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Abstract

Background: CGD is caused by defects in any of the 6 subunits forming the nicotinamide 

adenine dinucleotide phosphate (NADPH) oxidase complex 2 (NOX2), leading to severely 

reduced or absent phagocyte-derived ROS production. Almost 50% of patients with chronic 

granulomatous disease (CGD) have IBD (CGD-IBD). While conventional IBD therapies can treat 

CGD-IBD, their benefits must be weighed against the risk of infection. Understanding the impact 

of NOX2 defects on the intestinal microbiota may lead to the identification of novel CGD-IBD 

treatments.

Objective: To identify microbiome and metabolome signatures that can distinguish patients with 

CGD and CGD-IBD.

Methods: We conducted a cross-sectional, observational study of 79 patients with CGD, 8 

pathogenic variant carriers and 19 healthy controls followed at the National Institutes of Health 

Clinical Center (NIH CC). We profiled the intestinal microbiome (amplicon sequencing) and stool 

metabolome, and validated our findings in a second cohort of 36 CGD patients recruited through 

the Primary Immune Deficiency Treatment Consortium (PIDTC).

Results: We identified distinct intestinal microbiome and metabolome profiles in patients 

with CGD compared to healthy individuals. We observed enrichment for Erysipelatoclostridium 
spp., Sellimonas spp. and Lachnoclostridium spp. in CGD stool samples. Despite differences in 

bacterial alpha and beta diversity between the NIH CC and PIDTC cohorts, several taxa correlated 

significantly between both cohorts. We further demonstrated that patients with CGD-IBD have a 

distinct microbiome and metabolome profile compared to patients without CGD-IBD.

*CORRESPONDING AUTHOR: Emilia Liana Falcone, M.D., Ph.D. 110 Pine Ave W, Montreal, Quebec, H2W 1R7, Canada, 
Telephone: +1-514-987-5610, emilia.falcone@ircm.qc.ca. 

CONTRIBUTORSHIP STATEMENT
E.L.F. conceived the project, designed the study and experiments, collected and analyzed data, performed experiments, wrote the 
manuscript. P.C. analyzed data, produced figures and wrote the manuscript. Y.H., Y.S, D.J, C.D. performed experiments, analyzed 
data and edited the manuscript. C.Z., T.H, S.A.K., B.E.M., S.S.D., R.S.A., M.C.S., A.M.T., S.S., cared for patients, participated in 
recruitment and data/sample collection, and edited the manuscript. C.G., V.C., P.S., M.Q., S.C., B.L. performed bioinformatics and/or 
statistical analyses and edited the manuscript. L.M.G., J.A.S., C.E.B., S.M.H. contributed to study and experimental design, provided 
valuable feedback and support, and edited the manuscript. The following authors participated in study design, patient recruitment, data 
extraction and analysis, and editing of the manuscript: J.W.L., D.E.A., H.L.M., E.M.K., R.A.M., C.D., E.H., T.T., M.J.C., D.B.K., 
L.D.N., S.Y.P., J.M.P., M.A.P., F.T., S.P., K.M., D.C., L.M.F., S.S.L., E.G., C.L.D., L.M.B., T.M., N.K., J.R.H., J.L.B., M.K., N.W., 
A.R., S.C., L.A.B.

Publisher's Disclaimer: This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition of 
a cover page and metadata, and formatting for readability, but it is not yet the definitive version of record. This version will undergo 
additional copyediting, typesetting and review before it is published in its final form, but we are providing this version to give early 
visibility of the article. Please note that, during the production process, errors may be discovered which could affect the content, and 
all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
J Allergy Clin Immunol. Author manuscript; available in PMC 2024 July 26.

Published in final edited form as:
J Allergy Clin Immunol. 2023 December ; 152(6): 1619–1633.e11. doi:10.1016/j.jaci.2023.07.022.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Conclusion: Intestinal microbiome and metabolome signatures distinguished patients with CGD 

and CGD-IBD, and identified potential biomarkers and therapeutic targets.

CAPSULE SUMMARY

Clinical markers of conventional IBD disease activity may be applicable to patients with CGD-

associated IBD. The intestinal microbiome and metabolome distinguish patients with CGD 

and CGD-associated IBD leading to the identification of potential therapeutic targets for CGD-

associated IBD.

Keywords

Chronic granulomatous disease; CGD; inflammatory bowel disease; IBD; dysbiosis; microbiome; 
metabolome; intestinal inflammation; NADPH oxidase; inborn errors of immunity; primary 
immune deficiency

INTRODUCTION

Reactive oxygen species (ROS) are involved in inflammatory responses 1. Genetic 

variants reducing ROS production are associated with inflammatory bowel disease (IBD), 

including very early onset IBD 2. Notably, 40–50% of patients with chronic granulomatous 

disease (CGD) have IBD 3, 4. CGD is caused by inherited defects in any of the 6 

subunits (gp91phox, p47phox, p22phox, p67phox, p40phox) forming the nicotinamide adenine 

dinucleotide phosphate (NADPH) oxidase complex 2 (NOX2) or supporting its assembly 

(essential for ROS - EROS). Defects in NOX2 lead to reduced or absent phagocyte-derived 

ROS production 5.

Clinically, CGD is characterized by recurrent infections and inflammation notably in the 

gut 6. CGD-associated IBD (CGD-IBD) can appear at any age, and its prevalence and 

severity are independent of genotype or residual ROS 7. Although the majority have 

colitis, Crohn-like manifestations are also present 8, 9. Besides allogeneic hematopoietic cell 

transplantation (HCT) 10, treatment of CGD-IBD is limited to standard therapies including 

5-aminosalicylates, corticosteroids, immunomodulators (azathioprine, thalidomide) 11, 12 

and biologics such as anti-tumor necrosis factor agents (infliximab) 13, anti-interleukin 

(IL)-12/23 antibodies (ustekinumab) 14 IL-1R antagonists (anakinra) 15 or anti-alpha-4-

beta-7 integrin antibodies (vedolizumab) 16. Long-term use of these agents is associated with 

side-effects, and their benefits must be weighed against the risk of infectious complications 

in this immunocompromised population 3, 13. The identification of alternative treatment 

options, including the modulation of the intestinal microbiota, is hence imperative.

Limited treatment options for CGD-IBD are due to incomplete understanding of the role 

of ROS at the intestinal mucosal barrier 17. Mucosal barrier compromise leads to the 

recruitment of intestinal phagocytes, where NOX2-derived ROS contribute to antimicrobial 

defense, and hypoxic environment that supports tissue repair 18. However, tightly controlled 

ROS production by non-hematopoietic cells highlight the significance of low physiological 

ROS levels in signaling pathways and in modulating the microbiota for mucosal barrier 

repair 19. The intestinal microbiota also contributes to mucosal ROS levels 20. Several 

Chandrasekaran et al. Page 2

J Allergy Clin Immunol. Author manuscript; available in PMC 2024 July 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Lactobacillus strains secrete H2O2 and protect the intestinal barrier 21. Thus, the interplay 

between the microbiota, ROS and immunological homeostasis at the mucosal barrier is a key 

consideration in CGD-IBD.

We have previously demonstrated that the microbiota at birth plays an important role 

in mediating colitis susceptibility in CGD mice 22. Studies examining the microbiota in 

patients with NOX2 defects are limited and include small cohorts (n≤10) 23, 24. Based on 

these data, and the well-accepted role of the microbiota in modulating immune responses 

in conventional IBD 25, we hypothesize that patients with NOX2 defects, even without 

intestinal inflammation, have qualitatively and functionally distinct intestinal microbiome 

and metabolome signatures resulting from the impact of the immune defect on the mucosal 

milieu. We present the largest study published to date profiling the intestinal microbiome 

and metabolome in patients with NOX2 defects, including patients with CGD from 2 distinct 

cohorts and heterozygous carriers of NOX2 defects.

METHODS

Study design and population

In this cross-sectional observational study, patients were recruited from the National 

Institutes of Health Clinical Center (NIH CC; n=106; primary cohort) and Primary Immune 

Deficiency Treatment Consortium (PIDTC; n=36; validation cohort) between August 2012 

and November 2018. All patients providing consent for their stool sample were included and 

each cohort was analysed separately.

NIH CC cohort—Healthy individuals (Healthy; n=17), healthy individuals on 

trimethoprim-sulfamethoxazole (TMP-SMX) prophylaxis for recurrent urinary tract 

infections (Healthy PPX; n=2) and patients with NOX2 defects including CGD (n=79), 

heterozygous carriers of gp91phox (CYBB) defects (Carriers; n=6), and digenic heterozygous 

carriers of DUOX2 (a NOX2 homologue associated with IBD 26) and p67phox (NCF2) 

defects (DUOX2-NCF2; n=2), were enrolled into the National Institute of Allergy and 

Infectious Diseases (NIAID) institutional review board (IRB)-approved protocol 93-I-0119 – 

Detection and characterization of host defense defects (Clinicaltrials.gov, NCT00001355), a 

prospective longitudinal observational cohort study.

PIDTC cohort—We included a validation cohort (n=36) of CGD patients recruited from 

11 centers across the USA and Canada into the PIDTC Protocol 6903 (Clinicaltrials.gov, 

NCT02082353), a retrospective, cross-sectional and prospective observational study 

evaluating patients before, during and after HCT 27. The protocol was IRB-approved at each 

participating center. The PIDTC cohort was included to validate the findings of the NIH 

CC cohort and identify microbial biomarkers that are consistent among CGD patients. Only 

samples and clinical metadata collected during the pre-HCT (baseline) visit were included.

Study procedures

Stool samples were self-collected in sterile dry tubes and immediately stored at −80 °C 
28. PIDTC stools were also immediately frozen upon collection and shipped overnight on 
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dry ice. For NIH CC patients, complete blood count (CBC), C-reactive protein (CRP), 

erythrocyte sedimentation rate (ESR) and albumin measurements were performed. All 

participants completed a self-administered questionnaire which included the Numeric Rating 

Scale (NRS) 29, the Short Quality of Life IBD Questionnaire (SIBDQ) 30 and the Patient-

modified Simple Clinical Colitis Activity Index (P-SCCAI) 31. A Clinical Activity Index 

(CAI) was assigned based on the following criteria: CAI 1= 0–2 bowel movements (BM)/

day, CAI 2= 2–4 BMs/day, CAI 3= > 4 BMs/day and/or presence of blood or mucus in stool 

and/or fistulae and/or perianal disease. All fecal samples were evaluated for the presence of 

occult blood using the Hemoccult II Sensa Single Slides System (Beckman Coulter). Fecal 

calprotectin was measured using a Calprotectin ELISA Assay Kit (Eagle Biosciences).

Amplicon sequencing and analysis

Details on fecal DNA extraction and amplicon sequencing are provided in the Online 

Repository Text. Raw sequence reads were analyzed using QIIME2 (Quantitative Insights 

Into Microbial Ecology version 2). Sequence quality analysis was performed using 

FastQC and DADA2 v1.10 32 was used for quality-score based filtering. The alpha 

rarefaction maximum depth was 127,928 sequences. The sequence variants were identified 

and classified against the SILVA v132 database. For all analyses, feature tables were 

filtered requiring a microbial feature to have at least 0.01% relative abundance. The 

following R packages were used to perform the indicated analyses: ggplot2 for diversity 

trends and community composition visualizations; Phyloseq for Alpha diversity 33 with 

comparisons using the Kruskal-Wallis test; EdgeR 34 for differential abundance analyses; 

Metacoder 35 for heat tree analysis; FactoMineR to identify the metadata variables 

contributing to microbiome diversity and to generate Factor Analysis of Mixed Data plots 

with principal component method for quantitative variables and multiple correspondence 

analysis for the qualitative variables 36; lefser version 1.8.0 37 for Linear Discriminant 

Analysis Effect Size (LEfSe) analysis to identify microbiome biomarkers. 38. For further 

accurate prediction of biomarkers, the machine learning algorithm was performed by 

averaging 1000 decision trees using the randomForest package in R 39. Beta diversity was 

evaluated by principal coordinate analyses (PCoA) based on the weighted UniFrac distance 

method and significance determined by Permutational MANOVA (PERMANOVA, 9999 

permutations). Predictive functional profiling of the microbial communities was performed 

using PICRUSt2 40. The heat tree analysis depicting taxonomic differences utilized the 

quantitative median abundance value and the non-parametric Wilcoxon Rank Sum test 

to leverage the hierarchical structure of taxonomic classifications. The Spearman Rank 

correlation analysis between the NIH CC and PIDTC cohorts and network generation was 

performed at the genus level, setting p<0.05 and r>0.3 by incorporation of the SparCC 

method and 100 iterations All sequences, metadata and supplementary files associated with 

data analysis are available in NCBI Gene Expression Omnibus (GEO; accession number: 

GSE220260).

Fecal metabolomics

Samples were subjected to liquid chromatography-mass spectrometry (LC-MS) analysis 

and metabolite extraction was performed as described 41. Full details on the hybrid 
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metabolomics methods, data processing and relative quantification of metabolites are 

provided in the Online Repository Text.

Statistical analyses

Statistical analyses of clinical data were performed using GraphPad Prism Version 

9.0. Continuous variables were expressed as means with standard deviations (SD) and 

categorical variables as absolute values with percentages. Unpaired t-test with Welch 

correction was used for two-group comparisons, and one-way ANOVA with Welch 

correction for multiple comparisons. All tests were two-sided and p<0.05 was considered 

significant. The correlogram of clinical and laboratory variables was constructed with 

corrplot package in R. The R versions 4.1.3 to 4.2.2 were used for the data analysis and 

visualization. The figures were assembled using Adobe Illustrator or Photoshop.

RESULTS

NIH CC and PIDTC cohorts

The NIH CC cohort included 19 healthy participants, 79 CGD patients and 8 pathogenic 

variant carriers including 2 highly lyonized carriers (HL Carriers) and 2 DUOX2-NCF2 

(Table 1). Although the age distribution was comparable, there were more females in the 

control group compared to the CGD group, presumably due to the fact that 65% of CGD 

patients have gp91phox (CYBB) defects, which are inherited in an X-linked manner and 

therefore predominantly affect males. The PIDTC validation cohort included 36 pre-HCT 

patients with CGD (see Table E1 in online repository). Patients in the PIDTC cohort were 

younger (median age: 2.1 years), had a lower prevalence of CGD-IBD (19.4%) and were 

less likely to be on non-prophylactic antimicrobials (16.7%).

Correlation between clinical symptoms and biomarkers associated with IBD in patients 
with CGD

We evaluated GI symptoms, quality of life scores, and biomarkers of local (fecal occult 

blood and calprotectin) and systemic (CBC, CRP, ESR, and albumin) inflammation in 

Healthy and CGD patients with or without IBD (NIH CC cohort only; see Table E2 in 

online repository). Fecal calprotectin levels and both the NRS and P-SCCAI distinguished 

patients with CGD-IBD. Positive correlations were observed between clinical parameters 

and biomarkers in CGD patients (see Figure E1 in online repository). There was also 

agreement between both quality of life measures (NRS and SIBDQ) and between both 

clinical activity index scores (P-SCCAI and CAI). These data suggest that a quality of 

life measure as simple as a numeric rating scale (NRS) combined with fecal calprotectin 

measurements may be helpful clinical markers when assessing patients with CGD-IBD.

Impact of genotype on microbiome signature of patients with CGD

We examined whether different NOX2 defects were associated with changes in microbiome 

alpha diversity (Figure 1A) and composition (Figure 1B). The richness analysis giving 

weight to rare species (Chao1), and diversity indices for richness and evenness (Shannon 

and Fisher) are presented as alpha diversity metrics. Fecal samples from CGD patients 

(all genotypes except p22phox [CYBA−/−]) had significantly lower bacterial alpha diversity 
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compared to Healthy. The relative abundance of bacterial phyla was similar between Healthy 

and Carriers (i.e. the 4 out of 8 carriers that were not HL carriers and not DUOX2-NCF2), 

whereas samples from DUOX2-NCF2, HL Carriers and CGD patients were enriched for 

Proteobacteria (Figure 1B). Of note, the 2 HL carriers and 1 Carrier were on antimicrobial 

prophylaxis (Table 1). Patterns of bacterial composition at the genus level were similar 

among samples from patients with gp91phox, p47phox and p22phox defects (see Figure 

E2A in online repository). The LEfSe graph shows bacterial taxa identified as markers 

for certain genotypes (Figure 1C). In particular, samples from Healthy were distinguished 

by uncultured Lachnospiraceae and Dialister spp., which ferment plant polysaccharides 

to short chain fatty acids (SCFA) 42, 43, Butyricicoccus spp. (producers of the SCFA 

butyrate 44) and Eubacterium eligens sp. (IL-10 producer 45). These bacterial taxa may 

therefore be contributing to intestinal health by decreasing inflammation. In contrast, 

samples from patients with gp91phox defects were distinguished by Bacteroides caccae and 

Parasutterella excrementi hominis sp., while samples from patients with p22phox defects 

were distinguished by Lachnoclostridium spp., Enterococcus spp., Ruminococcus torques 
group and others. The genera and species with high discriminatory power between the 

genotypes identified by random forest classification are presented in Figure E2B and the 

differential abundance as heat trees (Figure E2C in online repository).

Variables contributing to the microbial diversity in CGD patients

One of the challenges with identifying microbiome signatures in patients with inborn 

errors of immunity (IEI) is the potential for confounders such as age, sex, antibiotics, 

immunomodulators, and inflammation, which can impact the intestinal microbiota. 

Controlling for these variables must be weighed against smaller samples sizes when 

studying rare IEIs. We therefore performed a factor analysis of mixed data on samples 

from the NIH CC cohort to identify variables most impacting the microbiome composition 

in CGD (Figure E3A in online repository). Besides CGD-IBD and certain CGD 

genotypes, non-prophylactic antibiotics (acute antibiotic use, carbapenems, cephalosporins 

and metronidazole), steroids and azathioprine use were identified as principal confounders 

(Figure E3A). The top 20 amplicon sequence variants contributing to the observed beta 

diversity are shown in Figure E3B. For each contributing factor, the defining genera as 

identified by the LEfSe analysis are presented (Figure E3C in online repository).

Intestinal microbiome signatures distinguish patients with CGD from healthy individuals

Given that the factor analysis of mixed data highlighted IBD, antibiotics and treatment 

with steroids or azathioprine as variables having the most impact on the microbiome, our 

next objective was to capture authentic CGD-associated changes on the microbiome by 

sub-setting CGD patient samples from the NIH CC cohort unaffected by these confounding 

variables. We therefore compared fecal samples from Healthy (n=19) with those from 

CGD patients who were not on any medications other than prophylactic antimicrobials 

(i.e., TMP-SMX and azole antifungal) and with no history of IBD or GI symptoms at the 

time of sample collection (n=16) (Figure 2). As expected, alpha diversity was significantly 

decreased in CGD patients (Figure 2A) and the relative abundance of Proteobacteria was 

increased (Figure 2B). Beta diversity analysis showed that samples from patients with 

CGD clustered separately from Healthy (p<0.003; Figure 2C). The taxa Clostridiaceae, 
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Coriobacteriaceae, Turicibacter, Lachnospiraceae, Intestinimonas butyriciproducens and 

Roseburia hominis were significantly diminished in CGD patients (Figure 2D and 2E). 

LEfSe and random forest analyses identified Lachnoclostridium, Erysipelatoclostridium, and 

Sellimonas as being enriched in CGD (Figure 2F and 2G). These bacterial genera may 

represent intestinal biomarkers of CGD to be further investigated.

Comparison of microbiome signatures between NIH CC and PIDTC cohorts

To evaluate the generalizability of our findings, we compared the intestinal microbiome 

profiles of patients with CGD from the NIH CC cohort with those from the PIDTC 

cohort. Comparisons are provided for patients with CGD without a history of IBD or 

active IBD and who are not on any medications other than prophylactic antimicrobials 

(Figure 3) and all patients with CGD regardless of their IBD status or antimicrobial 

use (see Figure E4 in online repository). In both comparisons, there were significant 

differences in alpha and beta diversity, albeit the differences were more pronounced when 

the contribution of IBD and antimicrobials was removed (Figure 3A and 3B; Figure E4A 

and E4B). More genera and species were depleted in patients from the PIDTC cohort 

resulting in more positively defining genera and species in the NIH CC cohort, as identified 

by LEfSe analysis (Figure 3C and Figure E4C). Despite these differences, there were 

several bacterial taxa that correlated significantly between both cohorts (p<0.05), in positive 

or negative directions, as shown in Figures 3D and E4D where each node represents a 

taxon and the size of the node corresponds to the number of connections. Two taxa are 

connected by an edge when p<0.05 and the correlation threshold was >0.3. The edge 

size also reflects the magnitude of the correlation. Notable taxa included Bacteroides, 
Blautia, Faecalibacterium, Enterococcus, Ruminococcus gnavus group, Streptococcus, 

Lachnoclostridium, Fusicatenibacter, Subdoligranulum and Tyzzerella.

The median age of participants in the NIH CC and PIDTC cohorts was 23 and 2.1 

years, respectively as the PIDTC cohort included mostly pediatric patients. To investigate 

the effect of age on the CGD microbiome in the absence of confounding factors, we 

selected samples from both cohorts, from subjects without a history of IBD and not on 

medications other than prophylactic antimicrobials (n=38; 15 from NIH CC cohort and 23 

from PIDTC cohort). For the analysis, two groups were generated: one with patients ≤ 12 

years of age and the other with patients over 12 years of age. The alpha diversity measure 

showed significantly decreased microbial diversity in participants ≤ 12 years of age, without 

significant beta diversity (between-group comparison) differences when compared with 

samples from participants with ages above 12 years (Figure E5A, B in online repository). 

At the phylum level, Desulfobacterota were present only in participants over 12 years of age 

(Figure E5C in online repository). The LEfSe analysis identified 7 genera as markers for age 

over 12 years (Figure E5D in online repository).

The intestinal microbiome distinguishes patients with CGD-IBD

To identify microbial biomarkers of CGD-IBD and/or novel therapeutic targets, we 

compared microbiome profiles between CGD patients from the NIH CC cohort with (n=54) 

or without (n=25) a history of IBD, and with (n=35) or without (n=44) active IBD at 

the time of stool collection (Figures 4, 1; Figure E6 in online repository). Beta diversity 

Chandrasekaran et al. Page 7

J Allergy Clin Immunol. Author manuscript; available in PMC 2024 July 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



analysis showed that samples from patients with a history of IBD or active IBD clustered 

separately from patients without (p<0.009 and p=0.015 respectively) (Figure 4A and 5A). 

A history of IBD or active IBD was associated with decreased alpha diversity (Figure 4B 

and 5B). Bacterial taxa enriched in patients with either a history of IBD or active IBD 

are shown in Figure 4C and 5C, which mostly include Bacteroidota and Ruminococcus 
group. Distinguishing markers identified by random forest analysis (Figure 4D and 5D) 

and bacterial genera and species that were unique, as well as common to patients with a 

history of IBD and active IBD are shown in Figure E6 in online repository. Species that 

were enriched and common to both patients with a history of IBD and active IBD include 

Eubacterium eligens, Butyricicoccus, Clostridium leptum, Blautia faecis, Clostridium 
spiroforme, and Eubacterium ramulus. Species that were enriched only in patients with 

active IBD include Lachnoclostridium phocaeense, Bacteroides dorei, Schaalia odontolytica 
and Bacteroides caccae. These bacterial species may therefore represent biomarkers of 

active IBD in patients with CGD.

Predictive functional profiling of the intestinal microbiome in CGD patients with or without 
IBD

Predictive functional profiling by PICRUSt2 analysis of the NIH CC cohort microbiome 

comparing stool samples from CGD patients (without active or a history of IBD and not 

on antimicrobials) to Healthy showed differential regulation of 10 pathways (p<0.05; Figure 

6A), mostly pertaining to TCA cycle, formate and allantoin metabolism (end-product of 

purines). The presence of active IBD or a history of IBD in CGD was associated with severe 

reductions in 1,4-Dihydroxy-2-naphthoic acid pathways (Figure 6B and 6C). 1,4-DHNA is 

a bacterial-derived metabolite that binds the aryl hydrocarbon receptor (AhR) and exhibits 

anti-inflammatory activity in the gut 46, 47. Activation of AhR pathways also attenuates 

colitis in animal models 48, 49. Other pathways affected by past or current CGD-IBD include 

octane oxidation, mannan degradation and heme biosynthesis.

Intestinal metabolomic profiles in patients with CGD, with and without IBD.

To validate some of the microbial functional pathways predicted to be relevant in patients 

with CGD or CGD-IBD based on the PICRUSt2 analyses, we also profiled the fecal 

metabolome in the NIH CC cohort. Patients with CGD (without active/history of IBD and 

only on prophylactic antimicrobials) had a distinct intestinal metabolomic profile and their 

samples clustered separately from Healthy (Figure 7A). The top 10% of metabolites with 

the highest impact scores (low p-value and high fold change) in CGD patients compared to 

Healthy are shown in Figure 7A (see Table E3 in online repository). Patients with active IBD 

(Figure 7B) or a history of IBD (Figure 7C) also had distinct metabolomic profiles (top 10% 

in Table E4 in online repository). The potential metabolites that could serve as the markers 

for CGD alone, active CGD-IBD or CGD with a history of IBD are shown as box plots 

(Figure 7).

DISCUSSION

To our knowledge, this is the largest study to date evaluating the intestinal microbiome and 

metabolome in a cohort of patients with CGD. Our study is also novel insofar as it includes 
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the analysis of both the fecal microbiome and metabolome in patients with NOX2 defects, 

including pathogenic variant carriers and a validation cohort recruited from 11 centers across 

North America. Moreover, we identified recent treatment with acute antibiotics, steroids, 

azathioprine use and having CGD-IBD as the most important variables influencing the 

microbiome in our CGD cohort, and therefore controlled for these variables in our analysis 

to uncover the true impact of NOX2 defects on the intestinal microbiome.

We demonstrated that patients with CGD, but not pathogenic variant carriers, had a less 

diverse and distinct intestinal microbiome composition compared to healthy individuals. 

While different CGD genotypes did not have major impacts, samples from patients with 

p22phox defects were specifically enriched with 6 bacterial taxa. This may be explained by 

the involvement of p22phox in NOX1 and NOX4 complexes, which are NOX2 homologs in 

the intestinal epithelium 50. p22phox defects may lead to decreased ROS production at the 

intestinal barrier that can impact the microbiome as described in mouse models 20.

After controlling for major confounders, we identified several bacterial species enriched in 

healthy individuals compared to CGD patients (Butyricicoccus spp., Eubacterium eligens, 
Roseburia hominis, Intestimonas butyriciproducens). All of these species produce butyrate, 

an anti-inflammatory SCFA that helps maintain intestinal barrier homeostasis 51–53. While 

we do not have the full annotation for the Butyricicoccus species identified, Butyricicoccus 
pullicaecorum, a butyrate-producer 44 and a probiotic that is safe in humans 54 was shown 

to strengthen the epithelial barrier in rat colitis models 55 and is depleted in patients with 

conventional IBD. Moreover, Eubacterium eligens promotes IL-10 production 45, while 

Roseburia hominis is associated with intestinal health and its depletion defines dysbiosis in 

patients with ulcerative colitis 56.

We also identified bacterial taxa that were enriched in patients with CGD (without 

IBD) Erysipelatoclostridium spp., Sellimonas spp. and Lachnoclostridium spp., thereby 

highlighting their potential relevance as biomarkers or therapeutic targets. Both 

Erysipelatoclostridium spp. and Sellimonas spp. have been previously associated with 

conventional IBD 57, 58. Further, Lachnoclostridium has been identified as a marker of 

non-invasive colorectal cancer 59 and Erysipelatoclostridium is enriched in patients with 

gout associated with altered uric acid 60. Similar to a previous study comparing CGD 

patients to healthy (n=10), we identified Ruminococcus gnavus as a species of interest 23. 

Our changes at the phylum-level, however, differed with an expansion of Proteobacteria and 

Bacteroidota, and reduction in Firmicutes.

We next focused on the comparison of CGD patients with or without IBD to identify 

microbial markers of disease activity and targets to treat CGD-IBD. Several markers of 

clinical disease activity used in conventional IBD also applied to CGD-IBD. In particular, 

fecal calprotectin, the NRS and the SIBDQ all significantly correlated with each other and 

with patient reports of GI symptoms. Patients with either an IBD history or active IBD had 

decreased alpha diversity and distinct microbiome profiles compared to their counterparts. 

Of the 24 bacterial genera and 8 bacterial species that were found to be significantly altered, 

relevant bacterial species that could be considered as potential therapeutic targets include 

Eubacterium eligens, Butyricicoccus spp., Clostridium leptum, Blautia faecis, Anaerofustis 
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stercorihominis, Clostridium spiroforme and Eubacterium ramulus. Clostridium leptum, 

a carbohydrate fermenter with anti-inflammatory potential, has also been reported to be 

decreased in patients with conventional IBD 61, 62. Similar to Eubacterium eligens and 

Butyricicoccus spp., Blautia faecis is a butyrate producer that is decreased in Crohn disease 
63. Clostridium spiroforme is a toxin-producing pathobiont 64, while Eubacterium ramulus 
is a butyrate-producing and flavonoid-degrading bacterium 65, 66. Flavonoids found in fruits, 

vegetables and grains are well-known for their health benefits 67. We also identified taxa 

that were specific to patients with active CGD-IBD. Namely, Lachnoclostridium phocaeense 
and Veillonella spp. were significantly increased, thereby highlighting their potential as 

biomarkers of active GI disease.

Consistent with our intestinal microbiome findings, CGD patients have distinct fecal 

metabolomic profiles. Since the intestinal metabolome represents the intersection of 

metabolic by-products of the environment (medications, diet), the host and the microbiota, 

observed metabolomic profiles reflected in part medication use, while bringing forward 

metabolites that corresponded to upregulated microbial metabolic pathways highlighted by 

the PICRUSt2 analysis. For instance, L-1,2-propanediol degradation was upregulated in 

CGD compared to healthy individuals and intestinal metabolomic profiles showed a 6.9-fold 

increase in propionic acid in stool from CGD patients. Meanwhile, active or a history of 

CGD-IBD was associated with severe reductions in 1,4-DHNA, a bacteria-derived vitamin K 

precursor that binds AhR 47. AhR activation has been shown to have anti-inflammatory 

effects through mechanisms including apoptosis, regulatory T cell induction, cytokine 

suppression and epigenetic modifications 68. Interestingly, a decrease in microbiota-derived 

AhR agonists was observed in patients with IBD and mutations in CARD9 (caspase 

recruitment domain-containing protein 9), an IBD susceptibility gene 69 and studies suggest 

that AhR activation may represent a therapeutic avenue for IBD 70, 71. While Lactobacilli 
have been shown to produce high levels of AhR ligands 72, 73, samples from patients with 

CGD without IBD were not significantly enriched for Lactobacilli. Thus, future studies will 

include isolation of differentially represented bacterial between patients with and without 

CGD-IBD for evaluation of AhR agonist production. These findings raise the possibility 

that colonizing patients with bacterial strains that produce AhR ligands may be a potential 

treatment for patients with CGD and IBD.

Our study has uncovered several candidate bacteria and metabolic pathways that should 

be further explored as potential biomarkers and therapies for CGD-IBD. However, our 

study has some limitations: 1) more females in the Healthy compared to CGD cohort, 

2) the PIDTC cohort included more pediatric patients compared to the NIH CC cohort, 

and 3) lack of a healthy cohort on antimicrobial prophylaxis with TMP-SMX and an 

azole (not feasible). Nevertheless, we included 2 healthy individuals on TMP-SMX and 

their microbiome signature did not differ significantly from the rest of the Healthy cohort. 

Similarly, a previous study evaluating the impact of continuous prophylaxis with low-dose 

TMP-SMX on the intestinal microbiome in a cohort of pediatric patients with vesicoureteral 

reflux showed that the effect of TMP-SMX on the intestinal microbiome was minimal 74.

Our network analysis highlighted several bacterial taxa that correlated between the NIH CC 

and PIDTC cohorts. The significant differences in alpha and beta diversity between both 
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cohorts were likely due to the younger age of the PIDTC cohort, which largely included 

pediatric patients, in comparison to largely adult population of the NIH CC cohort. In fact, 

one of the objectives of the PIDTC study is to evaluate the CGD microbiome before and 

after HCT, which is increasingly performed in younger patients 75. Several studies have 

demonstrated that age can have an important impact on the composition of the microbiome, 

especially under 3 years of age, a critical period for microbiota stabilization and early 

immune education 76. It is therefore plausible that younger CGD patients who have likely 

been exposed to antimicrobials early in life have a less diverse intestinal microbiota. Given 

the discrepancy in age distribution between the 2 study cohorts, we investigated the effect 

of age, and found that the alpha diversity was decreased in the ≤12 years group compared 

to the >12 years group, which agrees with previous studies 77, 78. Beta diversity differences 

between both cohorts did not reach statistical significance, suggesting that while some 

differences between the cohorts were driven by age, other factors such as geography and diet 

likely also played a role. Even though there were some age-driven differences in microbiome 

signatures, our results clearly demonstrated the microbial changes that were specifically 

driven by the CGD genotype in our combined cohort correlation analysis (Figure 3D).

Although 16S rRNA gene sequencing analysis combined with fecal metabolomics 

uncovered some interesting new findings, future studies should include metagenomic 

sequencing analysis of CGD stool and intestinal mucosal samples to identify bacterial 

strains distinguishing patients with CGD and CGD-IBD. These analyses would lead to 

the identification of more specific biomarkers and novel therapeutic targets for CGD-IBD, 

while providing additional insight into the relationship between NOX2 defects, microbial 

metabolism and pathogenicity.
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ABBREVIATIONS

ROS reactive oxygen species

IBD inflammatory bowel disease

CGD chronic granulomatous disease

NADPH nicotinamide adenine dinucleotide phosphate

EROS essential for reactive oxygen species

NOX2 NADPH oxidase complex 2

CGD associated IBD: CGD-IBD

HCT hematopoietic cell transplantation

IL interleukin

NIH-CC National Institutes of Health Clinical Center

PIDTC Primary Immune Deficiency Treatment Consortium

NIAID National Institute of Allergy and Infectious Diseases

IRB institutional review board

CBC complete blood count

CRP C-reactive protein

ESR erythrocyte sedimentation rate

NRS Numeric Rating Scale

SIBDQ Short Quality of Life IBD Questionnaire

P-SCCAI Patient-modified Simple Clinical Colitis Activity Index

CAI Clinical Activity Index

BM bowel movements

TMP-SMX trimethoprim-sulfamethoxazole

QIIME2 Quantitative Insights Into Microbial Ecology version 2

LDA Linear Discriminant Analysis

LEfSe Linear Discriminant Analysis Effect Size

PCoA principal coordinate analyses

LC-MS liquid chromatography-mass spectrometry

IEI inborn errors of immunity
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CARD9 caspase recruitment domain-containing protein 9

AhR aryl hydrocarbon receptor
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CLINICAL IMPLICATION

Our study has identified candidate microbes and metabolites to be further investigated as 

biomarkers of gastrointestinal disease activity in chronic granulomatous disease (CGD) 

and/or as novel therapeutic targets for CGD-associated inflammatory bowel disease 

(IBD).
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Figure 1. Association of CGD genotype with microbiome signature.
(A) Alpha diversity (within-group variations) analyses (Chao1, Shannon, Fisher) comparing 

different genotypes (Healthy [n= 17]; Healthy PPX [i.e. healthy patients on infection 

prophylaxis with TMP-SMX for recurrent cystitis, n=2]; Carriers [CYBB−/+, n=4]; 

HL [highly lyonized, n=2] carriers; DUOX2-NCF2 [DUOX2−/+ and NCF2−/+ digenic 

heterozygous carriers, n=2]; GP91 [CYBB0/−, n=48], P22 [CYBA−/−, n=5], P47 [NCF1−/

−, n=23], and P67 [NCF2−/−, n=2] CGD patients. * = p<0.05, **=p<0.01, ***=p<0.001, 

****=p<0.0001, ns = non-significant. (B) Bar graphs showing relative abundance of 

bacterial phyla. (C) Linear discriminant analysis (LDA) score determined by the LEfSe 

analysis for identification of biomarkers, showing significantly enriched taxa in specific 

genotypes (p<0.05).
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Figure 2. Intestinal microbiome signatures distinguish patients with CGD from healthy 
individuals.
(A-G) Comparisons for the CGD group (without a history of IBD and only on prophylactic 

antimicrobials, n=16) with the Healthy group (n=17). (A) Alpha diversity (within group 

variations) analyses (Chao1, Shannon, Fisher; * = p<0.05, **=p<0.01, ***=p<0.001, 

****=p<0.0001, ns = non-significant) for CGD compared to Healthy. (B) Relative 

abundance of amplicon sequence variants in both groups presented at phylum level. (C) 
PCoA plot of beta diversity (between-group variations) based on weighted Unifrac distances 

for the two comparison groups with p values determined by Analysis of similarities 

(ANOSIM; p<0.003) and PERMDISP test for significant differences in dispersion (p 

=0.034). (D) Heat tree depicting the phylogenetic relationship and significant differential 

abundance (p<0.05) of bacterial genera between CGD and Healthy groups (red = higher 

abundance; blue = lower abundance). (E) Top differentially abundant family and species 

as identified by edgeR analysis (p values for all comparisons are <0.0001). (F) Linear 

discriminant analysis (LDA) score determined by the LEfSe analysis showing biomarkers 

at genus and species levels that are present or absent in the experimental groups shown. 

(G) Random forest analysis where genera and species with highest discriminatory power 

between CGD and Healthy groups are listed (red = high abundance in the experimental 

group, blue = low abundance in the experimental group).
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Figure 3. Comparison of microbiome signatures between patients with CGD from NIH CC and 
PIDTC cohorts.
(A-D) Comparisons for the CGD group (without a history of IBD and not on any 

medications other than prophylactic antimicrobials) between the NIH CC (n=16) and 

PIDTC cohorts (n=23). (A) Alpha diversity (within group variations) analyses (Chao1 and 

Shannon) at genus level. (B) PCoA plot of beta diversity (between group variations) based 

on weighted Unifrac distances for the two comparison groups with p values determined 

by permutational MANOVA (PERMANOVA, p=0.001). (C) Linear discriminant analysis 

(LDA) score determined by the LEfSe analysis for biomarker identification, showing the 

defining genera of the cohorts. (D) Correlation at genus level of the two cohorts is depicted 

as the network. Each node represents a taxon and the size of the node corresponds to the 
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number of connections. Two taxa connected by an edge when p<0.05 and the correlation 

threshold >0.3. Within each taxon circle, green represents distribution in NIH CC cohort and 

red in PIDTC cohort.
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Figure 4. The intestinal microbiome distinguishes patients with CGD and a history of IBD.
(A-D) Comparisons for the NIH CC CGD group with or without the history of IBD (Yes 

n=54, No n=25). (A) PCoA plots of beta diversity based on weighted Unifrac distances 

for the two comparison groups with p values determined by permutational MANOVA 

(PERMANOVA, p<0.009). (B) Alpha diversity plots (Chao1, Shannon, Fisher; * = p<0.05, 

**=p<0.01) comparing patients with CGD, with and without a history of IBD. (C) Heat 

tree depicting phylogenetic relationship and significant differential abundance (p<0.05) of 

bacterial genera for the comparison groups. (D) Random forest plots where genera and 

species with highest discriminatory power between patients with CGD with vs. without a 

history of IBD are shown (red = high abundance, blue = low abundance).
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Figure 5. The intestinal microbiome distinguishes patients with CGD and active IBD.
(A-D) Comparisons for the NIH CC CGD group with or without active IBD (Yes n=33 and 

No n=46). (A) PCoA plots of beta diversity based on weighted Unifrac distances for the two 

comparison groups with p values determined by permutational MANOVA (PERMANOVA, 

p=0.015). (B) Alpha diversity plots (Chao1, Shannon, Fisher; * = p<0.05, **=p<0.01). (C) 

Heat tree depicting phylogenetic relationship and significant differential abundance (p<0.05) 

of bacterial genera for the comparison groups. (D) Random forest plots where genera and 

species with highest discriminatory power between patients with CGD with vs. without a 

active IBD are shown (red = high abundance, blue = low abundance).
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Figure 6. Distinct functional profiles of the intestinal microbiome in patients with CGD from the 
NIH CC cohort.
Heatmap of significantly different functional profiles inferred by PICRUSt2 analysis 

performed to identify the pathways associated with changes in amplicon sequence variants 

(blue represents higher abundance and yellow represents lower abundance). The relative 

abundance was normalized to a Z-score and utilized to generate the heatmaps. (A) Pathway 

comparisons of the NIH CC CGD group (no history of IBD and only on prophylactic 

antimicrobials, n=16) with Healthy (n=17). (B) Pathway comparisons of patients with vs. 
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without active and endoscopically proven CGD-IBD (Yes n=33 and No n=46). (C) Pathway 

comparisons of patients with vs. without a history of CGD-IBD (Yes n=54 and No n=25). 

The predicted p-values values are shown alongside the heatmap.
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Figure 7. Distinct metabolome profiles in patients with CGD from the NIH CC cohort.
Top to Bottom: Heatmap of the metabolomic profile, volcano plot displaying high metabolic 

diversity between the comparison groups, and the plots for the intensity measurements 

of the metabolites that are expressed only in the indicated groups, which are potential 

biomarkers. (A) Comparison of CGD group (without a history of IBD and only on 

prophylactic antimicrobials, n=14) to Healthy (n=16), (B) comparison within the CGD 

group of those with (Yes n=30) vs. without active IBD (No n=36), and (C) comparison 

within the CGD group of those with (Yes n=50) vs. without a history of IBD (No n=19). In 

the heatmaps, the rows display the metabolites and the columns represent the samples (blue 

= decreased, red = increased). The brightness of each color corresponds to the magnitude of 

the difference when compared with the average value. The lines in the volcano plots indicate 

the significance cut-off for the p-value (-log10 P value of 1.3013 corresponding to p<0.05) 

and fold change (log2 Fold Change >2, log2 Fold Change <−2). All metabolites that are 

significant and over an absolute log2 Fold Change of 2 are shown in violet and those that are 
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significant but have an expression change less than an absolute log2 Fold Change of 2 are 

shown in pink. The bar plot indicates metabolites identified only in the CGD group, the dot 

plot indicates metabolites identified only in CGD patients with active IBD, and the diamond 

plot indicates metabolites identified only in patients with CGD and a history of IBD.
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Table 1.

Demographic and clinical characteristics of participants from the NIH CC cohort.

Healthy n=19 CGD n=79 Carriers n=8

Age, median (IQR), years 29 (12) 23 (20.5) 38 (13.5)

Female, n (%) 14 (73.7) 17 (21.5) 7 (87.5)

Race / Ethnicity, n (%)

   White 10 (52.5) 55 (69.6) 4 (50)

   Black 1 (5.3) 10 (12.7) 0 (0)

   Latino(a) or Hispanic 3 (15.8) 6 (7.6) 1(12.5)

   Asian 2 (10.5) 3 (3.8) 1 (12.5)

   Mixed 0 (0) 2 (2.5) 0 (0)

   Unknown 3 (15.8) 3 (3.8) 2 (25)

CGD genotype [affected protein], n (%)

   CYBB0/− [gp91phox] NA 48 (60.8) NA

   CYBA−/− [p22phox] NA 5 (6.3) NA

   NCF1−/− [p47phox] NA 23 (29.1) NA

   NCF2−/− [p67phox] NA 2 (2.5) NA

   NCF4−/− [p40phox] NA 0 (0) NA

CYBB+/− carriers

   All carriers, n NA NA 6

    Highly lyonized carriers, n NA NA 2

DUOX2+/− and NCF2+/− digenic heterozygous carriers NA NA 2

History of CGD-IBD, n (%) 0 (0) 54 (68.4) 3 (37.5)

Active GI symptoms at visit a, n (%) 0 (0) 35 (44.3) 4 (50)

On prophylactic antibiotics, n (%) 2 (10.5) 73 (92.4) 3 (37.5)b

   TMP-SMX 2 (10.5) 64 (81) 3 (37.5)

   Other prophylactic antibiotic NA 8 (10) 0 (0)

   Azole NA 71 (89.9) 3 (37.5)

On non-prophylactic antibiotics, n (%)

   Any 0 (0) 29 (36.7) 2 (25)

   Carbapenem NA 6 (7.6) 0 (0)

   Metronidazole NA 4 (5.1) 0 (0)

   Cephalosporin NA 4 (5.1) 2 (25)

   Quinolone NA 10 (12.6) 0 (0)

   Macrolide NA 3 (3.7) 0 (0)

   Tetracycline NA (5.1) 0 (0)

On antifungal other than azole, n (%) 0 (0) 6 (7.6) 0 (0)
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Healthy n=19 CGD n=79 Carriers n=8

On any antiviral, n (%) 0 (0) 1 (1.3) 0 (0)

On steroids, n (%) 0 (0) 17 (21.5) 1 (16.7)

On another immune modulator, n (%)

   Any 0 (0) 29 (36.7) 1 (16.7)

   IFN-γ NA 12 (15.2) 0 (0)

   5-Aminosalicylates NA 21 (26.6) 1 (16.7)

   Azathioprine NA 4 (5.1) 0 (0)

   Biologic NA 5 (6.3) 0 (0)

   Other NA 11 (13.9) 1 (16.7)

NIH CC: National Institutes of Health Clinical Center, CGD: chronic granulomatous disease, IQR: interquartile range, NA: not applicable, 
TMP-SMX: trimethoprim-sulfamethoxazole.

a
Active GI symptoms: watery bowel movements (BM) or more than 2 BM per day or blood/mucus in stool or active fistulizing or perianal disease.

b
The 3 patients on prophylactic antibiotics include the 2 HL carriers and 1 carrier (non-HL and non-DUOX2-NCF2).
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