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Abstract

Inflammatory bowel disease (IBD) arises from the interplay of genetic susceptibility, microbial
dysbiosis, and dysregulated innate immunity, leading to chronic intestinal inflammation. Recent
advances in single-cell and spatial multi-omics technologies have redefined neutrophils as highly
heterogeneous and transcriptionally plastic cells rather than short-lived effectors. In the inflamed gut,
cytokine gradients, hypoxia, and microbial metabolites such as short-chain fatty acids dynamically
reprogram neutrophil states toward either protective or pathogenic phenotypes. Emerging evidence
identifies de novo induction of the NADPH oxidase enzyme DUOX2 in intestinal neutrophils as a
key driver of redox signaling, amplifying epithelial and immune activation through NF-kB and p38
MAPK pathways. This redox diversification enhances antimicrobial defense but also perpetuates
dysbiosis, barrier dysfunction, and NET-associated thrombo-inflammation. Experimental models
demonstrate that myeloid DUOX2 ablation mitigates colitis, supporting therapeutic strategies that
target this axis—such as JAK/STAT inhibition, CXCR2 blockade, p38/MK2 modulation, or butyrate-
based interventions— to recalibrate neutrophil function while preserving host protection. Integrating
single-cell atlases, redox proteomics, and functional imaging will be essential to translate neutrophil
plasticity into biomarker-guided, precision therapies for durable mucosal healing in IBD.

Keywords: neutrophil plasticity; DUOX2 expression; IBD pathogenesis; redox signaling; precision
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Graphical Abstract: Neutrophil plasticity and DUOX2 in IBD pathogenesis and therapy. Dysbiosis
and cytokine signaling (IFNv, IL-22, IFNa) activate epithelial DUOX2, releasing H,O, into the lumen.
This drives neutrophil reprogramming into DUOX2* subsets with enhanced ROS production,
creating an amplification loop that sustains epithelial injury. Elevated cytokine release (IL-1(3, TNFa,
IL-6) further reinforces the epithelial-neutrophil axis. Downstream outcomes include barrier leak and
permeability defects, fibrosis/immunofibrosis via NET—fibroblast interactions, and chronic intestinal
inflammation. Translational opportunities include therapeutics (butyrate, MK2 inhibitors, JAK
inhibitors, anti-IL-8 antibodies) and diagnostic biomarkers (IFN-responsive neutrophil signatures,

DUOX2 transcripts, stool calprotectin/MPO, NET proteins), converging on precision IBD care.

1. Introduction

Inflammatory bowel diseases (IBD), encompassing Crohn’s disease (CD) and ulcerative colitis
(UCQC), are chronic, relapsing inflammatory disorders of the gastrointestinal tract arising from the
complex interplay of host genetics, environmental exposures, immune dysregulation, and alterations
in the intestinal microbiota [1]. CD can affect any part of the gastrointestinal tract and is characterized
by transmural inflammation, granuloma formation, and fibrotic complications driven largely by
Th1/Th17 cytokines such as interferon-y (IFN-y), tumor necrosis factor-a (TNF-a), and interleukin-
17 (IL-17) [2]. In contrast, UC is confined to the colonic mucosa and involves continuous superficial
ulceration, crypt abscesses, and a Th2-skewed inflammatory profile dominated by cytokines
including IL-13 and IL-5 [3]. Genome-wide association studies have identified more than 230
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susceptibility loci, including NOD2, ATG16L1, IL23R, and NCF4, many of which converge on
microbial recognition, autophagy, and neutrophil function [4,5]. However, genetic predisposition
alone cannot explain the rapid rise in global incidence, underscoring the critical contribution of
environmental triggers and dysbiosis—marked by reduced microbial diversity, expansion of
pathobionts such as adherent-invasive Escherichia coli (AIEC), and diminished butyrate-producing
bacteria—which collectively compromise epithelial barrier integrity and amplify aberrant immune
activation [6].

Innate immune cells form the first line of defense against microbial invasion, and among them
neutrophils are rapidly recruited to inflamed mucosa in IBD [7]. Historically regarded as short-lived,
terminally differentiated effectors, neutrophils were long considered simple executors of host defense
through phagocytosis, degranulation, reactive oxygen species (ROS) production, and neutrophil
extracellular trap (NET) release [8]. In the context of IBD, their massive infiltration leads to hallmark
features such as cryptitis and crypt abscesses, while neutrophil granule proteins like calprotectin
serve as clinically useful biomarkers of disease activity [9,10]. Yet the functional role of neutrophils
has remained controversial due to their apparent duality: on one hand, they are indispensable for
containing microbial translocation and facilitating wound healing, while on the other, their excessive
or dysregulated activity exacerbates epithelial damage, drives oxidative stress, and perpetuates
chronic inflammation [11]. This paradox has fueled a shift in understanding toward the concept of
neutrophil plasticity. Advances in single-cell transcriptomics and spatial profiling have revealed that
neutrophils are not a homogenous population but exhibit remarkable transcriptional and functional
heterogeneity, reprogramming in response to local cytokines, microbial cues, and metabolic signals
to acquire context-dependent phenotypes that can be either pro-inflammatory or pro-resolving
[12,13].

A novel dimension of this plasticity is the induction of dual oxidase 2 (DUOX2) expression in
neutrophils recruited to the inflamed gut. DUOX2, a member of the NADPH oxidase family normally
restricted to intestinal epithelial cells, generates hydrogen peroxide (H.O:) at mucosal surfaces,
contributing to baseline antimicrobial defense and epithelial barrier regulation [14]. In IBD, epithelial
DUOX2 is markedly upregulated early in disease in response to dysbiosis, pattern recognition
receptor activation, and cytokines such as IFN-y and IL-22, whereas microbial metabolites like
butyrate suppress its expression [15,16]. While physiologic DUOX2 activity maintains mucosal
homeostasis, its overexpression drives oxidative stress, epithelial injury, and microbial imbalance
[17,18]. Intriguingly, recent evidence demonstrates that neutrophils themselves can undergo
transcriptional reprogramming to express DUOX2, thereby expanding their oxidative capacity
beyond canonical NOX2 activity [19,20]. This discovery highlights a previously unrecognized
neutrophil-epithelial crosstalk axis, wherein DUOX2 serves as both a sentinel of microbial imbalance
and a driver of tissue pathology.

This review integrates emerging concepts of neutrophil plasticity and the evolving role of
DUOX2 in IBD pathogenesis. We synthesize evidence from single-cell and mechanistic studies to
examine how microenvironmental signals orchestrate neutrophil heterogeneity, how de novo
DUOX2 expression reshapes neutrophil effector functions, and how this intersection contributes to
the amplification or resolution of intestinal inflammation. Finally, we discuss the therapeutic
implications of targeting the neutrophil-DUOX2 axis as a novel strategy to restore mucosal
homeostasis without compromising host defense. As illustrated in Figure 2, the interplay between
DUOX2 expression in epithelial cells and neutrophil recruitment contributes to the amplification of
oxidative stress, barrier dysfunction, and chronic inflammation in IBD.
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A. Epithelial DUOX2 induction by microbial and cytokine B. Barrier dysfunction and microbial imbalance

cues Comﬁnsals Proteobacteria
Commensals Pathobionts =

| #4 pbuoxzinduction 1
l Barrier leak

- | g
PEEE IRge bt " 1 {:"-; N r;lll A

4 Microbial metabolite: Oxidative stress ﬂ
\ DUOX2 induction #
(NFy 0 eesmemasas » +

w“ \ nan
il

Excessive DUOX2 activity damages barrier integrity and promotes

| dysbiosis
C. Neutrophil recruitment and DUOX2+subsets amplify D. Neutrophil recruitment and DUOX2+subsets amplify
inflammation inflammation
Epnhellum
x4 ANNA
@ NAARN ARAAAA N
e uh\m\m
.0. JUUUUU
_ A H20, — —
Classical neutrophil .

Q) RO, Rosbis Bzy.:sk'.ﬁ:?a?;&

IL-1a Butyrate |

& TNFa - ”

% IL-6 Therapeutic modulation
Epithelial —_— % 9_, @
chemokines = g hnd Biomarkers
=L~ ¥ T Bulyrate  MK2 inhibitor DU°X2;‘
Fibroblast neuioe! « Fecal calprotectin/MPO
Fibrosis/Immuno fibrosis { 5 * DUOX2 transcript levels
=\ AntiL8 ¢ IFN-responsive neutrophil

antibody IFNa priming signature

Figure 1. DUOX2 in IBD pathogenesis. Panel A: microbial and cytokine cues induce epithelial DUOX2. Panel B:
excessive DUOX2 drives barrier dysfunction and dysbiosis. Panel C: recruited neutrophils reprogram into
DUOX2+ subsets that amplify cytokine and fibrotic loops. Panel D: therapeutic interventions (butyrate,
MK2/JAK/IL-8 blockade) and biomarker strategies can modulate this axis.

2. Neutrophil plasticity in IBD and tissue contexts

2.1. Evidence for neutrophil heterogeneity and plasticity in IBD

The long-standing notion that neutrophils are short-lived, transcriptionally inert effectors has
been overturned by single-cell genomics demonstrating discrete, stimulus-tunable neutrophil states
in humans. In peripheral blood, reproducible transcriptomic clusters (Nh0-Nh3) span maturation
and activation continua, including interferon-responsive states that are invisible to classical surface
phenotyping [21]. Within the inflamed human colon, single-cell and spatial multi-omics reveal that
neutrophils diversify further into tissue-adapted subpopulations with distinct chemokine, interferon,
and redox programs; these subsets are differentially enriched across Crohn’s disease (CD) and
ulcerative colitis (UC) and participate in dense crosstalk with inflammatory fibroblasts and other
myeloid cells [13,22,23]. Collectively, these data establish neutrophil plasticity as a core feature of IBD
pathobiology rather than a peripheral epiphenomenon [13,22,23]. A summary of major neutrophil
subsets, their defining markers, tissue contexts, and functional roles in IBD is provided in Table 1.

Table 1. Selected neutrophil subsets and phenotypes in health and IBD.

N hil
e;::;z ¢ ! Key Markers / Traits Context / Location Functional Roles References
Resting . . . . .
circulating CD16"+, CD62L A+, CXCR2M+ Blood (homeostasis) Coscline antimicrobial defense; short-lived; enter -,
. tissues upon chemokine signaling.
neutrophils
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Enhanced chemotaxis and bactericidal activity;
CD177"+ . Inflamed intestinal support barrier defense; also release pro-
neutrophils CD177%hi, CD66b™, FeyRIIIb™ mucosa in IBD inflfmpmatory mediators; correlate witll:: IBD
severity.
Lower recruitment compared to CD177"+; may
Blood, IBD mucosa have less effector potency; role still under [27]
investigation.
Autoimmunity, cancer, Immunosuppressive (MDSC-like) or
severe inflammation, proinflammatory; can release ROS and NETs; [28,29]
IBD flares expansion reported in active IBD.
Heightened effector functions (ROS,
Inflamed tissue niches degranulation, NETSs); strong recruitment
(gut mucosa in IBD) cascades; IFN-priming can drive fibrotic
plasticity in Crohn’s.
De novo DUOX2 expression (with NOX2);  Inflamed intestine Expanded oxidative capacity; extracellular H,O,
upregulated chemokines (CXCL1/2), (murine colitis, human  production; amplify cytokine loops; sustain [31]
cytokines (IL-1, TNFa, IL-6) IBD) chronic mucosal inflammation and fibrosis.

[25,26]

CD1777- CD177"-; otherwise phenotypically similar
neutrophils to CD177"+

Low-density
neutrophils
(LDNs)

Low buoyant density; often immature;
heterogeneous; markers vary

Inflammation- Upregulated CXCR1/2, CD11b;
primed downregulated CXCR4; increased activation
neutrophils markers

[30]

DUOX2"+
neutrophils

2.2. Microenvironmental cues that drive tissue reprogramming

Tissue entry exposes neutrophils to an IBD-specific milieu —hypoxia, cytokines (e.g., IL-1 family,
type I/Il interferons), stromal mediators, and microbial metabolites—that together imprint niche-
directed phenotypes. Spatial-transcriptomic mapping of deep ulcer beds identifies an IL-1-high
stromal niche that programs neutrophils and fibroblasts into a self-amplifying inflammatory circuit
associated with therapy non-response [23]. Beyond IL-1, type I interferon can “pre-prime” circulating
CD neutrophils toward a fibrogenic effector program; mechanistically, IFN-a-conditioned
neutrophils generate NET-rich secretomes that activate intestinal fibroblasts, and JAK inhibition
interrupts this neutrophil-fibroblast axis in experimental systems [32]. Microbiota signals provide an
orthogonal layer of control: in patients with IBD, the short-chain fatty acid butyrate directly restrains
neutrophil inflammatory functions —suppressing cytokine/chemokine output, migration, ROS/MPO
release, and NET formation—via histone-deacetylase inhibition, and ameliorates neutrophil-
dominated colitis in vivo [33]. In parallel, homeostatic and inflammatory trafficking cues re-shape
neutrophil life-cycle dynamics; for example, CXCR4-CXCL12 signaling governs marrow retention
and the aging (CXCR4"hi) neutrophil phenotype, which is frequently observed in tissues and can
mark specialized, niche-adapted states [34].

2.3. Dichotomous effector programs: protection versus pathology

Neutrophils are indispensable for barrier defense when the epithelium is breached—
coordinating phagocytosis, oxidative burst, degranulation, and, when required, NET-mediated
trapping—to contain microbes and limit dissemination [13,22,23,33]. The same armamentarium
becomes pathogenic when chronically sustained or spatially dysregulated: intestinal NETs and
associated proteases/oxidants disrupt tight junctions, increase epithelial apoptosis and permeability,
and potentiate thrombo-inflammatory cascades; enzymatic dismantling or upstream inhibition of
NETosis alleviates intestinal injury in preclinical models, underscoring causal involvement [23,33,35].
Thus, in IBD, neutrophil plasticity resolves into two broad, context-contingent programs—host-
protective versus tissue-damaging—determined by local cytokine tone, stromal instruction,
microbial composition, and metabolic substrates [13,22,23,32,33,35]. The dual roles of key neutrophil
effector mechanisms in IBD are summarized in Table 2.

Table 2. Dual functions of neutrophil effector mechanisms in IBD.

Effector Mechanism Protective Role in IBD Pathogenic Role in IBD References

Excessive ROS disrupts epithelial tight
junctions, damages DNA/proteins, and
induces apoptosis of intestinal

Potent bactericidal activity that
limits microbial dissemination;
essential for early host defense.

Reactive Oxygen

Species (ROS) [36,37]

epithelial cells.
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Neutrophil Trap and neutralize pathogens  Dysregulated NETosis increases gut
P extracellularly, preventing permeability, induces IEC apoptosis,
Extracellular Traps N o [38,39]
(NETs) microbial spread; can support and destroys tight junctions,
wound repair and resolution. perpetuating inflammation.
O duction d d ithelial
Release of lytic enzymes clears Verproduiction degrades ephena
Proteases (MMPs, . . . L. adherens junctions, weakens barrier
invading microbes and assists in . . . [40,41]
elastase) . . . . integrity, and contributes to mucosal
matrix remodeling during repair. .
injury.
Release of chemokines ensures Excessive or chronic recruitment
Immune Cell rapid recruitment of immune cells,  drives uncontrolled inflammation, 30,42]
Recruitment enabling pathogen clearance and amplifies cytokine cascades, and ’
resolution. worsens epithelial damage.

2.4. Disease-relevant subsets in the gut niche (including DUOX2* and CD177+ states)

IBD tissues harbor neutrophil subsets with distinct molecular specializations. Recent multi-omic
work demonstrates de novo DUOX2 induction in intestinal neutrophils, expanding their oxidative
repertoire beyond NOX2 to epithelial-style H_20_2 generation; this DUOX2"+ program tracks with
inflamed niches and augments chemokine-rich microenvironments, providing a mechanistic route
by which neutrophil reprogramming can amplify chronic mucosal inflammation [13]. In contrast,
CD1777+ neutrophils represent a functionally activated, barrier-supportive state in IBD: they display
enhanced antimicrobial activity and produce IL-22, a cytokine linked to epithelial restitution, with
evidence for negative regulation of excessive inflammation and improved mucosal integrity in
experimental systems and patient cohorts [11,33]. Together with interferon-responsive and
CXCR4"hi tissue-adapted populations identified by single-cell atlases, these findings position
neutrophil subset biology —not mere abundance—as a determinant of clinical phenotype (e.g.,
fibrosis-prone CD, therapy-refractory UC) and a substrate for precision intervention [11,13,22,23,32].
Figure 3 illustrates the de novo expression of DUOX2 in neutrophils during IBD and highlights its
role in enhancing oxidative capacity and promoting chronic inflammation. The discovery of this
DUOX2* neutrophil subset provides crucial insights into the dual roles of neutrophils in both
inflammation resolution and tissue damage.

Additional subsets include: (i) low-density granulocytes (LDGs), a circulating pro-inflammatory
population enriched in active IBD, capable of spontaneous NET release and T-cell modulation [43] ;
and (ii) Siglec-9" neutrophils, recently described as immunoregulatory and enriched in resolving
mucosal niches, potentially restraining excessive inflammation [44]. These specialized states
underscore that neutrophil heterogeneity extends beyond DUOX2* and CD177+ phenotypes,
broadening the therapeutic landscape.
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Figure 3. De novo DUOX2 expression in neutrophils. Panel A: neutrophils recruited into inflamed intestine
reprogram to express DUOX2. Panel B: DUOX2+ neutrophils exhibit expanded oxidative and cytokine outputs.
Panel C: while protective during infection, DUOX2 neutrophils perpetuate chronic inflammation and fibrosis in
IBD. Panel D: therapeutic strategies (butyrate, MK2, JAK, IL-8 blockade) and biomarkers can selectively

modulate this axis.

3. DUOX2 in IBD Pathogenesis

3.1. Regulation of epithelial DUOX2 expression

Dual oxidase 2 (DUOX2) is a transmembrane NADPH oxidase located predominantly at the
apical membrane of intestinal epithelial cells, where it generates hydrogen peroxide (H>O,) as part of
mucosal host defense [14]. Under homeostatic conditions, DUOX2 contributes to redox-based
signaling and antimicrobial activity, preventing bacterial overgrowth at the mucosal interface. Germ-
free mice display markedly reduced intestinal DUOX2 expression, which becomes rapidly
upregulated upon colonization with commensal bacteria [15]. Specific pathobionts, such as
segmented filamentous bacteria, are potent inducers of epithelial DUOX2 via induction of IL-22 and
Th17 responses [45].

Cytokines are central regulators of DUOX2 transcription. IFN-y, a signature Thl cytokine
enriched in Crohn’s disease (CD), robustly upregulates DUOX2 in human intestinal organoids and
epithelial lines [46]. Similarly, IL-22 —a cytokine derived from group 3 innate lymphoid cells (ILC3s)
and Th17 cells—can synergistically augment DUOX2 induction, enhancing epithelial antimicrobial
capacity [45]. On the microbial side, epithelial Toll-like receptor (TLR) signaling provides a second
layer of control: TLR4 engagement by bacterial lipopolysaccharide induces DUOX2 activity and H,O,
release, which in turn modulates epithelial barrier signaling [37].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202511.0146.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 November 2025 d0i:10.20944/preprints202511.0146.v1

8 of 26

Negative regulators of DUOX2 include microbiota-derived metabolites, particularly short-chain
fatty acids (SCFAs) such as butyrate. Butyrate downregulates DUOX2 expression at both mRNA and
protein levels and attenuates H,O, generation, at least in part via histone deacetylase (HDAC)
inhibition [16,33]. Pharmacologic HDAC inhibitors mimic this effect, underscoring the epigenetic
sensitivity of DUOX2 transcriptional regulation. Collectively, DUOX2 expression is dynamically
tuned by cytokine networks, microbial ligands, and metabolites, positioning it as a central epithelial
sensor of microbial imbalance. Key regulators of DUOX2 expression and their pathophysiological
consequences are summarized in Table 3.

Table 3. Regulation of DUOX2 expression and H,O, production in gut cells.

Effect on DUOX2 / Pathophysiological

imulus / F T T Ref
Stimulus / Factor arget Cell Type H,0, Consequence eferences
Intestinal Strong upregulation of Drives epithelial oxidative burst;
IFN-y (Thl ki tes chronic infl ti 47,4
N-vy ( cytokine) epithelium DUOX2 and H,O, promotes c Fonlc inflammation [47,48]
in IBD.
IL-22 (Type 17 Intestinal Increases DUOX2 Enhances.eplthe.hal hOSt, defense;
. o . may aid barrier repair and [49,50]
cytokine) epithelium expression .. . .
antimicrobial protection.
. Couples bacterial sensing to ROS
Intestinal U lates DUOX2
TLR4 agonists (LPS) nestna preguiates output; implicated in colitis- [37,51]
epithelium and HO, . . .
associated tumorigenesis.
Adherent-invasive E. Intestinal Potently induces l?imspblilf)lseiss-Hzr(c));rfs:Z:ij:;g{g [52,53]
coli epithelium DUOX2 YSbIOSIS; Promok '
inflammation.
. L Marker of disrupted homeostasis;
e . Intestinal Broad activation of . ..
Dysbiotic microbiota o correlates with early preclinical [54,55]
epithelium DUOX2
IBD changes.
. . . Restores barrier integrity;
Short-chain fatty acids In'testl.nal Downregulates DUOX2  dampens inflammation by [56]
(butyrate) epithelium . 1
lowering epithelial H,O, output.
. o Potential therapeutic avenue to
HDAC inhibitors Intestinal * Mimic butyrate effect, =~ | hUOX2-mediated [57]
epithelium suppress DUOX2 Sy
oxidative stress.
Neutrophils gain extra oxidative
Inflammatory milieu Neutrophils (new  Induces de novo capacity; amplify cytokine [57,58]
(IL-8, TNF, IFNa) finding) DUOX2 expression  circuits and tissue inflammation ’

in IBD.

3.2. DUOX2 as a driver of dysbiosis and barrier dysfunction

Although DUOX2 contributes to epithelial defense, its dysregulated activation in IBD appears
pathogenic. Transcriptomic and proteomic profiling of IBD biopsies consistently demonstrate robust
DUOX2 upregulation, detectable even in non-inflamed regions or at early disease stages [59].
Elevated DUOX2 correlates with reduced microbial diversity, expansion of Proteobacteria (including
adherent-invasive Escherichia coli), and depletion of butyrate-producing Firmicutes [6]. This aligns
with data showing that DUOX2-derived H,O, alters the redox landscape of the intestinal lumen,
selectively disadvantaging obligate anaerobes while enabling the expansion of facultative pathogens
[60].

Mechanistically, chronic DUOX2 activation perturbs epithelial junctional complexes. Persistent
H,0O, generation damages tight junction proteins such as claudins and zonula occludens-1 (ZO-1),
resulting in increased permeability (“leaky gut”) and translocation of luminal bacteria (18) . DUOX2-
driven oxidative stress also compromises epithelial stem cell niches, impairing regenerative capacity
and sustaining low-grade inflammation (33). Preclinical studies reveal that DUOX2 hyperactivation
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predisposes mice to barrier breakdown and spontaneous colitis, whereas DUOX2 deficiency renders
epithelia more permissive to bacterial overgrowth but protects against inflammation-driven
dysbiosis [6,15].

Importantly, DUOX2 does not act in isolation but establishes feed-forward loops with
neutrophils and other innate effectors. Excess H,O, triggers epithelial release of chemokines such as
IL-8 (CXCLS8), which recruit neutrophils to the lamina propria [23]. These neutrophils, in turn, can
undergo transcriptional reprogramming to express DUOX2 themselves, amplifying local oxidative
stress and perpetuating mucosal injury [31]. Thus, DUOX2 overexpression becomes both a marker
and a driver of the self-sustaining inflammatory cycle characteristic of IBD.

3.3. Crosstalk between epithelial DUOX2 and immune-mediated pathology

A critical insight into IBD pathogenesis is the recognition of epithelial DUOX2 as a nodal point
connecting microbial dysbiosis, barrier dysfunction, and immune cell recruitment. Spatial
transcriptomic analyses of ulcerated IBD tissues show DUOX2 enrichment in epithelial zones
adjacent to neutrophil-rich infiltrates, suggesting local oxidative “hot spots” of neutrophil-epithelial
crosstalk [22]. In these niches, DUOX2-derived ROS activate NF-kB and p38 MAPK pathways, further
inducing epithelial production of TNF, IL-6, and IL-1p, which amplify neutrophil recruitment [37].

Recent work in Crohn’s strictures has implicated DUOX2-driven neutrophil activation in
immunofibrosis. IFN-a—primed neutrophils release extracellular traps (NETs) rich in oxidants and
proteases that activate intestinal fibroblasts into collagen-producing, pro-fibrotic phenotypes [61].
These fibroblasts, in turn, secrete IL-8, sustaining neutrophil influx and perpetuating the fibrotic loop.
DUOX2 induction in neutrophils enhances the oxidative burden within these fibro-inflammatory
circuits, linking epithelial redox imbalance to tissue remodeling and fibrosis.

In addition to fibrosis, DUOX2 contributes to carcinogenesis. In mouse models, chronic DUOX2
upregulation increases susceptibility to colitis-associated colorectal cancer by inducing DNA strand
breaks, mutagenesis, and epithelial senescence [62]. Human genomic data reveal DUOX2
polymorphisms and rare DUOXA2 mutations in very-early-onset IBD, underscoring its role as a
genetic and functional contributor to epithelial pathophysiology [63].

Therapeutically, targeting the DUOX2 axis offers multiple opportunities. Dietary
supplementation with butyrate or pharmacologic HDAC inhibitors restores barrier integrity and
reduces inflammation via DUOX2 suppression [16,33]. Inhibition of JAK/STAT signaling (e.g., with
baricitinib) indirectly dampens IFN-y/IL-22—-driven DUOX2 induction [61]. Small-molecule NADPH
oxidase inhibitors are being explored in preclinical colitis models as a means to selectively constrain
epithelial oxidative output while preserving basal antimicrobial activity [64].

Collectively, these findings position DUOX2 not merely as an antimicrobial enzyme but as a
pathogenic amplifier of intestinal inflammation when dysregulated. By linking microbial cues,
epithelial signaling, and immune effector recruitment, DUOX2 creates a vicious cycle that sustains
dysbiosis, barrier injury, and chronic inflammation. Deciphering and therapeutically modulating this
DUOX2-centered network represents a promising frontier for restoring mucosal homeostasis in IBD.

4. De novo DUOX2 expression in neutrophils

The canonical view of neutrophil redox biology has long centered on the phagocytic NADPH
oxidase complex NOX2, which mediates the respiratory burst and intracellular killing of engulfed
microbes. However, recent single-cell and bulk transcriptomic analyses have fundamentally
challenged this paradigm by demonstrating that neutrophils infiltrating the inflamed intestine can
undergo transcriptional reprogramming to express dual oxidase 2 (DUOX2), a NADPH oxidase
previously thought to be restricted to epithelial cells [31]. In murine models of dextran sulfate sodium
(DSS)-induced colitis, Citrobacter rodentium infection, and in neutrophils isolated from patients with
idiopathic inflammatory bowel disease (IBD) or chronic granulomatous disease (CGD), DUOX2
transcripts and protein are robustly induced in subsets of infiltrating neutrophils [31]. These
DUOX2"+ neutrophils co-express the maturation factors DUOXA1/2, enabling functional assembly
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of the DUOX2 complex at the plasma membrane. Functionally, this confers the capacity to generate
extracellular hydrogen peroxide (H,O,) in addition to the classical phagosomal ROS burst mediated
by NOX2 [65,66].

4.1. Functional consequences of neutrophil DUOX2

The emergence of DUOX2"+ neutrophils significantly alters the inflammatory
microenvironment. Compared to DUOX2-negative counterparts, DUOX2"+ neutrophils secrete
higher levels of chemokines (CXCL1, CXCL2, CXCL8) and cytokines (IL-13, TNF-«, IL-6),
establishing a pro-inflammatory circuit that recruits additional neutrophils and monocytes [31,60,67].
Spatial transcriptomics reveals co-localization of DUOX2"+ neutrophils with epithelial DUOX2
expression, creating oxidative “hot spots” in the mucosa where extracellular H,O, modifies redox
signaling, enhances epithelial stress responses, and amplifies NF-kB activation [22].

Genetic dissection underscores the dichotomous impact of this pathway. Mice engineered with
conditional myeloid-specific deletion of DUOX2 exhibit attenuated colitis severity, reduced mucosal
neutrophil infiltration, and decreased cytokine burden in DSS colitis models [31]. Conversely, during
enteric infection, DUOX2-deficient neutrophils are impaired in bacterial clearance, with delayed
pathogen elimination and higher microbial loads [31,68]. These findings highlight the dual role of
neutrophil DUOX2: beneficial in acute host defense but deleterious in the context of chronic
inflammation.

4.2. Mechanistic insights: redox diversification

Mechanistically, DUOX2 expression diversifies the neutrophil redox arsenal beyond the NOX2-
driven oxidative burst. Unlike phagosomal ROS, DUOX2-derived H,O, is predominantly
extracellular, enabling paracrine modification of surrounding epithelial and stromal cells [37]. This
extracellular H,O, promotes neutrophil adhesion by oxidizing integrin thiols, enhances NETosis, and
alters epithelial redox tone. In fibro-inflammatory niches, DUOX2 activity supports immunofibrosis
by amplifying neutrophil-fibroblast cross-talk, a process dependent on oxidant-driven NET release
[32].

DUOX2 also modulates neutrophil metabolism. Single-cell metabolic profiling suggests that
DUOX2 induction correlates with increased glycolytic flux and elevated mitochondrial ROS, pointing
to a feed-forward redox circuit that stabilizes hypoxia-inducible factor-la (HIF-1at) and sustains
inflammatory transcriptional programs [69,70]. The evolutionary implication is that DUOX2 provides
neutrophils with a flexible oxidative strategy, enabling both antimicrobial activity and niche-adapted
inflammatory persistence.

4.3. Therapeutic implications

The discovery of DUOX2”+ neutrophils reframes therapeutic strategies in IBD. Global inhibition
of ROS is neither feasible nor desirable, given the indispensable role of NOX2 in host defense.
However, selective DUOX2 targeting represents a promising approach to attenuate chronic intestinal
inflammation without compromising antimicrobial function. Preclinical data show that small-
molecule NADPH oxidase inhibitors can preferentially constrain DUOX2-mediated H,O, output,
dampen chemokine circuits, and reduce mucosal injury [37,64].

At the translational level, DUOX2"+ neutrophils may serve as biomarkers of disease activity.
Their presence in mucosal biopsies correlates with treatment-refractory inflammation, and ongoing
efforts are directed at validating DUOX2 transcript and protein expression in large patient cohorts
[31,71,72]. Combining DUOX2 inhibition with microbiota-directed therapies (e.g., SCFA
supplementation) could synergistically restore mucosal redox balance and barrier function.

In sum, the recognition of DUOX2 as an inducible neutrophil oxidase represents a paradigm
shift in our understanding of innate immunity in IBD. By extending neutrophil oxidative capacity
beyond NOX2, DUOX2 reprograms neutrophils into context-specific inflammatory effectors that
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both defend against pathogens and propagate chronic inflammation. Targeting this axis offers new
opportunities for therapeutic intervention in IBD. Current and emerging therapeutic strategies that
target neutrophil-DUOX2 signaling in IBD are summarized in Table 4.

Table 4. Therapeutic strategies targeting the neutrophil-DUOX2 pathway in IBD.

Strategy / Target Mechanism of Action Expected Effect on IBD References

Reduces neutrophil H,O, and cytokine

Genetic silencing (e.g.,
g8 output; suppresses mucosal

Neutrophil DUOX2 conditional knockout) or . L e
o R inflammation; improves colitis in [31,73]
inhibition small-molecule inhibition of . .
models. A Risk: impaired pathogen
DUOX2
defense.
Downregulates epithelial and
Butyrate / SCFA Microbial metabolite; inhibits neutrophil DUOX2; reduces cytokine [74-76]
supplementation histone deacetylases (HDACS) release and NETosis; enhances barrier
integrity.
P t IFNa-dri trophil-
e Block IFN-a/y and other revent Na dn?/en neutropiu
JAK inhibitors (e.g., . . . . fibroblast immunofibrosis; reduce IL-
e e cytokine signaling via JAK- . . . [77,78]
baricitinib, tofacitinib) 8—mediated recruitment; established
STAT pathway . .
anti-inflammatory effect in IBD.
. . . Reduces neutrophil migration into gut
CXCR1/2 antagonists (e.g., Block neutrophil chemokine .
o, mucosa; may lower neutrophil burden [79,80]
reparixin) receptors for IL-8/CXCL1/2 ) .
and tissue injury.
Inhibit MAPK-activat
roltzlin Kinase zc(ll\;[/;;d Decreases neutrophil-derived ROS and
MK?2 (p38 MAPK) inhibitors P ! cytokine output; protects against DSS [81,82]

required for NADPH oxidase . .. .
assembly/ROS colitis in preclinical studies.
Prevent LPS-induced DUOX2
overactivation; reduces epithelial [83-85]
oxidative stress and inflammation.

Reduce dysbiosis-driven DUOX2

TLR4 antagonists (e.g.,  Block LPS binding to TLR4 on
eritoran) epithelial cells

L. . . Restore commensals and . .
Probiotics / Fecal microbiota activation; increase butyrate

SCFA-prod 8. 86
transplantation (FMT) Pr,o ucers (e.g production; rebalance immune- [86]
Clostridium clusters) . .
microbiota crosstalk.
Neutralize excessive H,O, from
Antioxidants (e.g., N- Scavenge reactive oxygen =~ DUOX2/NOX; may reduce epithelial [15,73,87]
acetylcysteine, vitamins C/E) species (ROS) oxidative injury, but efficacy is n
inconsistent.

5. Targeting neutrophils in IBD: therapeutic and diagnostic frontiers

5.1. Why current therapies leave a neutrophil-shaped gap

Biologic agents that modulate adaptive immunity (anti-TNF, anti-IL-12/23) or prevent
lymphocyte trafficking (anti-a4p7) have transformed IBD care, yet primary non-response and
secondary loss of response remain common. Single-cell and spatial analyses of inflamed colon
identify deep-ulcer “pathotypes” dominated by IL-1-driven stromal-neutrophil circuits that persist
despite standard therapies and correlate with treatment refractoriness [23]. In these niches, activated
fibroblasts and endothelial cells produce IL-1 family cytokines and neutrophil chemokines (e.g.,
CXCL1/2/8), which recruit and retain neutrophils; in turn, neutrophil proteases, ROS and NETs
amplify stromal activation and epithelial stress, creating a self-sustaining loop [23]. Parallel epithelial
programs (including DUOX2 upregulation) further fuel neutrophil recruitment and redox stress at
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the mucosal surface [6,15,37]. Collectively, these mechanistic data rationalize a precision shift toward
neutrophil-centric interventions—attenuating pathogenic neutrophil programs, dismantling
stromal-neutrophil crosstalk, and restoring epithelial redox—barrier homeostasis—while preserving
host defense.

5.2. Drugging neutrophil pathways: from tractable targets to rational combinations

DUOX2 / epithelial-neutrophil redox axis: Epithelial DUOX2 is inducible by dysbiosis, TLR
signaling, IFN-y and IL-22; its overexpression perturbs the luminal redox milieu, weakens tight
junctions, and selects for Proteobacteria expansion [6,15,37,45,61]. Although selective DUOX2
inhibitors are not yet available clinically, two feasible routes exist: (i) upstream transcriptional control
via cytokine blockade (e.g., JAK inhibition to blunt IFN-driven DUOX2 induction) and epigenetic
repression (butyrate/HDAC inhibition) [88,89]; and (ii) downstream oxidase modulation using
NADPH oxidase—directed small molecules (noting current agents favor NOX1/4 selectivity and off-
target profiles) [64]. Given the emerging evidence that neutrophils can acquire DUOX2 in the IBD
niche (and co-localize with DUOX2-high epithelium), strategies that restrain epithelial induction plus
neutrophil reprogramming could break redox-chemokine amplification loops [21,70,88].

Chemotaxis and recruitment (IL-8/CXCR2). CXCR2 signaling governs neutrophil trafficking
into inflamed mucosa. Genetic and pharmacologic blockade of CXCR2 reduces experimental colitis
severity and dampens neutrophil infiltration [90,91]. Human data implicate heightened IL-8/CXCR2
signaling in UC mucosa and peripheral myeloid populations [90].

Translational path: gut-restricted or topically delivered CXCR2 antagonists (to minimize
systemic infection risk), potentially in short induction pulses paired with mucosal healing regimens.
As fibroblast-derived IL-8 sustains immunofibrosis in CD, CXCR2 antagonism could synergize with
anti-fibrotic strategies (see IFN axis below) [32,92].

Type I/Il interferon and JAK-STAT signaling: IFN-y drives epithelial DUOX2; IFN-a primes
neutrophils toward pro-fibroticc, NET-competent states that activate intestinal fibroblasts
[15,68,88,93]. JAK inhibition (e.g., tofacitinib in UC; upadacitinib in CD) achieves clinical and
endoscopic efficacy by intercepting multiple cytokine nodes, plausibly including interferon-
dependent priming of neutrophils and stromal compartments [77,78,94]. Precision escalation—early
JAK inhibition in patients with interferon-high, neutrophil-enriched pathotypes—merits formal
testing [95,96].

Neutrophil ROS generation (MK2/p38 axis) and effector enzymes: MK2 is required for
neutrophil NADPH-oxidase activation; myeloid MK2 deletion reduces ROS, MPO, cytokines and
histologic injury in DSS colitis [82]. This positions MK2 or upstream p38 as tractable anti-injury nodes.
Downstream, myeloperoxidase (MPO) inhibitors (e.g., AZD3241) ameliorate DSS colitis and reduce
oxidative tissue damage in preclinical models [97]. Given MPO’s central role in NET formation and
chlorinating oxidants, MPO inhibition may couple anti-NET and anti-oxidant benefits.

NETosis and PAD4. NETs disrupt epithelial barriers and propagate thrombo-inflammation. In
colitis models, pharmacologic PAD4 inhibition reduces mucosal NET burden; while a 2025 study
showed NET reduction without full biomarker normalization, the consistent histologic and barrier
improvements across NET-targeting studies support PAD4 (and NET dismantling approaches) as
adjunct targets —best deployed in combination rather than monotherapy [98,98].

Trafficking checkpoints (integrins/addressins) with myeloid focus: While vedolizumab
primarily limits a437”+ lymphocyte homing, anti-trafficking paradigms are expanding to innate
compartments. Endothelial MAdCAM-1/PNAd remodeling accompanies UC activity and could be
harnessed to reduce myeloid ingress or to deliver drugs selectively to inflamed venules [99-101]. This
suggests ligand-guided biologics or nanoparticles that exploit gut addressins for myeloid-biased
delivery, minimizing systemic exposure.

Because neutrophil pathogenicity is emergent from networked cues (interferons — epithelial
DUOX2 — IL-8 — neutrophil influx — NET/ROS — fibroblast activation), two- to three-node
combinations may be required. Examples include: JAK inhibition + CXCR2 antagonism (cut
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interferon priming and recruitment); butyrate/HDAC modulation + MPO inhibition (restore
epithelial redox tone and blunt neutrophil oxidants); or NETosis blockade + anti-IL-1 strategies in the
IL-1 stromal pathotype [3,82,95-98,102-106]. Figure 4 provides an overview of the various
therapeutic strategies targeting neutrophil pathways in IBD, including JAK inhibition, CXCR2
antagonism, and microbiota modulation. These strategies aim to modulate neutrophil function and
restore immune homeostasis without compromising host defense.

A. Limitations of current therapies B. Pathway-specific interventions
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Figure 3. Therapeutic and diagnostic targeting of neutrophils in IBD. Panel A: limitations of current therapies
that fail to resolve neutrophil-driven inflammation. Panel B: pathway-specific interventions targeting DUOX2,
MK?2, IFNa, and IL-8. Panel C: emerging neutrophil biomarkers enabling personalized patient stratification.
Panel D: integrated innovations —including microbiome modulation, systems biology modeling, redox imaging,

and omics-based diagnostics—chart a roadmap toward precision IBD care.

5.3. Diagnostics and monitoring: beyond calprotectin toward functional neutrophil readouts

Established stool markers: Fecal calprotectin (5100A8/A9) remains a non-invasive mainstay for
activity assessment and treat-to-target monitoring; SI00A12 and lactoferrin provide complementary
inflammatory readouts and help predict relapse and postoperative recurrence [10,107,108]. However,
these bulk neutrophil load proxies do not resolve qualitative neutrophil states (e.g., interferon-
primed, DUOX2"+, NET-active).

Molecular signatures of neutrophil states: Single-cell atlases and spatial maps supply gene
signatures for tissue-adapted neutrophils and IL-1 stromal niches [67,95]. Translationally, blood-
based interferon-response signatures in neutrophils could stratify CD patients at risk for
immunofibrosis and identify likely JAK-responsive phenotypes [78,93,94]. Likewise, tissue
DUOX2"high signatures (epithelium + neutrophils) might enrich for patients who benefit from redox-
modulating regimens [22,88].
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NET-related biomarkers: Circulating and fecal MPO-DNA complexes, citrullinated histone H3,
and cell-free DNA quantify NET activity and associate with disease activity; NETs also impair barrier
function through cGAS-STING activation, providing a mechanistic link to permeability that can be
tracked with biomarker panels [98,109]. Incorporating NET assays into monitoring could flag patients
likely to respond to PAD4/MPO-targeted adjuncts.

Functional imaging of innate inflammation: PET tracers targeting innate cytokines and
myeloid markers (e.g., *89Zr-anti-IL-1(3, ~89Zr-anti-CD11b) detect colonic inflammation with higher
sensitivity than MRI in preclinical models and offer lesion-wise quantification of innate activity
[110,111]. More broadly, dedicated IBD PET reviews highlight a maturing pipeline (e.g., tracers for
MPO activity, IL-13, VCAM-1) that could complement endoscopy, especially where deep-ulcer
myeloid niches drive pathology [112,113]. The near-term translational concept is “innate PET
phenotyping” to select patients for neutrophil-targeted therapies and to monitor on-target
suppression non-invasively.

Stratified treat-to-target frameworks: Contemporary treat-to-target emphasizes biomarker-
guided escalation; embedding neutrophil state metrics (interferon signature, NET biomarkers)
alongside calprotectin may refine early decision points and reduce therapeutic drift in non-
responders [107]. A practical algorithm is: (i) screen with calprotectin/CRP; (ii) if active disease,
phenotype blood/tissue for interferon-neutrophil and DUOX2-redox signatures; (iii) assign add-on
targeting (e.g., JAK, CXCR2, NET/MPO, redox modulators) accordingly; (iv) monitor with signature-
matched biomarkers and innate-focused PET in complex cases [15,33,78,82,94,95,110-112].

5.4. Translational roadmap

Targeted delivery to the myeloid niche: To balance efficacy and safety, gut-selective delivery is
paramount. Two concrete modalities: (i) a4pf7/MAdCAM-directed vehicles (antibody fragments,
peptides) that ferry small-molecule MPO or MK2 inhibitors to inflamed venules and lamina propria
[99-101,114]; and (ii) pH-triggered oral formulations that release butyrate pro-drugs or HDAC
inhibitors at the distal ileum/colon to downregulate epithelial/neutrophil DUOX2 without systemic
exposure [64,103].

Network-aware combinations and adaptive dosing: Systems reasoning favors short, induction-
phase use of recruitment or NET blockers (CXCR2, PAD4) to blunt the peak influx/NETosis, followed
by maintenance with epithelial redox restoration (butyrate/HDAC) and background cytokine control
(JAK), with biomarker-based tapering to minimize infection risk [78,82,93-95,97,98,103,104,115,116].

Prospective biomarker validation: Multi-center observational cohorts should pre-specify
neutrophil pathotypes (interferon-high, DUOX2-redox-high, NET-high) and embed matched
interventions to test response enrichment. Parallel development of standardized NET assays and
innate PET protocols will enable rigorous pharmacodynamic readouts and dose-finding [98,110-112].

Safety guardrails: Because neutrophils are essential for pathogen control, all neutrophil-directed
strategies should include infection surveillance, vaccine optimization, and stop rules keyed to
biomarker oversuppression (e.g., precipitous falls in NET markers during active infection). The aim
is re-balancing —not blanket suppression—of neutrophil functions integral to mucosal defense.

6. Future Directions and Research Gaps

The recognition that neutrophils are not merely terminally differentiated effectors but plastic,
transcriptionally adaptable cells has transformed our understanding of their role in inflammatory
bowel disease (IBD). The recent discovery that subsets of neutrophils can undergo de novo expression
of dual oxidase 2 (DUOX2), a hydrogen peroxide-generating NADPH oxidase previously thought to
be restricted to epithelia, has reframed the neutrophil as a redox-modifying cell capable of reshaping
the inflammatory tissue niche. This conceptual shift raises pressing questions about prevalence,
mechanisms, and clinical implications, which define a broad research agenda for the coming decade.
One immediate gap is the need for comprehensive human single-cell profiling. While murine models
and small patient cohorts have defined DUOX2+ neutrophils, the true distribution, frequency, and
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functional heterogeneity of these subsets across Crohn’s disease and ulcerative colitis remain
unknown. State-of-the-art multimodal single-cell pipelines now allow simultaneous capture of RNA,
protein, chromatin accessibility, and TCR/BCR clonotypes, and when coupled with high-plex spatial
transcriptomics and imaging, these can resolve neutrophil states in situ with their tissue and
microbial partners [22,117-120]. Importantly, the largest between-patient variability in inflamed
intestine appears to localize to myeloid and neutrophil compartments [22], underscoring the
translational importance of such mapping. To be clinically impactful, these efforts must extend
beyond cross-sectional atlases to longitudinal cohorts, quantifying whether the appearance of
DUOX2+ neutrophils predicts flare onset, therapeutic resistance, or fibrotic complications. Pre-flare
or pre-treatment samples that integrate single-cell maps with stool and plasma biomarkers may
enable predictive signatures for precision stratification (83,85-87).

At the mechanistic level, DUOX2 biology in neutrophils remains largely unexplored. Unlike the
classical NOX2 oxidase, which generates superoxide within phagosomes, DUOX2 localizes to the
plasma membrane and produces extracellular hydrogen peroxide, thereby altering the redox
microenvironment. Mapping the downstream signaling pathways engaged by this extracellular ROS
is critical to understanding its dualistic roles in antimicrobial defense and tissue injury. Redox
proteomics now enables site-resolved detection of cysteine sulfenylation across thousands of
proteins, revealing how localized peroxide flux rewires kinase cascades, cytoskeletal dynamics,
adhesion complexes, and transcription factor activity [121-125]. Applying these workflows to
DUOX2+ neutrophils from human IBD biopsies could uncover neutrophil-specific peroxide targets
distinct from epithelial ones, such as thiol switches on integrins that regulate chemotaxis, or
sulfenylation of inflammasome adaptors that amplify IL-1p release. Comparative redoxomics of
neutrophils versus epithelium may therefore delineate cell-type-specific networks and explain how
DUOX2-derived oxidants differentially influence epithelial barrier breakdown, stromal activation, or
microbial control [126,127]. These mechanistic insights should be coupled with computational
approaches: systems models that integrate cytokine networks, epithelial permeability, interferon
signaling, and ROS flux can reveal whether DUOX2 activity acts as a bistable switch, pushing
mucosal niches into chronic inflammatory attractor states once oxidative thresholds are exceeded
[128]. Such models could guide rational design of combination therapies, predicting which nodes
must be simultaneously perturbed to reset the system toward homeostasis.

Biomarker discovery represents a parallel frontier. Current non-invasive tools such as fecal
calprotectin reflect bulk neutrophil load but fail to distinguish protective from pathogenic states
[10,107,108]. The identification of interferon-primed neutrophil signatures in Crohn’s disease,
DUOX2+ neutrophils in active colitis, and NET-associated proteomic footprints provides
opportunities to design next-generation biomarkers [32,109]. Candidate assays include blood-based
IFN-responsive gene panels, stool DUOX2 transcripts or oxidized-protein surrogates, and circulating
MPO-DNA complexes as NET proxies. Moreover, device-ready luminol chemistries for stool
myeloperoxidase have recently been validated as rapid inflammation readouts [129], opening the
door to point-of-care neutrophil function testing. Embedding these markers into longitudinal treat-
to-target frameworks (STRIDE-II) [130] could allow earlier escalation in patients with emerging
DUOX2/neutrophil pathotypes, rather than waiting for clinical relapse or gross mucosal damage.
Equally, integrating biomarker endpoints into clinical trials of novel therapies would accelerate
mechanism-of-action understanding and de-risk development.

Interventional studies are urgently needed to translate these mechanistic insights into
therapeutic practice. Several rational strategies are already in view. Butyrate, a microbiota-derived
short-chain fatty acid reduced in IBD, downregulates epithelial and neutrophil DUOX2 expression
via histone deacetylase inhibition and restores barrier function [15,77,102,131-133]. While early
clinical trials of butyrate enemas yielded inconsistent results, newer oral formulations with colonic-
release profiles and microbiome-based delivery may prove more effective, particularly when
stratified to patients with DUOX2-high pathotypes. Similarly, inhibitors of the MAPK-activated
protein kinase 2 (MK2), required for neutrophil-derived ROS production, ameliorate colitis in
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preclinical models [81,82,105,134,135]. Repurposing MK2 inhibitors or peptides could therefore
attenuate neutrophil-mediated tissue damage without compromising antimicrobial phagocytosis.
For Crohn’s disease with fibrotic complications, disrupting the IFNa-neutrophil-fibroblast axis
represents a compelling anti-fibrotic strategy, potentially through JAK inhibition or direct IFNAR
blockade, informed by safety precedents in systemic lupus erythematosus [32,136]. Furthermore,
targeting NETosis through PAD4 inhibition has demonstrated reduction in mucosal NET burden in
colitis models [98,104], though normalizing inflammatory biomarkers requires combination with
upstream cytokine or chemokine blockade. A unifying principle is that neutrophil-targeted
interventions should be network-aware, deployed in short induction pulses to suppress acute
amplification loops, then transitioned to maintenance regimens that restore epithelial and microbial
homeostasis.

Safety remains a non-trivial challenge. Neutrophils and their oxidases are indispensable for host
defense, as evidenced by the susceptibility to infection in chronic granulomatous disease. Any
DUOX2-directed therapy must therefore balance suppression of pathogenic overactivity against
preservation of antimicrobial capacity. This argues for gut-selective delivery systems—oral pH-
triggered release, ligand-directed nanoparticles, or a4p7/MAdCAM-targeted vehicles that deposit
drugs specifically in inflamed mucosa [99-101,114]. Equally, biomarker-driven dosing and infection
surveillance will be necessary guardrails, ensuring that neutrophil suppression does not cross
thresholds of impaired pathogen clearance. Prospective cohort studies should embed infection
outcomes and vaccine optimization as integral endpoints when trialing neutrophil- or DUOX2-
targeted agents.

Finally, it is important to situate these discoveries within the broader landscape of immune-
mediated disease. DUOX2+ neutrophils may not be unique to IBD; analogous plasticity may occur in
other neutrophil-rich niches such as rheumatoid arthritis synovium, psoriasis plaques, or vasculitic
lesions. Comparative profiling across diseases could reveal conserved versus gut-specific programs,
distinguishing features driven by microbial exposure from those induced by sterile inflammatory
signals. If DUOX2+ neutrophils prove to be a generalizable phenomenon of chronic inflammation,
therapeutic strategies developed in IBD may have far wider applicability. Conversely, if they are gut-
specific, they provide a compelling explanation for the unique chronicity and microbial dependence
of intestinal inflammation. Either outcome would fundamentally reshape our understanding of
neutrophil biology.

The emerging neutrophil-DUOX2 axis defines a fertile ground for translational discovery in
IBD. The next wave of research must integrate high-dimensional human mapping with mechanistic
redox proteomics, embed neutrophil-centric biomarkers into longitudinal treat-to-target designs, and
test targeted interventions in biomarker-stratified cohorts. Computational modeling should
accompany empirical studies to predict network dynamics and guide rational combinations. Above
all, translation must proceed with infection-conscious safeguards, leveraging gut-selective delivery
and adaptive dosing. By closing these gaps, the field can move beyond descriptive immunology
toward actionable, precision interventions that recalibrate neutrophil plasticity and redox balance,
offering patients durable remission and protection from irreversible complications. Figure 5
illustrates the future directions and research gaps in neutrophil-DUOX2 biology in IBD. It highlights
key areas of exploration, such as human single-cell profiling, mechanistic mapping of DUOX2
signaling, longitudinal studies in patient cohorts, and innovative interventional trials to validate
these findings.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202511.0146.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 November 2025 d0i:10.20944/preprints202511.0146.v1

17 of 26
A. Knowledge gaps B. Research tools
Single-cell profiling(RNA+Protein) Redox prefeonnics
N\ -
'e How common are 5 mE 4 \
DUOX2+ S| A L

neutrophiles in
humans? RS

v, J Panel A /
~.,.. questions r L/ 5
A { ] ) / S U \
\ Tissue context mapping oss'smff“g Computional modelling

How does [?1U|0X2 redrc:xldiffer
in neutrophils vs epithelium
R i Do DUOX2+
neutrophils predict
flares/fibrosis?
C. From research to translation D. Clinical roadmap
B = N Biomarker-based patient stratification
i e — B |
Biomarker discovery (DUOX2 transcripts, IFN signatures, NETSs) Targeted therapies ) |
(DUOX2 inhibitors, IL-8 . S,
N O blockade, microbiome e L < ‘
Sy )

.. .. Y interventions

Butyrate MK2i JAKi anti-IL-8 '
Candidate therapeutics T ,,—»f”lfm
oo — @ —» puoxzPathvay %Wg —m

Redox/ROS imaging

Microbiome modulation Biomarker-guided clinical trials

Precision IBD management N
Preclinical validation

Figure 4. Future directions and research gaps. Panel A: key unanswered questions regarding DUOX2+
neutrophils in IBD. Panel B: experimental tools —single-cell profiling, redox proteomics, spatial transcriptomics,
computational modeling—to address these questions. Panel C: translation of discoveries into biomarkers and
therapeutic strategies. Panel D: integration into clinical practice via patient stratification, targeted therapy,
imaging, and biomarker-guided trials toward precision IBD management.

7. Conclusions

The recognition that neutrophils are not static effectors but highly plastic cells capable of de novo
DUOX2 expression marks a paradigm shift in our understanding of IBD pathogenesis. This axis
integrates innate immunity, epithelial redox biology, and microbial ecology into a self-perpetuating
loop that fuels chronic inflammation, barrier dysfunction, and fibrotic remodeling. By reframing
neutrophils as context-dependent regulators—protective in host defense yet pathogenic when
maladapted—this perspective highlights both the complexity and therapeutic potential of the
neutrophil-DUOX2 circuit.

Translational opportunities are already in sight. Preclinical data suggest that modulating
DUOX2 activity, intercepting IFN- and IL-8-driven neutrophil programs, or restoring microbiota-
derived metabolites such as butyrate can attenuate mucosal damage without abolishing essential
antimicrobial functions. The challenge ahead is to translate these mechanistic insights into therapies
that recalibrate, rather than suppress, neutrophil responses. Equally critical is the development of
biomarkers that capture neutrophil states and DUOX2 activity, enabling precise patient stratification
and treat-to-target frameworks.

Ultimately, future progress will depend on integrating high-dimensional human profiling,
redox proteomics, and systems modeling with biomarker-guided clinical trials. Such efforts can
define when and how DUOX2+ neutrophils emerge, how they shape tissue outcomes, and how best
to intervene without compromising immunity. If realized, this paradigm may shift IBD management
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from broad immunosuppression to tailored modulation of innate immune plasticity, offering more
durable remission and reduced complications. By harnessing, rather than fearing, neutrophil
adaptability, the field has the opportunity to transform chronic gut inflammation into a tractable and
preventable disorder.
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