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The leukocyte NADPH oxidase 2 (NOX2) plays a key role in pathogen killing and
immunoregulation. Genetic defects in NOX2 result in chronic granulomatous disease
(CGD), associated with microbial infections and inflammatory disorders, often involving
the lung. Alveolar macrophages (AMs) are the predominant immune cell in the airways at
steady state, and limiting their activation is important, given the constant exposure to

® Mice with inactivation
of NOX2, globally
or in macrophages,
spontaneously acquire
an activated alveolar
macrophage phenotype
by adulthood.

inhaled materials, yet the importance of NOX2 in this process is not well understood. In
this study, we showed a previously undescribed role for NOX2 in maintaining lung
homeostasis by suppressing AM activation, in CGD mice or mice with selective loss of
® Epigenetic and
transcriptional profiles
of NOX2-deleted AMs
are influence by their
niche and primed to
generate inflammation.

NOX2 preferentially in macrophages. AMs lacking NOX2 had increased cytokine
responses to Toll-like receptor-2 (TLR2) and TLR4 stimulation ex vivo. Moreover, between
4 and 12 week of age, mice with global NOX2 deletion developed an activated CD11b"s"
subset of AMs with epigenetic and transcriptional profiles reflecting immune activation
compared with WT AMs. The presence of CD11b"" AMs in CGD mice correlated with an
increased number of alveolar neutrophils and proinflammatory cytokines at steady state
and increased lung inflammation after insults. Moreover, deletion of NOX2 preferentially in macrophages was
sufficient for mice to develop an activated CD11b"e" AM subset and accompanying proinflammatory sequelae. In
addition, we showed that the altered resident macrophage transcriptional profile in the absence of NOX2 is tissue
specific, as those changes were not seen in resident peritoneal macrophages. Thus, these data demonstrate that the
absence of NOX2 in alveolar macrophages leads to their proinflammatory remodeling and dysregulates alveolar
homeostasis.

CGD and is not always a sequela of prior pneumonias but may
instead reflect a noninfectious inflammatory response.®® Sterile
lung inflammation is also reported in CGD mice.” ' These
observations raise the question of whether NOX2 modulates
immune responses within the lungs to maintain homeostasis
under basal conditions.

Introduction

The phagocyte NADPH oxidase 2 (NOX2) generates superox-
ide, the precursor to reactive oxygen species (ROS) that play
essential roles in host defense and immunoregulation. Inherited
defects in the NOX2 enzyme complex lead to chronic granulo-
matous disease (CGD), characterized by recurrent, severe bacte-
rial and fungal infections, and aberrant inflammation.? CGD
results from inactivating recessive mutations in any of several
genes for different subunits of NOX2, including X-linked CYBB,
which encodes a membrane flavocytochrome, and autosomal
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In the lung, residential alveolar macrophages (AMs), which are
long lived, self-renewing cells derived from fetal monocyte pre-
cursors, constitute ~95% of immune cells in the airways at
steady state."’"'? Tissue macrophages are essential as both a

genes for CYBBA, NCF1, NCF2, or NCF4, which encode critical
regulatory subunits, or CYBC1, an endoplasmic reticulum pro-
tein important for CYBB biosynthesis.? Manifestations of CGD
typically involve barrier sites, frequently the lung.'?* Indeed, a
chronic lung disease afflicts many young adult patients with

first line of host defense and for conducting tissue-specific func-
tions under homeostatic and inflammatory conditions.’'® Their
ability to adapt to specific tissue niches and maintain homeosta-
sis is governed by signals in the local microenvironment as well
as cellintrinsic epigenetic and transcriptional remodeling.'¢??
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Figure 1.
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AMs are strategically located on the luminal side of the alveoli,
where they continually sample the environment and respond
accordingly.”?%?* To limit collateral tissue damage, AMs main-
tain a relatively high threshold for inflammatory activation by
inhaled materials, unless potentially infectious.'’?* Molecular
mechanisms that prevent de novo polarization in hyperreactive
states are incompletely understood.

We investigated the cell-intrinsic role of NOX2 in AMs, as stud-
ied in mice with either global or cell type-restricted deletion of
NOX2. NOX2-deficient mice spontaneously developed AMs
that were epigenetically, transcriptionally, and phenotypically
distinct from wild-type (WT) AMs, including a proinflammatory
CD11bM" AM population. These changes became evident as
the mice reached adulthood, coinciding with increased alveolar
neutrophils and inflammatory mediators, independent of host or
environmental microbes. Moreover, NOX2-deleted AMs exhib-
ited heightened activation ex vivo, and mice with either global
or macrophage deletion of NOX2 displayed enhanced lung
inflammation after insults. Thus, NOX2 is essential for modulat-
ing AM responses that maintain pulmonary homeostasis.

Methods

Details of experimental procedures are provided in the supple-
mental Methods (available on the Blood Web site).

Mice

Experiments were conducted in accordance with the Guide for
the Care and Use of Laboratory Animals, under protocols
approved by the Institutional Animal Care and Use Committee
at Washington University in St. Louis, and the Animal Care Com-
mittee of the University of Louisville or the Hospital for Sick Chil-
dren. WT C57BL/6J mice were purchased from The Jackson
Laboratory or were bred in-house. X-linked CGD? (Cybb©),
Nef2™/726 (Nef29), N2 and N2 LysMWT/Cre (Nef2sM
€ mice were bred in-house. Cybb® Ifnar1® mice” were
bred in the Animal Care Facility of the Hospital for Sick Children.
The mice were maintained under specific-pathogen—free condi-
tions, which included monitoring for pathogenic bacteria and
viruses, or, for germ-free Cybb® mice, under gnotobiotic condi-
tions at the University of Louisville Gnotobiotic Mouse Facility.
Both male and female mice were studied at the indicated ages.

In vivo studies

Bronchoalveolar lavage (BAL), lung cell suspensions, and lung
histology were analyzed®® in naive mice. The mice were also
challenged with intranasal zymosan (1 pg/g), and lung inflamma-
tion was analyzed after 18 hours.?® In other studies, the mice
were challenged with intraperitoneal zymosan (0.05 mg/g) and

peritoneal, and lung inflammation was analyzed after 48
hours. 2831

Macrophage stimulation ex vivo

AMs and resident peritoneal macrophages (RPMs) isolated from
naive mice were plated in 96-well tissue culture plates. After
adhesion, cells were treated with UltraPure lipopolysaccharide
(LPS; Escherichia coli, 10 ng/mL; Invivogen,) or Pam3csk4
(100 ng/mL; Invivogen) for 4 hours at 37°C. Gene expression
was studied by quantitative reverse transcription-polymerase
chain reaction (qRT-PCR).

Macrophage sorting for transcriptional and
epigenetic analysis

RNA sequencing (RNA-seq) and assay for transposase accessible
chromatin sequencing (ATAC-seq) were performed on BAL AMs
(CD45"Ly6G~CD11c* Sigle F*) sorted on the basis of CD11b
expression. RNA microarray analysis was performed on RPMs
sorted as B220 CD115"F4/80""MHC class II~ and B220°F4/
80"°“MHC class II"<".

Statistics

Unpaired Student t tests were used to compare 2 groups, and
1-way analysis of variance, followed by Tukey's post hoc test,
was used to compare among multiple groups. For nonparamet-
ric data, unpaired, 2-tailed Mann-Whitney tests were used.
Data were analyzed and graphed with Prism 5 (GraphPad
Software, Inc).

Results

Mice with global deletion of NOX2
spontaneously develop lung inflammation and

a population of CD11b"e" AMs

To investigate mechanisms underlying the spontaneous develop-
ment of lung inflammation in CGD mice in the absence of infec-
tion, we used CGD mice with inactivating mutations in Cybb
(CylobKo mice®) or Ncf2 (Ncf2XC mice?) and also developed
mice with LysM-Cre—mediated deletion of Ncf2 (Ncf2Y*MC™ mice).

As a starting point, we examined the inflammatory status of the
lungs at 4 and 12 weeks of age in WT and Cybb*° mice. BAL
samples from 4-week-old WT and Cybb® mice had similar total
leukocyte counts with few neutrophils (Figure 1A). However, these
were significantly increased in 12-week-old Cybb*® mice (Figure
1A). The number of BAL AMs and eosinophils was similar in both
genotypes (Figure 1B). Ncf2© CGD mice showed comparable
findings (data not shown). Multiplex analysis of BAL from 12-week-
old Cybb*® mice showed significantly higher levels of tumor

Figure 1. Mice with global deletion of NOX2 develop lung inflammation and a subset of CD11b"9" AMs. (A) BAL leukocyte count, flow cytometric analysis of the
percentage of polymorphonuclear leukocytes (PMNs) and total PMNs in 3 mL BAL from 4- and 12-week-old WT and Cybb*® male and female mice (n = 7 in each
group). (B) Flow cytometric analysis of total AMs (CD45*Siglec F*CD11c* cells) and total eosinophils (EOS) (CD45"Siglec F*CD11c™ cells) from 3 mL of BAL (n = 7).
(C) ELISA of IL-18 and CXCL2 in BAL (n = 3 in each group). (D) Gating strategy to identify CD11b* AMs in the BAL (CD45*SIglec F* CD11¢*CD11b"9"). (E) Percentage
of AMs that are CD11b"9" in BAL samples from different groups (n = 4). (F) CD11b expression by qRT-PCR in flow-sorted AMs of different groups. WTL, WT CD11b'*
AMs; CybbKO L, CybbKO CD11b"" AMs; and CybbKO H, CybbKo CD11b"" AMs (n = 3). (G) Lung sections from 12-week-old WT and CybbKO mice, as indicated,
stained with hematoxylin-eosin showing intracellular (arrowhead) and extracellular eosinophilic crystals (arrow) in Cybb® mice. The rightmost panel shows lung tissue
from a Cybb"®
data are expressed as mean * standard error of the mean. The Student t test was performed for samples distributed in 2 groups. *P < .05; **P < .01; ***P < .001.
One-way analysis of variance was performed followed by Tukey's post hoc analysis comparing multiple groups. Data represent at least 2 independent experiments.
*P < .05; **P < .01; ***P < .001; ****P < .0001. ELISA, enzyme linked immunosorbent assay.

mouse with small infiltrates adjacent to some of the crystals. Scale bars, 100 um. Representative images from =5 mice of each genotype. Bar graph
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Figure 2. Mice with LysMCre-mediated deletion of NOX2 exhibit an inflammatory lung phenotype. (A) BAL leukocyte count, flow-cytometric analysis of the
percentage of polymorphonuclear leukocytes (PMNSs), and total PMNs in 3 mL BAL from 12-week-old Ncf2" and Nef22MCe mice (n = 7). (B) ELISA analysis of BAL
samples from 12-week-old mice (n = 6). (C) Flow cytometric analysis of CD11c*CD11b"9" macrophages from the CD45"Siglec F* CD11c* gate and the percentage
that are CD11b"" in BAL samples of 12-week-old mice (n = 8). (D) Lung sections from12-week-old Ncf2"" and Nef29sMere mice stained with hematoxylin-eosin show-
ing intracellular (arrowhead) and extracellular (arrow) eosinophilic crystals. Bars represent 250 wm. Representative images from more than 6 samples per genotype. (E)
tSNE plot from CyTOF data of CD45"CD11c*Siglec F* AMs from lung tissue harvested from 12-week-old WT, Cybb*® and Ncf2¥*M<'® mice showing populations
expressing CD11¢, Siglec F, and CD11b. Representative plots from =4 samples in each group. Bar graph data are expressed as the mean * standard error of the
mean. The Student t test was performed for samples distributed in 2 groups. Data represented the results of at least 2 independent experiments. *P < .05; **P < .01;
***p < 001. CyTOF, cytometry by time of flight; t-SNE, t-distributed stochastic neighbor embedding.

necrosis factor-a (TNF-a), interferon-a (IFN-a), interleukin-18 (IL-
1B), IL-18, and chemokines, along with reduced IL-10 than the WT
BAL analysis (supplemental Figure 2A). BAL IL-18 and CXCL2 lev-
els measured by enzyme-linked immunosorbent assay were similar
in 4-week-old WT and Cybb“® mice, but were increased in 12-
week-old Cybb’<o mice (Figure 1C). Together, these results set a
timeline for the spontaneous development of an inflalmmatory
alveolar state in CGD mice from 4 to 12 weeks after birth.

Next, we examined AM surface markers by flow cytometry to
evaluate whether they changed as lungs became inflamed in
Cybb*° mice. Although AMs with a conventional marker
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phenotype (CD45"CD11c"Siglec F'9"CD116™**?) were pre-
sent, we identified an additional CD11c"9"Siglec FM'ShCD11bMs"
population in BAL and lung tissue of 12-week-old Cybb® mice,
representing ~40% of the total AMs (Figure 1D-E; supplemental
Figure 1A-B). This CD11bM" subset, which had increased
CD11b transcription (Figure 1F), was virtually absent in 4-week-
old Cybb® and WT mice (Figure 1E). At homeostasis, AMs
both self-renew in situ and are slowly replaced in adulthood by
bone marrow—derived precursors.®? CD11c"ehSiglec
FrishCD11bM9"  “activated” macrophages in the BAL, which
were derived from resident AMs, have been identified in various
inflammatory settings, monocytes, or both.3*3 Expression of
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Figure 3. NOX2-deleted CD11b"9" AMs acquire an inflammatory transcriptional signature. (A) Multidimensional scaling plot of RNA-seq transcriptomes in 2
different dimensions showing the differences in gene signatures among the indicated groups of samples of AMs sorted from 4- and 12-week-old mice (n = 3 indepen-
dent samples in each group). (B) Heat maps showing relative expression of the top 500 altered genes in AMs in the different groups, as indicated (n = 3 independent
samples in each group). (C) Hallmark gene sets with significant changes in GSEA between Cybb*® CD11b"9" and WT CD11b'*" AMs from 12-week-old mice.
False-discovery rate (FDR)q <0.05 was considered significant (n = 3 independent samples for each group). (D) GSEA plot showing differences in the hallmark inflammatory
response gene sets between AMs from 12-week-old Cybb“® CD11b"9" and Cybb ® CD11b°", as well as Cybb“® CD116"°" and WT CD11b"" mice, as indicated. FDRq
<0.05 considered significant (n = 3 independent samples for each group). (E) Heat map from RNA-seq data showing relative expression of selected genes in Cybb ® and WT
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Figure 3 (continued) AMs from 12-week-old mice (n = 3 independent samples for each group). (F) gRT-PCR of gene expression in flow-sorted AMs from WT and
Cybb*® mice of different ages for selected genes. WTL, WT CD11b'° AM; Cybb"® L, Cybb® CD11b'*" AM; and Cybb*® H, Cybb"® CD11b"9" AM (n = 3 samples
for each group). (G) Heat map from AM RNA-seq data for selected M1 and M2 genes, as indicated. (H) gRT-PCR for expression of selected genes in flow sorted AMs,
as indicated, from Ncf2"f and Ncf2*M<® mice (n = 3 samples for each group). Adjusted P values: *P < .05; **P < .01; ***P < 001. Bar graph data are expressed as
the mean * standard error of the mean. One-way analysis of variance was performed, followed by Tukey's post hoc analysis. *P < .05; **P < .01; ***P < .001;

*xxxkp < 0001. FDR, false-discovery rate.

the monocyte marker CCR2 was not increased on CD11b"¢"
PAMs in Cybb*® mice (supplemental Figure 1C-D), suggesting
that these were not derived from very recently emigrated mono-
cytes.>” Cybb*® AMs showed similar levels of annexin V staining
and bromodeoxyuridine incorporation relative to WT AMs, even
within the CD11b"9" population (supplemental FigureE-F).
Thus, 12-week-old Cybb® mice develop an additional popula-
tion of AMs that are CD11b"9", which could be derived from
either resident AMs or bone marrow, but this process is not
associated with increased apoptosis or turnover of AMs.

We also observed eosin-staining YM1 crystals within alveoli and
AMs of 12-week-old Cybb*° mice, accompanied in some mice
by patchy intra-alveolar infiltrates (Figure 1G; supplemental Fig-
ure 2B), similar to NCF1-deleted CGD mice.”'® YM1 is a
secreted chitinaselike protein (CLP) that easily forms crystals,
often seen in the lungs of mice with various inflammatory condi-
tions.?/10:38:39 Notably, transcripts for CLPs CHIL1, CHIL3, CHIL4,
and proteins related to their secretion were elevated in
CD11bM9" AMs from 12-week-old Cybb“© mice, consistent with
an activated AM phenotype (supplemental Figure 2C).

Thus, by the time CGD mice reach adulthood, absence of
NOX2 activity leads to spontaneous development of an acti-
vated CD11b"S" AM subset and an increase in alveolar neutro-
phils, proinflammatory cytokines, and YM1 crystals, all consistent
with the dysregulation of alveolar homeostasis.

Deletion of NOX2 preferentially in macrophages
is sufficient for an inflammatory lung phenotype
We next tested whether inactivating NOX2 primarily in macro-
phages is sufficient to cause the low-grade alveolar inflammation

2860 & blood® 12 MAY 2022 | VOLUME 139, NUMBER 19

observed in germline loss-of-function mice. We crossed mice
with a conditional Ncf2 loss-of-function allele (Nc2¥™ to LysM-
Cre mice™ (supplemental Figure 3A). In the resulting Ncf2%=¥<r
mice, ~95% of AMs or RPMs lacked NOX2 enzyme activity (sup-
plemental Figure 3B-C), and NCF2 protein was not detected in
RPM lysates (supplemental Figure 3D-E). However, NCF2
expression was only partially reduced in Ncf2¥M<® neutrophils
(supplemental Figure 3D-E). Peripheral blood neutrophils from
Ncf2sMe mice had either partial or near normal NOX2 activity
by flow cytometry assay and superoxide production by quantita-
tive cytochrome ¢ reduction assay was ~50% of Ncf2"f(supple-
mental Figure 3F-G). Ncf2”™™ monocytes harvested from
marrow and peripheral blood had normal NCF2 expression and
NOX2 activity (supplemental Figure 3D-E,H).

Although complete loss of NOX2 activity was restricted to mac-
rophages, Ncf2¥M® mice developed inflammatory changes in
the lungs similar to CGD mice. BAL from naive Ncf22*M< mice
at 12 week of age showed increased total leukocytes, neutro-
phils, and proinflammatory cytokines (Figure 2A-B) and a popu-
lation of CD11c""Siglec FMI"CD11bM" AMs (Figure 2C).
Ncf2-sMCe mice also had increased transcripts for YM1 (supple-
mental Figure 2D) and crystals in alveoli and within AMs (Figure
2D; supplemental Figure 2B). Both Ncf2¥M<® and Cybb*©
mice continued to exhibit CD11bMS" AMs after 1 year of age,
but Ncf2Y*M<" mice did not develop the focal alveolar infiltrates
often seen in Cybb*® mice, which also were sometimes larger in
aging Cybb*® mice (supplemental Figure 3I-K). We conclude
that, although infiltrate formation most likely requires cross talk
with other leukocytes entirely lacking NOX2, deletion of Ncf2
restricted to macrophages is sufficient to produce an inflamma-
tory alveolar environment in Ncf29*¥"e mice.
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We also studied female Cybb carrier mice, where approximately
half of the leukocytes were NOX2*, and half lacked NOX2
because of X-linked inactivation. Interestingly, ~10% AMs from
Cybb carriers harbored intracellular YM1 crystals by electron
microscopy (supplemental Figure 2B), which could be a sign of
increased AM activation; however, this fraction is much lower
than that for CybbKO and Ncf2YsMEre AMs, where ~65% contain
YM?1 crystals detected by electron microscopy. Rare neutrophils
were also seen in carrier BAL samples. Notably, carrier females
did not develop evidence of lung inflammation by histology,
CD11bM" AMs or increased BAL proinflammatory cytokines,
even after 1 year of age (not shown), which suggests that there
may be a threshold number of NOX2™ cells needed to promote
spontaneous inflammatory changes in the alveolar environment.

Cytometry by time of flight for cell surface expression of canoni-
cal AM markers confirmed the presence of a CD11b"" popula-
tion of CD11c"9"Siglec F MM AMs in Ncf2YMCe and Cybb ©
mice that was absent in WT mice (Figure 2E; supplemental Fig-
ure 4A-B). There was a modest decrease in CD64 in CD11b"9"
AMs, of uncertain biologic significance, along with a modest
increase in CX3CR1. However, characteristic expression of other
markers (F4/80, Siglec F, CD274, CD206, and MHCII [I-A/I-E])
(supplemental Figure 4B) were unaltered. Additional cytometry
by time of flight results showed that Ncf2¥*M<® and Cybb*®
mice had small but significant decreases in lung B lymphocytes
and natural killer cells compared with WT, but the percentages
of alveolar and interstitial macrophages, dendritic cells, mono-
cytes, eosinophils, and T lymphocytes were similar among all 3
genotypes (supplemental Figure 4C).

Transcriptomic profiles of AMs but not RPMs
from NOX2-deleted mice showed an
inflammatory signature

To gain insights into how CD11b"S" AMs from NOX2-deficient
mice differ from other AMs, we profiled gene expression of
sorted AMs using RNA-seq. Multidimensional scaling analysis
showed that AMs from 4-week-old WT and Cybb*® mice share
a similar gene expression signature (Figure 3A). However, in 12-
week-old mice, the transcriptome of Cybb“® AMs diverged
from WT AMs, with differences between CD11b'°% and
CD11bMe" Cybb® AMs. Differences are also depicted in a heat
map showing the top 500 altered genes among various groups
(Figure 3B) and n Venn diagrams (supplemental Figure 5A). We
used gene set enrichment analysis (GSEA) of Hallmark gene
sets*' to interrogate the 2 most divergent groups: WT CD!1 1w
AMs and Cybb® CD11b"9" AMs from 12-week-old mice. The
inflammatory response gene set is among the most significantly
different, along with IFN-a and IFN-y responses, EMT and KRAS
signaling (Figure 3C). The inflammatory response was the only

gene set significantly altered between CD11b"" and CD11bMsh
AMs from 12-week-old Cybb° mice and also approached sig-
nificance for CD11b™" AMs from 12-week-old Cybb® and WT
mice (Figure 3D). Although no significant differences in GSEA
were identified between CD11b'°% AMs from Cybb® mice at
the 2 ages, many of the upregulated genes in the 12-week-old
samples are related to inflammation (supplemental Figure 5B).
Relative expression of various activation-associated genes in
AMs from 12-week-old mice are shown in Figure 3E. IL1a, IL1b,
and Chil3 expression were verified among various groups by
gRT-PCR (Figure 3F). The skewed transcriptome in NOX2-
deleted AMs did not correlate with polarization to either classic
(M1) or alternative (M2) macrophage activation (Figure 3G), typi-
cal of diversity seen in vivo."® Finally, AMs sorted from Ncf2-sMcre
mice showed increased expression of IL1a, IL1b, Ccl4, Mx1, and
Isg15, as compared with Ncf2"" mice, especially in CD11bMeh
AMs (Figure 3H). In aggregate, these results indicate that the AM
transcriptome becomes skewed toward a more proinflammatory
profile as mice with either global or macrophage deletion of
NOX2 reach adulthood, with these changes most pronounced in
the CD11b"9" AM population.

To investigate whether there s tissue specificity to resident mac-
rophage remodeling with age in CGD mice, we analyzed gene
expression in RPMs by RNA microarray. We sorted the 2 groups
of RPMs (B220~ CD115"F4/80"9"MHCII~ and B220~ CD115"F4/
80'°“MHCIIM®") from naive 12-week-old WT and Cybb*° mice.
Although the 2 subtypes of RPMs were shown to be clearly differ-
ent from each other by principal component analysis, WT and
Cybb"® macrophages were similar, and within each RPM sub-
group, expression of hallmark gene sets was similar between WT
and Cybb"® (supplemental Figure 5C-D). These results show that
the impact of NOX2 deletion on the remodeling of the resident
macrophage transcriptome at homeostasis is influenced by the
tissue niche.

Chromatin profiles reveal epigenetic changes in
CD11b"¢" AMs in Cybb*® mice

Epigenetic modifications of the enhancer landscape and their
plasticity play an important role in regulating macrophage gene
expression.’™?? To interrogate differences in the epigenome of
WT and CGD AMs, we performed ATAC-seq. A multidimen-
sional scaling plot showed distinct differences among groups by
genotype and age (Figure 4A). AMs from 4-week-old WT and
Cybb*® mice and 12-week-old WT mice had similar ATAC-seq
profiles, but AMs from 12-week-old CybbKo mice were distinct,
particularly the CD11bMeh subpopulation (Figure 4A). CD1 1phigh
AMs had a higher number of ATAC-seq peaks compared with
CD11b"*"AMs from 12-week-old mice of either genotype, as did
AMs from 12-week-old Cybb“® mice compared with those from

Figure 4. NOX2-deleted AMs acquire epigenetic alterations. (A) An MDS plot of AM ATAC-seq peak signals in 2 different dimensions showing differences among
the indicated groups of mice (n = 3 independent samples in each group). (B) Histogram comparing aggregate ATAC-seq peak heights around TSSs (=500 kb) in vari-
ous groups for the genes with significant differences between Cybb“® CD11b"9" AMs and WT CD11b'°" AMs from 12-week-old mice. (C) Venn diagram showing the
overlay of genes with significant alterations in both RNA-seq and ATAC-seq (TSS, £500 kb) among various groups. (D) Representative WUSTL epigenome browser
tracks displaying normalized ATAC-seq peak signal distribution in selected genes from AMs sampled from the indicated groups of 4- and 12-week-old WT and Cybb"®
mice along with CHIP-seq data for H3K4Me1 and H3K27ac marks from Lavin et al.’® Boxes indicate ATAC-seq peaks that are significantly different in 12-week-old
Cybb*® samples compared with 12-week-old WT samples. (E) Hallmark gene set analysis for genes with altered ATAC-seq peak signals between Cybb® CD11b"9
and WT CD11b'°" as well as Cybb*® CD11b"%" and Cybb ® CD11b™"AMs. (F) HOMER de novo motif enrichment analysis for transcription factor binding sites in open
chromatin +500 kb from the TSS, as identified in ATAC-seq, as analyzed in AMs sampled from 12-week-old mice (n = 3 independent samples in each group). The
percentage of motif occurrence in peaks vs background is also shown. CHIP, chromatin immunoprecipitation; HOMER, hypergeometric optimization of motif

enrichment; MDS, multidimensional scaling; TSS, transcription start site.
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younger Cybb*® mice (supplemental Figure 5E). Analysis of
aggregate peak heights showed increased chromatin accessibil-
ity in Cybb“® AMs compared with WT, with CD11bM" AMs
from 12-week-old Cybb® mice having the greatest difference
(Figure 4B). These results indicate that the AM epigenome in
NOX2-deficient mice changes between 4 and 12 weeks after
birth and acquires a more open chromatin state compared with
WT AMs.

We next explored possible implications of increased chromatin
accessibility in Cybb® AMs for gene expression. Many of the
genes with increased RNA expression in Cybb“© CD11b"" AMs
showed increased accessibility (Figure 4C-D), which could con-
tribute to their increased transcription. We also investigated the
association of differential ATAC-seq signals with GSEA, focusing
on gene sets with significant differences (Figure 3C). Six of 8 of
these sets showed significant difference in chromatin accessibility
in Cybb® CD11b"" AMs compared with either WT AMs or
Cybb*® CD11b°" AMs from 12-week-old mice (Figure 4E).
HOMER (hypergeometric optimization of motif enrichment) analy-
sis showed that the transcription factor motifs most significantly
enriched in open chromatin regions in CD11b"9" AMs included
those capable of binding to members of the basic helix-loop-helix
leucine family (ATF, BATF, USF2, and MITF) or to transcription fac-
tors that play prominent roles in myeloid lineage determination
and are enriched in macrophage enhancer regions (Pu.1, CEBP,
and RUNX; Figure 4F).2"?242 NFKB/REL and Stat binding sites
were also enriched in Cybb°CD11b"" AMs. The increased
accessibility of myeloid lineage enhancers and of the other motifs
are consistent with the upregulated proinflammatory gene expres-
sion in NOX2-deleted CD11b"9" AMs.

Development of lung inflammation in Cybb*®
mice does not require host microbiota or the
type | IFN receptor

As ongoing exposure to either environmental or host-associated
microbes could contribute to the development of alveolar
inflammation, we examined the impact of raising Cybb© mice
under germ-free conditions. Although there was a small but sig-
nificant decrease in BAL neutrophils, CD11b"" AMs were not
reduced compared with Cybb*° mice maintained in specific-
pathogen—free housing (supplemental Figure 6A). Germ-free
Cybb*° mice also had eosinophilic AM and YM1 crystals within
alveoli (supplemental Figure 6B). Although mice could still be
exposed to sterile microbe-derived substances, such as in food
or bedding, the presence of host microbiota or microbes in the
environment are not necessary for NOX2-deleted animals to
develop altered alveolar homeostasis.

Enhanced leukocyte expression of type | IFN response genes
can be induced by viral or bacterial molecular patterns, as well
as other inflammatory stimuli. Increased IFN response genes are
reported in humans who lack functional NOX2 and in CGD
mice, even in germ-free conditions, which may reflect exposure

to nonpathogenic viruses or to sterile proinflammatory mole-
cules.*® Our results showed a significant upregulation in IFN-a
response genes in NOX2-deleted CD11b"" AMs (Figure
3C,E,H) and higher BAL levels of IFN-o (supplemental Figure
2A). To test whether type | IFN drives lung inflammation in
NOX2-deleted mice, we studied lfnarf/*CybbKO (DKO)
mice.?’ Lungs of DKO mice displayed inflammatory changes,
including increased BAL neutrophils and YM1 crystals (Figure
5A-B). Transcripts for Chil3 (YM1) and proinflammatory cytokines
IL-18, CCL2, and CCL3 were significantly increased in BAL mac-
rophages from both Cybb® and DKO mice compared with lit-
termates that retained a WT Cybb allele (Figure 5C). Thus,
IFNAR1 signaling is not necessary for Cybb“® mice to develop
spontaneous lung inflammation.

NOX2~ AMs, but not RPMs, have increased
responses to TLR agonists

We reasoned that the proinflammatory changes in AMs lacking
NOX2 may be associated with a cell-intrinsic hyperreactivity to
inhaled materials in the environment or debris that AMs continu-
ously manage during homeostasis. To approach this question,
we used agonists of Toll-like receptor-2 (TLR2) and TLR4, which
can detect DAMPS and exogenous substances in addition to
bacterial and fungal cell walls.***¢ We stimulated AMs isolated
from Ncf2C and WT mice of different ages with either
Pam3CSK4 or LPS and analyzed gene expression. In AMs har-
vested from 4-week-old mice, LPS induced significantly higher
I11b, Ccl3, and Ccl4 expression in Ncf2© AMs compared with
Nef2" (Figure 6A). Hence, AM reactivity was elevated at a young
age, when basal transcriptional and ATAC-seq profiles are similar
to WT mice. Ncf2© AMs from 12-week-old mice additionally
showed significantly increased responses to Pam3CSK4 com-
pared with WT AMs, as well as to LPS (Figure 6B). Notably, AMs
from 12-week-old Ncf2¥*M<" mice were also hyperresponsive to
Pam3CSK4 or LPS (Figure 6C). Finally, to investigate whether
the macrophage tissue niche influenced this hyperresponsive
phenotype, we performed similar studies on RPMs from 12-
week-old WT and Cybb*® mice, but there were no differences
between genotypes after stimulation with either Pam3CSK4
or LPS (supplemental Figure 7). In aggregate, these results
show the importance of AM NOX2 activity for limiting their
reactivity, and that cell-extrinsic factors related to their tissue
niche are also important.

Increased lung inflammation after remote tissue
inflammation in NOX2-inactivated mice correlates
with proinflammatory remodeling of AMs

We next examined whether the age-dependent priming of AMs
lacking NOX2 that develops under basal conditions leads to
amplified responses to inflammatory insults. We first examined
lung inflammation induced by sterile fungal cell walls, which
elicit increased neutrophilic infiltration in adult CGD mice.?34748
At 18 h after lung instillation of zymosan, both 4- and 12-week-
old Cybb“® mice displayed a significantly greater number of

Figure 5. Type | IFN signaling is not necessary for NOX2-deleted mice to develop spontaneous lung inflammation and activated AMs. (A) BAL leukocyte count,
percentage of polymorphonuclear leukocytes (PMNSs), and total PMNs in 3 mL of BAL from WT, Cybb*®, Ifnar1“®, and Cybb*® Ifnar1® mice (n = 12 in each group).
(B) Hematoxylin-eosin-stained lung tissues showing the presence of eosinophilic macrophages (arrowhead) and extracellular crystals (arrow) in Cybb® and Cybb“ifnar1<®
mice. Scale bar, 200 um and the scale is same for all panels. Representative image from more than 4 samples in each group. (C) gRT-PCR analysis of gene expression in BAL
cells isolated from WT, Cybb®, Ifnar1“®, and Cybb ®ifnar1“® mice (n = 6 in each group). Bar graph data are expressed as the mean *+ standard error of the mean. Experi-
ments were repeated at least twice and the Student t test was performed for samples distributed between 2 groups. *P < .05; **P < .01; ***P < .001; ****P < .0001.
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Figure 6. AMs from mice with global or LysMCre-mediated deletion of NOX2 have increased responses to TLR stimulation. (A-B) AMs isolated from BAL of
N2 and Ncf2“© mice were stimulated with Pam3CSK4 or LPS, and gene expression was assayed by gqRT-PCR in 4-week-old (A) and 12-week-old (B) mice. (C) AMs
isolated from BAL of 12-week-old Ncf2"! and Ncf29*MC® mice were stimulated with Pam3CSK4 or LPS, and gene expression was assayed by qRT-PCR. Bar graph data
are expressed as the mean * standard error of the mean. Experiments were repeated at least twice. The Student t test was performed for samples distributed between
2 groups. *P < .05; **P < .01; ***P < .001; ****P < .0001.
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BAL neutrophils compared with WT mice (Figure 7A-B). Thus,
the hyperinflammatory response of NOX2-inactivated mice to
direct lung challenge with zymosan is age independent. We
next investigated responses of mice at different ages to indirect
lung injury induced by remote tissue inflammation (Figure 7D).
We modified a peritoneal zymosan-induced systemic inflamma-
tory response syndrome model,?73%49%9 ysing a ~:10-fold lower
dose of zymosan to avoid mortality. This dose elicited signifi-
cantly greater neutrophilic inflammation in the peritoneal cavity
of Cybb® compared with WT mice at both 4 and 12 wk of age
(supplemental Figure 8A-B). However, only 12-week-old CybbKo
mice had a significantly increased number of BAL neutrophils,
focal lung neutrophil infiltrates, and elevated BAL CXCL2 at 48
hours after induction of peritonitis, whereas neither 4-week-old
Cybb® nor WT mice developed evidence of lung inflammation
(Figure 7D-H).

We next investigated whether LysMCre-mediated deletion of
NOX2 activity resulted in altered responses to inflammatory
challenges. Twelve-week-old Ncf2¥MC mice had a significantly
increased number of BAL neutrophils after lung instillation of
zymosan compared with Ncf2" littermates, although the num-
ber of neutrophils was about twofold less than that in CGD mice
(Figure 7B-C). Zymosan-induced peritoneal inflammation was
similar in Ncf2"™ and Ncf2¥=<"® mice (supplemental Figure 8C-
D), indicating that deletion of NOX2 preferentially in macro-
phages does not enhance the peritoneal response to zymosan.
However, the peritoneal inflammation was still accompanied by
pulmonary inflammation in Ncf2¥*MS® mice at 48 h, with
increased BAL leukocytes and neutrophils compared with base-
line or to Ncf2¥® controls (Figure 7). Inflammatory changes in
the BAL were milder compared with CGD mice, which most
likely reflects the more modest inflammatory response to perito-
neal zymosan in Ncf2sV<" mice.

Collectively, these results show that the proinflammatory remod-
eling of lung AMs and dysregulated alveolar homeostasis in
mice with either global or macrophage NOX2 inactivation can
result in increased lung inflammation triggered by distant tissue
inflammation.

Discussion

Dysregulated inflammatory responses provoked by even nonin-
fectious stimuli is a hallmark of the inherited deficiency of
NOX2. In this study, we identified a pivotal anti-inflammatory
role of NOX2 in AMs in maintaining alveolar homeostasis. Utiliz-
ing genetic models, we showed that mice with NOX2-deleted

AMs spontaneously acquire changes in the transcriptome and
epigenome over the first few months of life. This remodeling is
skewed toward increased chromatin accessibility of motifs for
activating transcription factors and expression of genes associ-
ated with the inflammatory response, particularly in an activated
AM subset distinguished by increased CD11b expression. This is
accompanied by low-level inflammatory changes in the alveoli
at baseline, including increased proinflammatory cytokines and
YM1 and the presence of neutrophils. These changes are also
associated with increased inflammation evoked by distant tissue
inflammation. Remarkably, although NOX2 is also highly
expressed in neutrophils and monocytes, loss of NOX2 activity
restricted to AMs is sufficient to elicit similar findings.

Our data show that AM NOX2 attenuates inflammation during
homeostasis, which also sets a threshold for responses to
insults. Multiple contributing factors are most likely involved in
this NOX2-dependent remodeling process. Given their ana-
tomic location as airway sentinels, we speculate that the
changes in NOX2-inactivated mice are, at least in part, linked
to dysregulated AM activation triggered by ongoing exposure
to inhaled materials and clearance of debris that leads to
remodeling of the basal AM transcriptome and epigenome.
Although our studies using germ-free mice eliminated the
involvement of living microorganisms, NOX2 limited cell-
intrinsic AM activation to ligands for TLR2 and TLR4, which are
receptors that can detect sterile microbial ligands, DAMPs, and
exogenous substances.*** This hyperresponsiveness could, in
part, reflect impaired redox-mediated damping of NFkB tran-
scriptional activity reported for NOX2-deleted lung macro-
phages.® Amplified type | IFN-initiated signaling is proposed
to contribute to dysregulated inflammation in NOX2 defi-
ciency.®® However, our studies of IFNAR1-deleted CGD mice
indicate that the enhanced expression of IFN-a signature genes
in CD11bMe" AMs lacking NOX2 is a downstream consequence
rather than a driver of proinflammatory changes in the lung. In
addition, the altered resident macrophage phenotype in the
absence of NOX2 was tissue specific, as these changes were
seen in AMs but not in RPMs, which confirms and substantially
extends prior work.3"*® Underlying mechanisms for this tissue
specificity remain to be clarified, but may reflect epigenetic
and transcriptional features of AMs that enable them to other-
wise maintain a relatively tolerogenic state in their tissue niche.
Finally, epithelial cells in the airways and alveoli produce and
release hydrogen peroxide via the NADPH oxidases DUOXT
and DUOX2,32 but this process does not complement the loss
of NOX2. We speculate that because deficiency of intracellular
ROS is the likely culprit in deregulating AMs lacking NOX2,

Figure 7. Lung inflammation induced by zymosan challenge or remote tissue inflammation in mice with global or LysMCre-mediated deletion of NOX2. (A)
Schema for zymosan-induced lung inflammation in WT or Nef2" and Cybb*© (NOX2C) or Nef2¥*M< mice. (B) BAL leukocyte counts and total polymorphonuclear leukocytes
(PMNs), as identified by microscopy in 3 mL of BAL from WT and Cybb® mice of different ages after intranasal administration of zymosan (n = 4 mice in each group). (C)
BAL leukocyte counts and total PMNs as identified by microscopy in 3 mL of BAL from Ncf2”" and Nef2¥M<r¢ mice with different ages following intranasal administration of
zymosan (n = 5 mice in each group). (D) Schema for analysis of lung inflammation after intraperitoneal administration of zymosan in WT and Cybb“® mice. (E) BAL leukocytes,
and total PMNs in 3 mL of BAL from the indicated groups of WT and Cybb® mice of different ages after intraperitoneal zymosan (n = 4 mice in each group). (F) BAL CXCL2
levels in samples from the indicated groups after intraperitoneal zymosan (n = 4 mice in each group). (G) Hematoxylin-eosin staining of lung tissues from WT and Cybb'©
mice after intraperitoneal zymosan. Representative image from 1 of 4 samples in each group. Arrowheads, focal neutrophil infiltrates. Scale bar, 250 pm. (H) Representative
images of immunohistochemistry for MPO to identify lung PMNs after intraperitoneal zymosan. Arrows, MPO™ cells. Representative image from 4 samples of each group. Scale
bars, 250 pm. (I) Schema for analysis of lung inflammation after intraperitoneal zymosan in 12-week-old Ncf2"" and Nef2¥MC™ mice. (J) BAL leukocyte counts, percentage of
PMNs by microscopy, and total PMNs in 3 mL of BAL from naive (data also shown in Figure 2A) or zymosan-challenged Ncf2" and Ncf27*MC® mice. Bar graph data are
expressed as the mean *+ standard error of the mean. Experiments were repeated at least twice. The Student t test was performed to compare results between each
genotype for each age group in panel B. *P < .05; **P < .01. One-way analysis of variance was performed followed by Tukey’s post hoc analysis for data (E-F,J). *P < .05;
P < 01, P < .001; ****P < .0001.
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DUOX1/2-derived cell-extrinsic ROS are not effective because
of the limitations on the amounts and/or availability for regulat-
ing intracellular macrophage processes.

NOX2-deleted AMs underwent epigenetic changes in the
enhancer landscape, including increased accessibility of motifs
for myeloid lineage enhancers and other transcription factors
that increase responses of associated immune genes to stimula-
tion. These acquired changes in NOX2-deleted AMs could be
considered a type of learned or trained immunity, a facet of
innate immunity that has attracted much recent attention.?'3
Epigenetic and functional alterations in AMs have previously
been described after lung infection, either in residential AMs or
in recently emigrated monocyte-derived AMs, although the
underlying mechanisms that guide their reprograming remain
incompletely understood.'?34373457 These changes are associ-
ated with either increased immunoreactivity of AMs or suppres-
sive effects, depending on the inciting insult. In contrast, the
changes in the epigenome of NOX2-deleted AMs develop
under basal conditions in the first months of life.

This study provides new insights into the impact of NOX2 on
macrophage function and the pathologic consequences of its
absence for lung homeostasis and potentially other organs,
which has clinical relevance for patients with CGD. Inflammatory
lung disease is a poorly understood but serious complication
that develops in many adult patients with CGD and can lead to
reduced diffusion capacity and progressive hypoxia.>® Although
difficult to treat, according to anecdotal reports, the inflamma-
tory lung disease can be reversed by allogeneic hematopoietic
stem cell transplantation.® Its pathogenesis is poorly understood
but does not always appear to be a consequence of prior lung
infections. Computed tomography findings are variable and
include interstitial or micronodular infiltrates.>> Biopsy studies in
patients without intercurrent infections are very limited, but have
shown variable findings of neutrophil infiltrates, bronchiolitis, or
fibrosis.? It is unknown whether any features of the lung disease
that develops in NOX2-deleted mice overlap those in patients
with CGD. However, we hypothesize that loss of NOX leads to
hyperinflammatory resident AMs and an alveolar environment
that predisposes to lung inflammation in patients with CGD as a
consequence of direct or indirect events. This could affect out-
comes, even with lung pathogens not associated with increased
microbial virulence per se in CGD, such as viruses, Streptococ-
cus pneumonia, or mycoplasma, and it could induce secondary
lung inflammation with remote infections or injury. Whether the
use of IFN-y, which boosts phagocyte function and is currently
used to reduce the incidence of infections in CGD," or the use
of agents blocking IL-1 signaling could reduce inflammatory
lung disease in CGD may be of interest for future study.

In summary, our results identify a new role for NOX2 to modu-
late alveolar homeostasis by regulating sentinel AMs and sup-
pressing remodeling of their epigenome and transcriptome to a
more proinflammatory state. Both cell-intrinsic factors and their
anatomic niche contribute to the acquisition of these changes in
the absence of NOX2. This information may shed light on the
pathogenesis of chronic lung inflammation that can develop in
patients with CGD and may be helpful for the development of
treatments to promote protective lung immune responses in
general.
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