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NOX2: is the best defense
a good offense?

Wen Xuan Zhang and Paul Kubes | University of Calgary

In this issue of Blood, Dinauer et al used NADPH oxidase 2 (NOX2)-deficient
mice to study the underlying mechanisms of the noninfectious inflammatory
conditions that arise in patients with chronic granulomatous disease (CGD)."
They identified the development of a new population of alveolar macrophages
(AMs) with significant inflammatory properties.

After fetal liver monocytes populate each
of the organs during development, they
receive important instructions from the
local environment to develop into nonin-
flammatory, tolerant macrophages that
regulate homeostasis. For example, in
the liver, the monocyte reaches out and
touches hepatocytes, stellate cells, and
sinusoidal endothelium and, through key
molecules that activate specific transcrip-
tion factors, acquires its Kupffer cell iden-
tity.2 In the liver, these Kupffer cells
sustain their number through replication.
In other organs, such as the lung, the
AMs are slowly replaced by monocyte-
derived macrophages that are rapidly
trained to take on the identity of original
tissue-resident macrophages. Because
only 30% to 40% of alveoli contain AMs
at any one time, the cells migrate from
alveolus to alveolus, ensuring that there
is full coverage of all alveoli within the
lung so that debris and any inhaled
pathogens are removed.’ Despite the
fact that we breath in 10000 L of non-
sterilized air each day, AMs are so effi-
cient, that neutrophils are generally not
needed. The small increase in bacterial
burden is handled by the AMs through
protective mechanisms, such as phago-
cytosis and the release of reactive oxy-
gen species. Patients with CGD lack
NOX. They develop infections and have
increased inflammation, especially in the
lungs. Clearly, an efficient offense is the

best defense against inhaled foreign par-
ticles, and a perturbation in this well-
oiled immune machine, such as loss of
the oxidant-generating enzyme NOX2,
causes a shift away from homeostasis.
Dinauer and colleagues unveil what
appears to be an anti-inflammatory role
for the bacteria-killing enzyme NOX2 in
regulating sentinel AMs to ensure mea-
sured responses to disturbances, thereby
maintaining pulmonary homeostasis. In
NOX2 deficiency, neutrophil recruitment
was noted in the absence of infection (see
figure). Neutrophil recruitment into lungs
is almost always associated with excessive
inflammation that can damage bystander
tissues and cells. However, the healthy
AM is trained to remove even 1 million
bacteria instilled directly into mouse lungs
without a need for neutrophils. It is only
when an overwhelming infection occurs
that blood-bome immune cells are
recruited.* Because NOX2-deficient mice
have lost their capacity to maintain
homeostasis, neutrophils are inadvertently
recruited, even at steady state. NOX2-
deficient neutrophils may also contribute
to the increased inflammation. Indeed, the
global NOX2-knockout mice have greater
inflammation  than the macrophage-
selective NOX2-knockout mice, suggesting
that other cells, such as the neutrophils,
also contribute to the inflammation and
perhaps are even more inflammatory.

Dinauer et al have also uncovered a new
population of CD11bM" AMs within the
CGD-affected mouse lung. Whether it is
the loss of NADPH oxidase per se or the
increased  inflammation that derives this
population is unclear. It has been reported
that inflammation in the lung, triggered by
external infectious pathogens also drives
an increase in CD11b"" AMs that is tran-
scriptionally and epigenetically  distinct
from the resident CD11b"*" AMs.> Com-
parably, using RNA sequencing and ATAC
sequencing, Dinauer et al observed the
greatest expression of proinflammatory
genes in CD11b"9" AMs compared with
wild-type AMs, suggesting a contribution
of CD11b"" AMs to the lung proinflam-
matory landscape. They did not actively
examine the source of these cells;
both  monocyte-derived  and  tissue-
resident macrophages could be contribu-
tors to this population. It is nevertheless
intriguing  that NOX2-deficient macro-
phages increased CCL2 production 250-
fold in bronchoalveolar lavage fluid in
response to lipopolysaccharide, a chemo-
kine absolutely critical for monocyte mobi-
lization from the bone marrow and
recruitment into tissues.®” A monocyte-
derived, cell-specific effect has also been
shown in the peritoneum, where NOX2
absence delayed the maturation of
monocyte-derived  macrophages  after
zymosan instillation, resulting in a persis-
tent inflammatory phenotype.® Although
Dinauer et al noted no increased apopto-
sis or decreased replication in the resident
AMs, monocyte-derived macrophages
could simply be added to the AM pool.
Although they have been careful not to
overinterpret the origin of these CD11b"e"
AMs, a future monocyte lineage-tracing
experiment using Ms4a3-RFP mice would
clarify the extent of monocyte-derived
macrophages on a NOX background.”
It would unveil whether the resident mac-
rophages or monocyte-derived macro-
phages are being maladaptively trained in
the absence of NOX2.

Although there is always criticism levied
against inferring human phenotypes from
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A healthy and NOX2-deficient alveolus. A healthy alveolus populated with sentinel resident CD116™°" AMs that can capture cellular debris to maintain homeostasis (left). NOX2
deficiency results in (1) phagocytic CD11b'° AMs that can capture cellular debris but also release production of proinflammatory cytokines and chemokines, followed by the
emergence of (2) a CD11b"9" AM population, derived from either resident AMs or recruited monocytes, and by overall lung inflammation in mice and humans, characterized
by (3) an increase in proinflammatory cytokines and (4) recruitment and activation of neutrophils (right). IFN-a, interferon-a; IL-18, interleukin-18; TNF-a, tumor necrosis factor-a.

mouse experiments, in this case the
mouse largely corresponds to the human
clinical condition. There are some notable
differences; for example, whereas humans
with CGD develop opportunistic infections
such as Aspergillus fumigatus,’® mice
remain reasonably devoid of such infec-
tions. However, this is almost certainly not
a mouse model problem but an environ-
mental problem. Mice kept in pathogen-
free conditions are often devoid of many
phenotypes found in humans living in the
outside pathogen-laden world. Indeed, it
would be fascinating to examine the
CGD mouse in the wild to determine the
full extent of the inflammatory phenotype
in this deficiency. Although the germ-free
environment did not unveil any difference

in specific-pathogen—free mice, we pre-
dict that placing the mice in their natural
environment and exposing them to
mouse fungal, bacterial, and viral patho-
gens would further exacerbate the
phenotype seen in this study. Indeed,
exposing the NOX2-deficient mice
to zymosan and Toll-like receptor
ligands elicited more potent inflamma-
tory responses than in wild-type mice.
So, an ongoing challenge with patho-
gens and microbial products may further
replicate the human condition.

The vulnerability to opportunistic infec-
tions and an increased inclination toward
a proinflammatory landscape illustrates
an extremely dangerous lung profile in
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patients with CGD. Dinauer et al inform
us of the NOX2 absence-induced,
altered-AM phenotype and its associa-
tion with the spontaneous development
of noninfectious inflammation in the
lung. This study is a notable contribution
to our understanding of the CGD lung
and reminds us that the best immune
defense is a very effective offense.

Conflict-of-interest disclosure: The authors
declare no competing financial interests. B

REFERENCES
1. Bhattacharya S, Idol RA, Yang W, et al.
Macrophage NOX2 NADPH oxidase

maintains alveolar homeostasis in mice.
Blood. 2022;139(19):2855-2870.

%20z AeN 81 uo 1sanb Aq 4pd-oz61910220ZPIaPOOIa/.¥S968 /1L S8Z/6L/6€E L APd-8]ie/Poo|gAeu suonedlqndyse//:diy wouj papeojumoq



2. Bonnardel J, T"Jonck W, Gaublomme D,
et al. Stellate cells, hepatocytes, and
endothelial cells imprint the kupffer cell
identity on monocytes colonizing the liver
macrophage niche. Immunity. 2019;51(4):
638-654.€9.

3. Neupane AS, Willson M, Chojnacki AK, et al.
Patrolling alveolar macrophages conceal
bacteria from the immune system to maintain
homeostasis. Cell. 2020;183(1):110-125.e11.

4. Robb CT, Regan KH, Dorward DA, Rossi
AG. Key mechanisms governing resolution
of lung inflammation. Semin Immunopathol.
2016;38(4):425-448.

5. Aegerter H, Kulikauskaite J, Crotta S, et al.
Influenza-induced monocyte-derived alveo-
lar macrophages confer prolonged antibac-
terial protection. Nat Immunol. 2020;21(2):
145-157.

6. Tsou CL, Peters W, Si Y, et al. Critical roles
for CCR2 and MCP-3 in monocyte mobiliza-
tion from bone marrow and recruitment to
inflammatory sites. J Clin Invest. 2007;
117(4):902-909.

7. Lee YG, Jeong JJ, Nyenhuis S, et al.
Recruited alveolar macrophages, in

response to airway epithelial-derived mono-
cyte chemoattractant protein 1/CCI2,
regulate airway inflammation and remodel-
ing in allergic asthma. Am J Respir Cell Mol
Biol. 2015;52(6):772-784.

8. Gibbings S, Haist K, Nick H, et al.
Heightened turnover and failed maturation
of monocyte-derived macrophages in
murine chronic granulomatous disease.
Blood. 2022;138(11)1707-1721.

9. LiuZ, GuY, Chakarov S, et al. Fate mapping
via Ms4a3-expression history traces
monocyte-derived cells. Cell. 2019;178(6):
1509-1525.e19.

10. Morgenstern DE, Gifford MA, Li LL,
Doerschuk CM, Dinauer MC. Absence
of respiratory burst in X-linked chronic
granulomatous disease mice leads to abnor-
malities in both host defense and inflamma-
tory response to Aspergillus fumigatus.
J Exp Med. 1997;185(2):207-218.

DOI 10.1182/blood.2022016192
© 2022 by The American Society of Hematology

TRANSPLANTATION

Comment on Zaiken et al, page 2983

GVHD ... it is all about the
microenvironment!

Nelson J. Chao | Duke University

In this issue of Blood, Zaiken et al describe the impact on chronic
graft-versus-host disease (cGVHD) affecting the formation of germinal
centers (GCs) in secondary lymphoid organs (SLOs)." Using 2 different small
molecules targeting polycomb repressive complex 2 (PRC2) or bromodomain
and extraterminal (BET)-bromodomain inhibitor, they demonstrate both can
improve cGVHD in a murine model of bronchiolitis obliterans (BO) and one
also improved scleroderma in another model.

GVHD remains the major complication
following allogeneic hematopoietic cell
transplantation (HCT). We have come a
long way in understanding the pathobiol-
ogy of this process with novel
approaches and drugs that are effective
in prevention and therapy. Even with
these gains, there is still so much more
that is needed. This need is especially
pressing for cGVHD because we are
transplanting older patients with more
comorbidities. Improvements in early
treatment-related mortality have led to
more patients surviving and at risk for
developing cGVHD.

One major insight into the pathology of
cGVHD is the role of B cells. B-cell

tolerance and signaling are aberrant in
cGVHD.2 B cells contribute to cGVHD
pathology but are also required for the
formation of the lymphoid follicle. In a
healthy individual, GCs are structures in
the follicles where mature B cells are acti-
vated, proliferate, and mature and where
somatic hypermutation occurs in response
to an antigen. In addition, the follicle is a
critical tolerogenic site in SLOs.® These
SLOs are a tightly regulated site of T- and
B-cell tolerance induction via exquisite
control of a reticular network comprising
nonhematopoietic stromal cells, including
fibroblastic reticular cells (FRCs).*® FRCs
play a known pathological role in cGVHD
as they fail in their immune tolerogenic
role, and they promote aberrant B-cell

activation by providing notch ligand and
producing B-cell activating factor.®’ In
addition, there are data to suggest that
extrafollicular CD4 T- and B-cell interac-
tions are sufficient for inducing cGVHD.®

The authors had previously developed a
murine model of multiorgan cGVHD with
BO, which is dependent on the formation
of GCs. These observations suggest that
modulation or inhibition of the GC reac-
tion may be a new therapeutic target.
Thus, the investigators set out to test 2
pathways known to be required for GC
formation. The first target was enhancer of
zeste homolog 2 (EZH2), a histone-lysine
N-methyltransferase enzyme that partici-
pates in histone methylation and, ulti-
mately, transcriptional repression. EZH2 is
the functional enzymatic component
responsible for the methylation activity of
the PRC2, which is responsible for
health through the epigenetic mainte-
nance of genes responsible for regulating
development and differentiation. Spe-
cifically, PRC2 is a critical regulator in
GC formation. A small molecule called
JQ5 was used to target EZH2. The se-
cond target was directed to BET-
bromodomain enzymes, specifically BRD4.
These “readers” of the genome recognize
acetylated lysine residues and are respon-
sible in transducing the signal and translat-
ing it into various normal or abnormal
phenotypes. The investigators used ano-
ther molecule, JQ1, to target this area. In
vitro, JQ1 hinders T-cell interleukin-21
expression required for T-follicular helper
cell (TFH) function, and in vivo, JQ1
impaired GC B-cell formation via BCL6
repression.

These new data demonstrated that both
JQ1 and JQ5 improved pulmonary func-
tion, including improvement of lung his-
tology, and, as predicted, these drugs
impaired the GC reaction, which was
required for the cGVHD, pathological,
and clinical changes (see figure). They
also demonstrated that JQ5 was on
target by demonstrating reduced EZH2-
mediated methylation in donor T cells.
Using a second model of sclerodermatous
cGVHD, JQ5 also reduced the severity of
skin changes, but surprisingly JQ1 did
not. To determine the mechanistic targets
of these 2 drugs, the investigators per-
formed RNA-seq of GC B cells from
spleens of cGVHD mice with BO (through
all the difficulties during COVID-19). Each
drug led to different changes. Moving to
gene set enrichment analysis comparing
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