitrogen to quench metabolism and stored 
at −80◦C. Metabolite extraction was conducted using the methyl 
tert-butyl ether/methanol/water method. Lipidomics used snap- 
frozen monocyte pellets (5 × 105 cells per pellet). Further details 
are provided in the supplemental Methods.

Functional metabolic analysis by Seahorse

Neutrophils (4 × 105) and monocytes (2 × 105) were plated in 
precalibrated cartridges with assay media (coated with Corning 
Cell-Tak in the case of neutrophils). Oxygen consumption rate 
(OCR) and extracellular acidification rate (ECAR) were assessed 
using Seahorse XF Cell Mito Stress and Glycolysis (Glyco) Stress 
tests on an XFe96 analyzer. The supplemental Methods include 
additional experimental details.

Quantification and statistical analysis

In vitro monocyte experiments were performed at least thrice inde
pendently, and for each analysis, at least 1 healthy control was 
included as a reference. Data comparisons were analyzed using 
Mann-Whitney U test for unpaired samples and a Wilcoxon signed- 
rank test for paired data. A 2-sided P value <.05 was considered 
statistically significant. All data from the in vitro experiments with >3 
subjects were analyzed using GraphPad Prism 8.0. Data are illus
trated as means ± standard error of the mean. Except for the plasma 
and supernatant proteomic experiment, neutrophil 4-hour 
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Figure 1. Patients with CGD display a dysregulated hyperinflammatory status. (A) Uniform manifold approximation and projection (UMAP) visualization of scRNA-seq 

profiles of 50 959 white blood cells from 5 patients with CGD and 5 age- and sex-matched healthy control (HC) colored according to cell type identity. (B) UMAP visualization of cells 

colored by condition, HC (green) and CGD (purple), downsampled to 3000 cells per donor. (C) Numbers of DEGs identified as upregulated (red) or downregulated (blue) in 

neutrophils, CD14+ monocytes, and CD16+ monocytes. (D) Gene functional enrichment analysis based on DEGs upregulated or downregulated in neutrophils, CD14+ monocytes, 

CD16+ monocytes, and neutrophils using HALLMARK gene sets. Illustrated are all significant terms (adjusted P < .05). Dots are colored by directionality of differential expression 

(red, upregulated DEGs; blue, downregulated DEGs). Dot size depicts the number of DEGs in the respective HALLMARK term. (E) Volcano plot of differential abundance of plasma 

circulatory proteins in patients with CGD (n = 5) as compared with HC (n = 14). Results are displayed as log2fold change (FC) of CGD compared with HC, plotted against minus 

5308 BRUNO et al 28 OCTOBER 2025 • VOLUME 9, NUMBER 20



stimulations, and monocyte 24-hour stimulations, age- and sex- 
matched healthy controls have been used. For the statistics of 
proteomics, metabolite analysis, bulk RNA-seq, ATAC-seq, and 
single-cell RNA-seq (scRNA-seq), details can be found in the 
dedicated paragraphs and all figure legends.

In vitro monocyte experiments were repeated thrice with at least 1 
healthy volunteer as a reference. Data were analyzed with Mann- 
Whitney U tests for unpaired samples and Wilcoxon signed-rank 
tests for paired samples. A P value <.05 was considered signifi
cant. Age- and sex-matched controls were used, except in specific 
cases. Statistical details for proteomics, metabolomics, and 
sequencing analyses are described in figure legends and the 
supplemental Materials and methods, whereas scRNA-seq– 
related figures were generated using ggplot2 (version 3.2.1/ 
3.3.2)15 and Seurat.

Results
Patients with CGD display a dysregulated 
inflammatory status

Patients with CGD experience recurrent infections and auto
inflammatory manifestations. To profile potential alterations in the 
immune system, we analyzed the soluble and cellular components 
of their blood. Transcriptional differences in blood cell populations 
from patients with CGD and controls were analyzed by scRNA-seq 
(Figure 1A). The data set included 50 959 single-cell tran
scriptomes covering all major blood cell populations (Figure 1A; 
supplemental Figure 1A; supplemental Table 1). Visualization of 
the data stratified by disease revealed prominent transcriptional 

shifts in neutrophils and monocytes (Figure 1B; supplemental 
Table 1). Differential expression analysis identified the highest 
number of differentially expressed genes (DEGs) in CD14+ and 
CD16+ monocytes and mature neutrophils (Figure 1C; 
supplemental Figure 1B; supplemental Table 1). Enrichment 
analysis based on HALLMARK gene sets demonstrated the 
upregulated DEGs in these populations to be enriched in inflam
matory response pathways (Figure 1D; supplemental Table 1), and 
bulk transcriptome analysis from CGD monocytes validated these 
findings (supplemental Figure 2C). Circulating monocyte counts 
were higher and basophil counts lower in patients with CGD, as 
were lymphocyte and basophil percentages (supplemental 
Figure 1C-D). Six plasma cytokines and chemokines (CDCP1, 
MCP-1, CCL3, IL-18, CCL4, IL-10) were significantly elevated in 
patients with CGD (Figure 1E). ROS production in CGD neutro
phils was absent following Candida albicans or phorbol myristate 
acetate (PMA) stimulation (supplemental Figure 1E), whereas IL-8 
production was increased after PMA stimulation (Figure 1F). CGD 
monocytes demonstrated heightened proinflammatory responses: 
stimulation with Aspergillus fumigatus triggered higher IL-6 and IL- 
1β levels; lipopolysaccharide (LPS), Pam3Cys, and heat-killed 
C albicans stimulation caused elevated IL-1β levels. Staphylo
coccus aureus stimulation led to higher IL-6 and IL-1Ra production 
(Figure 1G; supplemental Figure 2A). CGD monocytes exhibited 
higher IL-1β/IL-1Ra ratios, indicating increased IL-1 bioactivity 
(supplemental Figure 2B). Proteomic analysis of cell supernatants 
revealed elevated CCL3 production in unstimulated monocytes 
(Figure 1H) and higher CCL3, CCL4, CCL20, and CXCL5 levels 
after A fumigatus stimulation (Figure 1I). We further tested trained 
immunity capacity16 as a measure of innate immune function, 
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Figure 1 (continued) log10 of the adjusted P values. Proteins significantly differentially expressed (with adjusted P < .05 after correction for multiple testing) are displayed in red. 

(F) IL-8 production after 4-hour stimulation in neutrophils from CGD (n = 5) and HC (n = 12) with either medium (RPMI), heat-killed C albicans UC820 (1 × 106 yeast per mL), or 

PMA (50 ng/mL). (G) IL-6 and IL-1β production after 24-hour stimulation in CGD monocytes (n = 5) and HC (n = 13, except for the stimulations RPMI 10% human pooled serum 

(HPS) and A fumigatus where n = 4) with either medium (RPMI, with or without 10% HPS) or LPS (10 ng/mL), Pam3Cys (10 μg/mL), heat-killed C albicans UC820 (1 × 106 

yeast per mL), live A fumigatus (1 × 106 conidia per mL) in the presence of 10% HPS, S aureus ATCC 29213 (1 × 106 colony-forming units per mL), or palmitic acid (C16:0; 50 

μM) in combination with monosodium urate crystals (300 μg/mL). (H-I) Volcano plot of differential protein abundance from 24 hour-unstimulated (H) and A fumigatus–stimulated 

(I) Peripheral blood mononuclear cells in culture supernatants of CGD and HC monocytes. Results are displayed as log2-FC of CGD (n = 5) compared with HC (n = 14), plotted 

against minus log10 of the P values. Proteins with significantly differential abundance (with adjusted P < .05 after correction for multiple testing) are displayed in red. (J) IL-6 

production after 24-hour LPS (10 ng/mL)-restimulation at day 6 after BCG (5 μg/mL)-training protocol of monocytes from HC (n = 5) and patients with CGD (n = 6). (F-G, J) Data 

are presented as the means ± standard error of the mean (SEM). In the bar plots, different colors indicate different mutations in patients with CGD as indicated by the panel 

legends. For the enzyme-linked immunosorbent assay results, statistical analysis was performed using the Mann-Whitney U test between patients and HC; a 2-sided P value < .05 

was considered statistically significant. C16, palmitate; MSU, monosodium urate; mDc, myeloid dendritic cells; NK, natural killer; pDC, plasmacytoid dendritic cells; Plt. act., 

platelet-activated; Pam3Cys, (S)-(2,3-bis(palmitoyloxy)-(2RS)-propyl)-N-palmitoyl-(R)-Cys-(S)-Ser(S)-Lys4-OH, trihydrochloride; TNF, tumor necrosis factor.
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which was reduced in CGD macrophages: unlike healthy controls, 
CGD macrophages failed to increase IL-6 levels after Bacillus 
Calmette-Guérin (BCG) exposure and LPS restimulation 
(Figure 1J). These findings align with previous studies revealing 
heightened proinflammatory cytokine production by neutrophils 
and mononuclear cells from patients with CGD,6,17,18 reflecting an 
activated state.

The disease phenotype in CGD monocytes is not 
determined by chromatin accessibility changes

To investigate whether the hyperinflammatory state of CGD 
monocytes stems from changes in the epigenetic landscape, 
ATAC-seq was performed on circulating monocytes. A principal 
component analysis revealed a distinct pattern between patients 
with CGD and healthy controls, with PC1 explaining 47.98% of 
the variance (Figure 2A). Monocytes from patients with CGD 
exhibited more accessible regions in intergenic regions and non
coding RNAs (supplemental Figure 3A). Focusing on peaks 
mapping to promoter regions or genic loci, increased accessibility 
was observed in the promoters of the calcium-dependent NOX5 
and the C-type lectin CLEC4C, whereas decreased accessibility 
was noted in the promoter of CD74 and the nucleoside sugar 
transporter SLC35E2B in CGD monocytes (Figure 2B; 
supplemental Figure 3B-E). These data confirm that CGD mono
cytes exhibit altered chromatin accessibility compared with healthy 
controls; however, despite a clear transcriptional inflammatory 
signature, this was not accompanied by consistent changes in 
accessibility at proinflammatory gene loci, suggesting that the 
hyperinflammatory phenotype of unstimulated CGD monocytes is 
not primarily driven by ATAC-seq–detectable chromatin accessi
bility alterations.

Reduced levels of major amino acids in CGD-innate 
immune cells

As inflammatory dysregulation can be based on changes in 
metabolism,19 we investigated metabolic changes in CGD innate 
immune cells. Targeted metabolite analysis revealed a nonsignifi
cant trend toward lower amino acid levels in CGD neutrophils 
(Figure 2C). In CGD monocytes, significantly reduced levels of 
aspartic acid, serine, histidine, glutamic acid, tyrosine, threonine, 
asparagine, glutamine, arginine, and methionine were found 
(Figure 2D). In addition, CGD monocytes had lower fructose-1,6- 
bisphosphate and adenosine-monophosphate, along with a 
nonsignificant trend toward reduced α-ketoglutarate (α-KG) 
(Figure 2D). No significant differences were observed in intracel
lular triglycerides (Figure 2E) and free fatty acids (Figure 2F). Bulk 
RNA-seq analysis of isolated monocytes of patients with CGD vs 
those of controls revealed significant transcriptional changes in 
carbohydrate (GK, PFKP, PGD, RBKS) and lipid metabolism 
(ACAD8, DGKE, PLIN2) genes on 4-hour LPS stimulation and 
higher succinate dehydrogenase B (SDHB) expression in the 4- 
hour unstimulated setting (supplemental Figure 3F). Overall, 
CGD monocytes, and to a lesser extent neutrophils, exhibit 
reduced intracellular amino acids.

Innate immune cells from patients with CGD 
presented functional metabolic defects

To assess whether the deficient induction of trained immunity and 
the dysregulated transcriptional and metabolomic profile were 
linked to functional metabolic defects, the bioenergetic status of 
CGD monocytes and neutrophils was assessed. CGD monocytes 
demonstrated impaired glycolysis in the Glyco Stress Test, with 
significantly lower glycolytic capacity and reserve compared with 
the controls (Figure 3A). The Mito Stress Test revealed a pro
nounced bioenergetic defect, with significantly lower basal respi
ration, maximal respiration, and spare respiratory capacity in CGD 
monocytes (Figure 3B). Real-time bioenergetic flux analysis of 
CGD neutrophils demonstrated a reduced basal ECAR and a 
nonsignificant trend for lower glycolysis and glycolytic capacity 
(Figure 3C). These findings were confirmed by significantly lower 
basal lactate production in CGD neutrophils (Figure 3D), consis
tent with downregulated genes in the phosphoinisitide 3-kinase- 
AKT-mammalian target of rapamycin pathway, a key regulator of 
glycolysis and trained immunity20 (Figure 1D). In contrast, CGD 
neutrophils display higher levels of basal and a nonsignificant trend 
toward increased maximal respiration (supplemental Figure 4A). In 
addition, PMA-induced mitochondrial ROS production was 
elevated in CGD neutrophils, though not statistically significant 
(supplemental Figure 4B). Overall, patients with CGD exhibit 
profound metabolic dysregulation in glucose metabolism (both 
neutrophils and monocytes) and mitochondrial metabolism 
(monocytes only).

The impaired metabolism of CGD is NADPH oxidase 
dependent

To investigate whether NADPH oxidase dysfunction contributes to 
the observed bioenergetic changes in CGD, we first evaluated the 
effects of pharmacological inhibition of NADPH oxidase on the 
metabolic profile of resting and stimulated monocytes from healthy 
individuals in vitro.

Apocynin, a general NADPH oxidase complex inhibitor, was used, 
which inhibits ROS production21 (supplemental Figure 4C) at a 
noncytotoxic concentration (supplemental Figure 4D). Apocynin 
treatment led to significantly higher intracellular NADPH levels in 
monocytes compared with dimethyl sulfoxide–treated controls 
(Figure 3E). Following 6-hour pretreatment with apocynin, both 
basal ECAR and OCR were reduced, and zymosan-induced 
increases in ECAR and OCR were also lower (Figure 3F). To 
investigate the acute metabolic effect of blocking NADPH oxidase- 
dependent ROS generation, apocynin was directly injected during 
the assay ~30 minutes before zymosan treatment. Acute stimulation 
of monocytes with apocynin resulted in an immediate reduction in 
basal ECAR but not basal OCR. However, the rapid zymosan- 
dependent increase in ECAR and OCR was strongly inhibited by 
apocynin (supplemental Figure 4E). Because the Hv-1 proton 
channel is activated in conjunction with NADPH oxidase22(p1), the 
reduction in ECAR could be expected. Apocynin-treated monocytes 
also exhibited significantly lower L-glutamic acid levels 

Figure 2 (continued) compared with HC. Metabolites with an adjusted P value < .05 and a mean log2FC > 1 or < −1 are plotted in dark purple and were considered as 

differentially regulated. (E-F) Intracellular quantification of triglycerides (F) and free fatty acid (G) in unstimulated monocytes from HC (n = 5) and patients with CGD (n = 4). (E-F) 

Data are presented as the means ± SEM and statistical analysis was performed using the Mann-Whitney U test between patients and HC; a 2-sided P value <.05 was 

considered statistically significant. FFA, free fatty acid; IHW, independent hypothesis weighting; kbp, kilobase pairs; ns, not significant; TG, triglyceride; TSS, transcription start 

site; TTS, transcription termination site.
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Figure 3. CGD neutrophils and monocytes present functional metabolic defects. (A) ECAR on Glyco Stress Test in monocytes from HC (n = 13) and CGD (n = 5) and 

relative metabolic glycolytic parameters. (B) OCR on Mito Stress Test in monocytes from HC (n = 13) and patients with CGD (n = 5) relative metabolic mitochondrial parameters. 

(C) ECAR on Glyco Stress Test in neutrophils from patients with CGD (n = 5) and HC (n = 3) and relative metabolic glycolytic parameters. (D) Lactate production after 4 hours in 

unstimulated neutrophils from HC (n = 12) and patients with CGD. (E) Intracellular NADPH concentration (pmol/1 000 000 cells) in monocytes of HC (n = 6) incubated for 6 

hours with NADPH oxidase complex inhibitor apocynin (1 mM) or its vehicle and stimulated for zymosan for 2 hours. (F) ECAR and OCR after preincubation of monocytes with 
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(supplemental Figure 4F), similar to the metabolic profile of CGD 
monocytes (Figure 2D; supplemental Figure 4F). Overall, our in vitro 
model of NADPH oxidase inhibition with apocynin recapitulates the 
metabolic changes observed in CGD monocytes, including reduced 
ECAR/OCR and reduced L-glutamic acid concentrations.

Recombinant IFN-γ treatment restored functional 
defects in CGD monocytes

We next investigated whether these impaired metabolic pathways 
observed in CGD immune cells in vitro could be potentially 
restored by pharmacological treatment. We first tested metformin, 
which improves cellular bioenergetics23,24 and influences trained 
immunity in vitro.25 Preincubation of monocytes from patients with 
CGD and healthy controls with metformin did not lead to clear 
changes in the metabolic phenotype of monocytes from patients 
with CGD, neither in glycolytic nor mitochondrial metabolism 

(supplemental Figure 5A-B). Next, we tested rIFN-γ, which is used 
as antimicrobial prophylaxis for patients with CGD.11,12 In vitro 
stimulation of CGD cells with IFN-γ led to a gradual, but transitory, 
increase of ECAR (supplemental Figure 5C). However, no change 
in ECAR or OCR was found between treated and untreated CGD 
monocytes on stimulation with zymosan after direct IFN-γ treat
ment (supplemental Figure 5C-D). To mimic the prophylactic 
setting, monocytes from patients with CGD were preincubated 
with IFN-γ for 12 hours, which resulted in an enhanced glycolytic 
capacity and glycolytic reserve on Glyco Stress Test (Figure 4A; 
supplemental Figure 6A) and an improved basal and maximal 
respiration, spare respiratory capacity, and calculated ATP pro
duction on Mito Stress Test (Figure 4B; supplemental Figure 6B). 
To investigate these effects of IFN-γ at the transcriptional level, we 
incubated blood samples from patients with CGD and controls 
directly ex vivo for 4 hours with or without rIFN-γ and performed 
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Figure 3 (continued) apocynin (1 mM) for 6 hours followed by stimulation by zymosan (80 μg/mL) during measurements. Data were corrected for background signal of each 

condition. In the bar plots of panels A-C, different colors indicate different mutations in patients with CGD as indicated by the panel legends. Data are presented as the means ± 

SEM. Statistical analysis was performed using the Mann-Whitney U test between patients and HC; a 2-sided P value < .05 was considered statistically significant. DMSO, 
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Figure 4. IFN-γ treatment restores functional metabolic defect in CGD monocytes. (A-B) Calculated glycolytic metabolic parameters on the Glyco Stress Test (A) and 

calculated mitochondrial parameters on Mito Stress Test (B) of monocytes from HC (n = 5 for Glyco Stress Test, n = 7 for Mito Stress Test) and patients with CGD (n = 7 for 

Glyco Stress Test, n = 8 for Mito Stress Test) after 12 hours treatment with medium (RPMI) or IFN-γ (50 ng/mL) measured by Seahorse XF technology. (C) Mean normalized 

expression of genes associated with NAD+ salvage pathway differentially expressed in CD14+ monocytes on 4 hours ex vivo whole blood stimulations with 
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scRNA-seq. CGD monocytes modulated the transcription of 
important upstream factors of the NAD+ salvage pathway, recently 
described to respond to IFN-γ,26 including upregulation of P2RX7 
and CD38 and downregulation of PDK4 (Figure 4C). Functionally, 
the aberrant monocyte cytokine production observed in patients 
with CGD was rebalanced by in vitro preincubation with IFN-γ. C 
albicans induced IL-6, IL-1β, and IL-1Ra production by CGD 
monocytes after 24 hours, which was significantly reduced as 
compared with untreated CGD monocytes (Figure 4D-E; 
supplemental Figure 6C). Moreover, preincubation of CGD 

monocytes with IFN-γ significantly reduced A fumigatus–depen
dent IL-1β production without affecting IL-1Ra concentrations 
(Figure 4E; supplemental Figure 6C). IDO1 and IL4I1, important 
genes of the kynurenine pathway, the latter being dysregulated in 
CGD,27 particularly affecting the immune response to Aspergillus 
species,28,29 were found to be significantly upregulated in CGD 
monocytes in response to IFN-γ (supplemental Figure 6D). In 
accordance with this, IFN-γ preincubation improved the defective 
A fumigatus killing capacity specifically of monocytes from 2 
patients with CGD (Figure 4F). Furthermore, IFN-γ preincubation 
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Figure 4 (continued) IFN-γ vs unstimulated within the group of HC (n = 4) and patients with CGD (n = 4), respectively. Dots are colored by donor identity, and dot size is scaled 

to the percentage of cells expressing the respective gene. (D-E) IL-6 (D) and IL-1β (E) production in CGD monocytes (n = 6) and HC (n = 5) preincubated for 4 hours with or 

without IFN-γ (50 ng/mL) and then stimulated for 24 hours with either medium (RPMI), live A fumigatus (1 × 107 conidia per mL), heat-killed C albicans UC820 (1 × 106 yeast per 

mL), Pam3Cys (10 μg/mL), or LPS (10 ng/mL). (F) A fumigatus outgrowth in monocytes preincubated for 4 hours with or without IFN-γ (50 ng/mL) after the in vitro killing assay, 

expressed as percentage killing in respect to the total inoculum (CGD n = 2, HC n = 2). (G) Monocytes from HC (n = 1) and patients with CGD (n = 2) were preincubated with 

IFN-γ (50 ng/mL) and then trained for 24 hours by incubation with 5 μg/mL BCG in the presence of 10% HPS. Thereafter, the stimulus was removed, and cells were kept in RPMI 

with 10% HPS (regular medium) or in a medium containing 10% human serum and IFN-γ (50 ng/mL). On day 6, a second stimulation with LPS (10 ng/mL) was performed for an 

additional 24 hours. IL-6 levels were measured in cell culture supernatants after the second stimulation. (H) Mean normalized expression of selected differentially expressed genes 

related to glutamine metabolism in CD14+ monocytes on 4 hours of ex vivo whole blood stimulation with IFN-γ vs unstimulated within the group of patients with CGD (n = 4) and 

HC (n = 4), respectively. Dots are colored by donor identity, and dot size is scaled to the percentage of cells expressing the respective gene. (I) Mean normalized gene expression 

of CXCL8 in neutrophils on 4 hours of in vitro whole blood stimulation with IFN-γ vs unstimulated demonstrated differential expression in each group (CGD n = 4, HC n = 4) 

comparing in vitro IFN-γ treated vs untreated cells after 4 hours of incubation. Dots are colored by donor identity, and dot size is scaled to the percentage of cells expressing the 

respective gene. (J) IL-8 production of HC (n = 3) and CGD neutrophils (n = 2) preincubated for 30 minutes with or without IFN-γ (50 ng/mL) and then stimulated with either 

medium (RPMI) or PMA (50 ng/mL) for 4 hours. (A, B, D-G, J) Data are illustrated as mean ± SEM, and statistical analysis was performed using the Wilcoxon signed-rank test 

comparing within the patient group (or within the control group) the IFN-γ–treated condition with the untreated condition.
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rescued the deficient induction of BCG-trained immunity in CGD 
(Figure 4G). These findings, although promising, are based on 
assays conducted in only 2 patients and should be interpreted 
with caution. Particularly, this restoration may have relied on 
enhanced glutamine metabolism, known to be crucial for trained 
immunity30 and significantly deficient in CGD monocytes 
(Figure 2D). At the transcriptional level, ex vivo whole-blood IFN-γ 
stimulation significantly upregulated GLUL, GLS, and SLC1A5 in 
monocytes from both healthy controls and patients with CGD 
(Figure 4H). Consequently, exogenous L-glutamine supplementa
tion during in vitro induction with BCG, including combined IFN-γ 
and glutamine, increased LPS-induced IL-6 production at day 6 in 
2 patients with CGD (supplemental Figure 6E). Finally, ex vivo 
whole-blood IFN-γ stimulation reduced the significant upregulated 
CXCL8 expression observed in CGD neutrophils to the level of 
healthy controls (Figure 4I). Correspondingly, 4-hour stimulation 
with rIFN-γ also rescued the aberrant PMA-induced IL-8 produc
tion by CGD neutrophils (Figure 1K; Figure 4J). Collectively, 
in vitro IFN-γ treatment restored the dysregulated metabolism of 
CGD immune cells resulting in improved fungal killing, stronger 
induction of BCG-trained immunity, and rebalancing of aberrant 
cytokine production.

Recombinant in vivo IFN-γ treatment rebalances 
proinflammatory state of CGD immune cells

To investigate the in vivo effects of IFN-γ, we evaluated the tran
scriptional and functional responses after subcutaneous adminis
tration of recombinant IFN-γ (3× per week) in 1 patient with CGD 
carrying a gp91phox mutation (CGD I; Table 1). First, we performed 
scRNA-seq of the peripheral blood from the patient with CGD 
before and 4 hours after receiving immunotherapy resulting in 
12 136 single-cell transcriptomes covering all major cell types 
(Figure 5A; supplemental Figure 6F). Visualization of the treatment 
condition on the global uniform manifold approximation and pro
jection revealed major transcriptional shifts in neutrophils and 
monocytes (Figure 5B). Differential expression analysis resulted in 
>200 upregulated and downregulated genes in neutrophils and 
almost 400 upregulated and >100 downregulated genes in 
CD14+ monocytes (Figure 5C). The peripheral in vivo treatment 
response to the immunotherapy 4 hours postsubcutaneous injec
tion was evident from scoring the expression of the HALLMARK 
“IFN-γ response” gene set in neutrophils and CD14+ monocytes 
(Figure 5D). Selected genes for glycolysis (FBP1), glutamine 
metabolism (GLS and SLC1A5), regulation of cytokine homeo
stasis (ATP6V1A and ATP6V1B2), and autophagy (ATG3) 
demonstrated differential regulation in monocytes, supporting the 
functional changes already found in vitro (Figure 5E). Similar to 
IFN-γ treatment in vitro, IL-8 production by neutrophils was 
significantly reduced on stimulation with PMA 4 hours after 
immunotherapy (Figure 5F). Moreover, CGD monocytes presented 
a boosted mitochondrial metabolism on Mito Stress testing after 
in vivo IFN-γ (Figure 5G), as demonstrated by a higher basal and 
maximal respiration and increased ATP-linked respiration 
(supplemental Figure 6G). Finally, monocytes isolated after 
receiving in vivo immunotherapy and trained with BCG released 
higher concentrations of IL-6 on LPS restimulation (Figure 5H). 
Taken together and in line with the in vitro findings, in vivo IFN-γ 
immunotherapy in CGD led to a boosted metabolic profile, 

modulated the IL-8 production capacity in neutrophils, and 
enhanced the capacity of BCG to induce trained immunity.

Discussion
CGD is a rare inborn error of immunity characterized by impaired 
phagocyte function, resulting in impaired host defense against 
pathogens such as S aureus and Aspergillus. In addition, patients 
can develop immune dysregulation, including colitis and multi
systemic granuloma formation. The hyperinflammatory phenotype 
of patients with CGD has so far mainly been linked to reduced 
ROS production.5 We revealed that the lack of NADPH oxidase 
activity results in dysregulated immunometabolism and that these 
defects can be reproduced in healthy monocytes by in vitro 
NADPH oxidase inhibition. IFN-γ treatment rebalanced both the 
immunometabolic alterations and proinflammatory cytokine release 
by monocytes and neutrophils independently of NADPH oxidase 
restoration. These results suggest that intracellular metabolic 
dysfunction due to NADPH oxidase deficiency contributes to 
hyperinflammation in CGD. This may support the use of IFN-γ in 
other infections with similar pathophysiology.

This study systematically investigated immunometabolism and 
function of monocytes and neutrophils in CGD, caused by inheri
ted NADPH oxidase deficiency. Previous studies have revealed 
that deletion or deficiency of NADPH oxidase subunits causes 
metabolic defects across cell types and disease models, indicating 
that these changes directly result from NADPH oxidase dysfunc
tion. For instance, hematopoietic cells from NOX2-knockout mice 
display reduced mitochondrial oxygen consumption and glycolytic 
flux (−25% and −40%, respectively).31 NCF1-knockout models 
revealed impaired mitochondrial complex I/III activity,32 whereas 
NOX2-deficient THP-1 cells display lower glycolysis and oxidative 
phosphorylation.33 Furthermore, NOX2-deficient primary human 
macrophages and CRISPR-engineered models exhibit mitochon
drial dysfunction linked to enhanced NLRP3 inflammasome acti
vation.34 These findings reinforce that NADPH oxidase loss 
intrinsically leads to immunometabolic dysregulation. Immune cells 
from patients with CGD demonstrated increased expression of 
proinflammatory pathway genes, consistent with previous micro
array analyses in CGD monocytes and neutrophils.35,36 Conse
quently, these cells exhibited a hyperactivated innate immune 
response and increased cytokine production on stimulation, as 
found previously.37,38 Myeloid cells rely heavily on metabolism 
during activation, and its dysregulation of metabolism can underlie 
hyperinflammation.39 CGD monocytes had reduced intracellular 
levels of major amino acids, α-KG, and fructose-1,6-bisphosphate, 
along with functional impairment in glycolysis and mitochondrial 
OXPHOS. They also demonstrated dysregulated transcription of 
metabolic genes on LPS stimulation. This metabolic rewiring and 
depletion of key metabolites parallel findings in murine NOX2- 
deficient leukemic stem cells, where similar alterations correlated 
with enhanced inflammatory signaling.31 Monjarret et al34

observed increased mitochondrial mass, reduced mitochondrial 
potential, and dysfunction in CGD monocytes, functionally linked 
to NLRP3 activation. Consistently, we found reduced mitochon
drial basal and maximal respiration in CGD monocytes, likely tied 
to intracellular amino acid deficiency. Given the role of glutamine 
metabolism in immune responses to A fumigatus, glutamine 
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Table 1. Demographics of the patients with CGD

CGD

Age at 
the time 

of the 
first exp. Sex Mutation

History of 
inflammatory/ 

infectious 
complications

Active infection 
or inflammation 
event at the time 

of exp.? (if so 
which exp 

series)
Autoimmune 
phenotype?

IFN-γ 
therapy 
at the 

time of 
exp.?

Other 
medications

Series 1 Series 2 Series 3 Series 4 Series 5

ELISA mono and 
neutro, 

proteome mono 
and neutro, SH 

mono

ATAC-seq 
and bulk 
RNA-seq 

mono

Training mono, 
mtROS neutro, 

SH neutro, 
metabolites 
neutro and 

mono

SH 
mono ± 

metformin

SH 
mono 
and 

training 
mono 

± r-IFN-γ

SH mono ± 
r-IFN-γ, 
ELISA 

mono ± r- 
IFN-γ

scRNA-seq 
(data set 2) ± 
IFN-γ ex vivo

SH mono and 
PMN ± r-IFN-γ; 
ELISA PMN and 
trained mono ± 

r-IFN-γ

scRNA-seq (data 
set 3) in vivo 

IFN-γ treatment 
and ± IFN-γ 

ex vivo

A 39 M AR p47phox 

(NCF1) - 
homozygous 
2-bp deletion

Invasive 
aspergillosis, 
IBD

No No No Posaconazole, 
cotrimoxazole

Yes Yes Yes No Yes No No Yes (± IFN-γ 
in vitro)

Yes ± IFN-γ ex vivo 
TruCulture

B 36 M AR p47phox 

(NCF1) - 
homozygous 
2-bp deletion

Aspergillus and 
non-aspergillus- 
related 
inflammatory 
events (eg, liver 
abscess, acne)

Series 1: 
S aureus liver 

abscess being 
treated with 
flucloxacillin.

No No Posaconazole, 
cotrimoxazole

Yes Yes Yes No No No No No No

C 48 M X-linked gp91phox 

(CYBB) -intron 
7 substitution at 
position +2 
T>A, causing 
splicing defect, 
missing exon 7 
in encoding 
mRNA

IBD, aphthous 
lesions

No No No Posaconazole, 
cotrimoxazole, 
prednisolone

Yes Yes No No No Yes No No No

D 18 M AR p47phox 

(NCF1) - 
homozygous 
2-bp deletion

Chilblain lupus, 
bacterial 
recurrent 
respiratory 
infections

No Yes No Posaconazole, 
cotrimoxazole

Yes Yes Yes Yes Yes Yes (only 
ELISA 
mono ± r- 
IFN-γ)

Yes (± IFN-γ 
ex vivo 
TruCulture)

No No

E 18 M AR p47phox 

(NCF1) - 
homozygous 
2-bp deletion

IBD, anti-dsDNA+, 
lymphadenitis

No Yes No Posaconazole, 
cotrimoxazole, 
ustekinumab

Yes Yes Yes No No Yes No No No

F 27 F AR p67phox 

(NCF2) -C.879 
C>G (p. 
(Tyr293*)

Chronic gingivitis, 
photocontact 
dermatitis

Series 4: 
pregnancy

No No Posaconazole, 
flucloxacillin

No No Yes Yes No Yes Yes (± IFN-γ 
ex vivo 
TruCulture)

No No

G 28 M AR p47phox 

(NCF1) - 
homozygous 
2-bp deletion

Invasive 
aspergillosis, 
hidradenitis

No No No Posaconazole, 
cotrimoxazole

No No No No No Yes Yes (no + IFN-γ 
TruCulture)

No No

H 30 M X-linked gp91phox 

(CYBB) 
-intronic 
insertion in 
intron 1 (extra 
STOP codon)

Invasive 
aspergillosis, 
IBD

No No No Posaconazole, 
cotrimoxazole

No No No No No Yes Yes (± IFN-γ 
TruCulture)

No No

I 42 M X-linked gp91phox 

(CYBB) 
-intronic 
insertion in 
intron 1 (extra 
STOP codon)

Invasive 
aspergillosis, 
bacterial and 
fungal recurrent 
respiratory 
infections

No No Yes Itraconazole, 
cotrimoxazole

No No No No No No No Yes ± IFN-γ 
ex vivo and 
in vivo before 
and after IFN-γ 
immunotherapy

Yes (before and 
after IFN-γ 
immunotherapy)

ELISA, enzyme-linked immunosorbent assay; F, female; IBD, inflammatory bowel disease; M, male; mtROS, mitochondrial ROS; PMN, polymorphonuclear neutrophils; SH, Seahorse.
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deficiency in CGD monocytes may further impair fungal clearance 
and modulate cytokine responses.40 Decreased amino acid levels 
have also been noted in chronic inflammation due to enhanced 
catabolism19 in animal and human studies.41,42 A similar mecha
nism may contribute to CGD pathophysiology. The defective 
induction of trained immunity observed in CGD may also reflect 
deficient glutamine metabolism.30 In addition, reduced SDHB 
expression (part of ETC complex II) and intracellular α-KG levels in 
CGD monocytes point to mitochondrial dysfunction. The severe 
glycolytic impairment in CGD neutrophils might relate to a direct 
link between the NADPH complex and glycolysis, particularly 6- 
phosphofructo-2-kinase, previously described neutrophils.43 Our 
findings challenge the classical view of neutrophils as predomi
nantly glycolytic with low mitochondrial activity, revealing greater 
metabolic flexibility.44 For instance, it has been found that they are 
capable of shifting from a primarily glycolytic state to one domi
nated by the oxidative pentose phosphate pathway, particularly in 
response to increased NADPH demand during oxidative burst.45

Although the pentose phosphate pathway is not connected to 
mitochondrial metabolism, this evidence supports the broader 
concept that neutrophils can dynamically adapt their metabolic 
pathways depending on functional requirements. In the context of 
CGD, this plasticity might include an increased reliance on alter
native energy sources, potentially involving mitochondrial meta
bolism, to compensate for impaired oxidative burst and altered 
glycolytic flux.

Prophylactic immunotherapy with IFN-γ has already been found to 
be effective in patients with CGD12; however, its precise mecha
nism remains unclear. Our study demonstrates that IFN-γ acts 
partly by metabolically rewiring innate immune cells, counteracting 
the pathological effects of NADPH oxidase deficiency, namely, 
exaggerated inflammation and impaired antifungal defense, 
particularly against Aspergillus. After IFN-γ incubation, monocytes 
from all patients with CGD exhibited increased ECAR and OCR, 
indicating partial restoration of intrinsic metabolic defects. This 
activation aligns with previous studies demonstrating the broad 
impact of IFN-γ on immune cell metabolism46-49 and its role in 
promoting mitochondrial function of human monocytes by modu
lating the NAD+ salvage pathway.26 Moreover, IFN-γ upregulates 
IDO1 expression,50 potentially correcting dysregulated tryptophan 
metabolism in CGD,27,51 thereby enhancing NAD+ production 
through the kynurenine pathway and protecting tissues from A 
fumigatus–related immunopathology exacerbated by impaired 
indole 2,3-dioxygenase activity.28 Functionally, IFN-γ rebalanced 
the excessive production of IL-6 and IL-1β on monocyte activation 
and boosted fungal killing of Aspergillus in 2 patients with CGD. 
We also captured in vivo evidence from a single patient with CGD 

undergoing IFN-γ therapy, in whom treatment led to increased 
mitochondrial metabolism and reduced IL-8 production by neu
trophils, further supporting the involvement of metabolic reprog
ramming in the modulation of inflammatory responses. Together, 
these data reinforce the concept that metabolic reprogramming is 
a key effector mechanism of IFN-γ, even in the context of CGD.

Another finding was the defective capacity of CGD monocytes to 
mount a trained immunity response. Trained immunity is dependent 
on epigenetic modifications that are in turn dependent on meta
bolic rewiring.30 Although we observed that CGD monocytes have 
altered chromatin accessibility, we could not identify an epigenetic 
signature that would clearly explain the defective trained immunity 
phenotype. Specifically, we found only a limited number of 
immune-related differentially accessible genes, such as CLEC4C 
(known also as BDCA2, which acts through Syk modulating type I 
IFN production in plasmacytoid dendritic cells52) and NOX5 
(a calcium-dependent NADPH oxidase, implicated in the differen
tiation into dendritic cells53). Other epigenetic mechanisms, such 
as histone modifications, DNA methylation, noncoding RNAs, and 
lactylation, might contribute to the hyperinflammatory phenotype 
and should be further investigated. Jacobs et al54 have revealed 
that the addition of IFN-γ for 6 days boosted cytokine responses 
on restimulation in healthy volunteers. Similarly, the suppletion of 
IFN-γ restored the defective induction of trained immunity in 
patients with CGD both in vitro and in vivo. The increased 
expression of glutamine import (SLC1A5, known as ASCT2) and 
glutamine metabolism genes (GLS, GLUL) found in monocytes 
after the whole-blood ex vivo stimulation with IFN-γ in vitro could 
explain its additive effect on restoration of trained immunity in CGD 
and the boosted antifungal innate immune response.30,40 Inter
estingly, IFN-γ enhanced trained immunity responses in CGD 
monocytes, whereas a modest reduction was observed in healthy 
controls. In CGD monocytes, which have impaired ROS- 
dependent signaling and metabolic dysfunction, IFN-γ may sup
port trained immunity by promoting glutamine metabolism and 
increasing NAD+ availability. In contrast, in healthy monocytes with 
intact metabolism, IFN-γ may trigger regulatory pathways that 
prevent excessive immune activation. Moreover, the aberrant 
trained immunity observed in CGD cells and its restoration by IFN- 
γ might reflect the distinct metabolic and functional activation 
states of these cells and the capacity of IFN-γ to modulate tran
scriptional responses and immune activation in these cells as 
previously reported.55,56

An important limitation of our study is the small sample size for 
certain analyses, which necessitates interpreting these specific 
findings as trends rather than definitive conclusions. In addition, 

Figure 5. IFN-γ in vivo treatment leads to transcriptional reprogramming of cells and restores functional immunometabolic defects in monocytes from 1 

patient with CGD. (A) uniform manifold approximation and projection (UMAP) visualization of 12 136 whole blood cells of 1 patient with CGD before and 4 hours after in vivo 

Imukine (rIFN-γ) subcutaneous treatment (50 mg/m2 body surface area, with a maximum of 100 mg) profiled with scRNA-seq and colored by cell type. (B) UMAP visualization of 

cells colored by condition, before (light purple) and 4 hours after (dark purple) in vivo Imukine (rIFN-γ) treatment. (C) Numbers of differentially expressed genes identified as 

upregulated (red) or downregulated (blue) in neutrophils and CD14+ monocytes. (D) Module score of the HALLMARK gene set “interferon gamma response” in neutrophils and 

CD14+ monocytes before and after rIFN-γ treatment. (E) Violin plots of selected differentially expressed genes in CD14+ monocytes isolated before and after in vivo rIFN-γ 
treatment. (F) IL-8 production after 4 hours of stimulation with either medium or PMA (50 ng/mL) in neutrophils from a patient with CGD before and 4 hours after receiving in vivo 

Imukine (rIFN-γ) subcutaneously. (G) OCR after Mito Stress Test of monocytes isolated from a patient with CGD before and 4 hours after receiving in vivo Imukine (rIFN-γ) 

subcutaneously. (H) IL-6 production from monocytes after LPS restimulation at day 6 after BCG-training protocol. Monocytes were isolated from 1 patient with CGD before and 

4 hours after receiving Imukine (rIFN-γ). Owing to the low number of subjects, statistical analysis could not be performed for this set of experiments. DCs, dendritic cells; DMSO, 

dimethyl sulfoxide; NK, natural killer; Plt.act., platelet-activated; QC, quality control.
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we were only able to study the in vivo effects of IFN-γ therapy in a 
single patient. Although IFN-γ therapy is beneficial for many 
patients with CGD, its utilization has been tempered due to 
frequent side effects and its complex immunomodulatory nature, 
highlighting the need for a more nuanced approach to select the 
subset of patients that will most likely benefit from the treatment. 
We observed that the global rIFN-γ–dependent transcriptional 
rewiring in patients with CGD is characterized by upregulation of 
key genes for antimicrobial host responses and downregulation of 
many genes coding for proinflammatory cytokines and chemo
kines. However, in 1 patient with CGD with an autoimmune 
phenotype (CGD D), increased expression of type I IFN-related 
genes and immune regulators after rIFN-γ ex vivo was observed. 
This upregulation could potentially exacerbate clinical features in 
patients with CGD with lupus-like disorders,57 suggesting caution 
when considering rIFN-γ immunotherapy for this specific sub
group. We suggest implementing transcriptional or functional 
screening using in vitro cells from patients to assess individual 
responses to IFN-γ therapy. This approach could help identify 
patients with CGD who would benefit most from IFN-γ immuno
therapy, allowing for more targeted and effective treatment 
approaches tailored to each patient’s specific condition.

Our findings of the immunomodulatory effects of IFN-γ immuno
therapy on dysregulated metabolism in patients with CGD do not 
stand alone. We previously observed that immunoparalysis in sepsis 
is linked to broad metabolic defects and that IFN-γ partially restored 
the metabolic status and the capacity to produce proinflammatory 
cytokines.49 Exploring metabolic defects underlying diseases 
associated with immune dysregulation could open up novel insights 
into disease pathogenesis and might open doors for efficient and 
targeted immunotherapy with IFN-γ or other immunomodulatory 
treatments that target metabolism. In conclusion, we have identified 
a novel mechanism by which IFN-γ prophylaxis can exert its bene
ficial effect in patients with CGD and which could guide the 
development and exploration of immunotherapeutic strategies in 
diseases associated with severe infection and immune 
dysregulation.
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