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immunity by metabolically
regulating source-speci� c
ROS generation
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Introduction: Monophosphoryl lipid A (MPLA), a toll-like receptor (TLR) 4 agonist
and licensed vaccine adjuvant, reprograms innate immune cells to confer
protection against diverse pathogens. However, the metabolic and molecular
adaptations supporting this response remain poorly de�ned.
Methods: The contributions of discrete reactive oxygen species (ROS) sources—
including NADPH oxidase 2 (NOX2), xanthine oxidase (XO), mitochondria, and
inducible nitric oxide synthase (iNOS)—to MPLA-induced macrophage
antimicrobial activity were examined using genetic deletion or pharmacologic
inhibition. Metabolic and redox adaptations supporting this response were
assessed by analyzing oxidative pentose phosphate pathway (oxPPP) activity,
glutathione-dependent antioxidant systems, and mitochondrial oxidative
phosphorylation in MPLA-primed macrophages.
Results: MPLA enhanced macrophage clearance of Pseudomonas aeruginosa by
coordinating source-speci�c ROS generation. NOX2 was essential for this response,
as its pharmacologic inhibition or genetic deletion markedly diminished MPLA-
induced microbicidal responses. MPLA also induced XO, providing auxiliary ROS
that acted additively with NOX2-derived ROS to support bacterial clearance. MPLA
activated the oxPPP to generate NADPH, which was essential for supporting
phagocytosis and maintaining glutathione-dependent redox homeostasis.
Additionally, MPLA promoted mitochondrial oxidative phosphorylation to sustain
phagocytic capacity. Mitochondrial ROS (mROS) were tightly constrained by
induction of antioxidant systems, including superoxide dismutase 2 (SOD2), heme
oxygenase-1 (HO-1) and glutathione, and were dispensable for antimicrobial
protection. iNOS-derived nitric oxide did not contribute to the MPLA-induced
antimicrobial phenotype.
Conclusion: These �ndings de�ne the metabolic and redox circuits driving MPLA-
induced antimicrobial immunity and establish its potential as a host-directed
antimicrobial therapy beyond vaccine adjuvancy.
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trained immunity, innate immune memory, monophosphoryl lipid A (MPLA), reactive
oxygen species (ROS), NADPH oxidase (NOX), NADPH, xanthine oxidase (XO)
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fimmu.2026.1745195/full
https://www.frontiersin.org/articles/10.3389/fimmu.2026.1745195/full
https://www.frontiersin.org/articles/10.3389/fimmu.2026.1745195/full
https://www.frontiersin.org/articles/10.3389/fimmu.2026.1745195/full
https://www.frontiersin.org/articles/10.3389/fimmu.2026.1745195/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2026.1745195&domain=pdf&date_stamp=2026-03-30
mailto:edward.r.sherwood@vumc.org
https://doi.org/10.3389/fimmu.2026.1745195
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2026.1745195
https://www.frontiersin.org/journals/immunology


Hao et al. 10.3389/fimmu.2026.1745195
Introduction

The persistent burden of infectious diseases continues to
challenge global health despite decades of antibiotic development
(1, 2). This ongoing challenge underscores the need for strategies that
reinforce host defense, particularly in populations that are vulnerable
to infection. Emerging evidence shows that innate myeloid cells can
acquire memory of previous encounters with microbe-derived
ligands, enabling ampli�ed and broad-spectrum antimicrobial
responses upon subsequent infection—a phenomenon known as
innate immune memory, or trained immunity (3, 4).
Lipopolysaccharide (LPS), a key component of the cell wall of
Gram-negative bacteria and canonical toll-like receptor (TLR) 4
agonist, has been recognized for its immunostimulatory properties
since the 1950s (5), but its clinical application is limited by toxicity.
Monophosphoryl lipid A (MPLA), a detoxi�ed derivative of LPS,
retains the immunomodulatory capacity of LPS but with a favorable
safety pro�le and is approved by the Food and Drug Administration
(FDA) as a vaccine adjuvant in licensed human papillomavirus
(HPV), shingles and hepatitis B vaccines (6, 7).

We, and others, have shown that MPLA boosts antimicrobial
immunity, conferring broad, durable protection against diverse
pathogens for over two weeks (8–13). The protective phenotype is
dependent on reprogramming innate myeloid cells, with
macrophages playing a key role. As frontline effectors of innate
immunity, macrophages eliminate pathogens through phagocytosis
and facilitate antimicrobial immunity via generation of antimicrobial
effectors (14, 15). Importantly, macrophage function is tightly linked
to cellular energy metabolism, with distinct activation states
supported by characteristic metabolic programs. Classically
activated (M1) macrophages rely predominantly on aerobic
glycolysis to sustain in�ammatory and microbicidal functions,
whereas alternatively activated (M2) macrophages preferentially
engage mitochondrial oxidative phosphorylation and fatty acid
oxidation to support tissue repair and resolution of in�ammation.
This metabolic plasticity enables macrophages to respond
appropriately to distinct microenvironment signals (16, 17).

Emerging evidence indicates that trained immunity is
accompanied by durable metabolic rewiring, allowing macrophages
to rapidly meet the energetic and biosynthetic demands of
antimicrobial defense. MPLA-primed macrophages exhibit
enhanced glycolysis and oxidative phosphorylation in parallel with
augmented phagocytic capacity and microbial killing (12, 18). Despite
these advances, the metabolic and molecular mechanisms linking
MPLA-induced metabolic reprogramming to speci�c antimicrobial
effector pathways remain incompletely understood.

One hallmark of the MPLA-induced antimicrobial response is
an ampli�ed respiratory burst, indicative of reactive oxygen species
(ROS) generation—a critical component of pathogen clearance (19,
20). Yet, the speci�c cellular sources of ROS and their functional
relevance in MPLA-mediated innate antimicrobial responses are
unknown. Furthermore, clarifying how metabolic remodeling
intersects with ROS-dependent effector mechanisms is essential
for understanding how MPLA reinforces innate immune defense
and for identifying therapeutic strategies that leverage trained
immunity without excessive in�ammation.
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In this study, we show that MPLA upregulates NADPH oxidase
2 (NOX2) expression, driving NOX2-dependent ROS production
that is essential for macrophage-mediated clearance of
Pseudomonas aeruginosa (P. aeruginosa), as both genetic deletion
and pharmacological inhibition of NOX2 reduce this protection. In
addition to modulating NOX2 activity, MPLA recon�gures cellular
metabolism to reinforce antimicrobial function. Additionally,
MPLA also increases xanthine oxidase (XO) activity to generate
auxiliary ROS that act additively with NOX2-generated ROS to
facilitate bacterial clearance. MPLA activates the oxidative pentose
phosphate pathway (oxPPP), which supports phagocytic function
and supplies NADPH to support phagocytosis and maintain
glutathione-dependent redox homeostasis. Concurrently, MPLA
enhances mitochondrial oxidative phosphorylation, supplying the
energy required for sustained phagocytic activity. Interestingly, the
MPLA-induced antimicrobial phenotype does not rely on
mitochondrial ROS, which are actively modulated through
induction of mitochondrial antioxidants including superoxide
dismutase 2 (SOD2), heme oxygenase-1 (HO-1) and glutathione.
Nitric oxide produced by the action of inducible nitric oxide
synthase (iNOS) appears dispensable in this context, highlighting
a selective engagement of ROS-dependent antimicrobial pathways.
Results

MPLA enhances P. aeruginosa clearance by
promoting NOX2-dependent ROS
production

To investigate the contribution of NADPH oxidase-derived
ROS to MPLA-induced antimicrobial immunity, we �rst assessed
activation of the NADPH oxidase complex, a major source of ROS
in macrophages, after MPLA treatment. This multi-subunit enzyme
becomes active upon phosphorylation of cytosolic components
(p40phox, p47phox, p67phox), which translocate to the membrane
and assemble with gp91phox and p22phox to form the functional
NOX2 complex (Figure 1A) (21). RNA-seq analysis in BMDMs
revealed that MPLA treatment for 24 hours signi�cantly
upregulated transcripts encoding key NOX2 components,
including gp91phox, p40phox, p47phox, Rac2 (Figure 1B). At the
protein level, MPLA increased gp91phox and p40 phox expression
and strongly induced both total and phosphorylated p47phox

(Figures 1C–F; Supplementary Figure 1). Phosphorylation of
p47phox was further enhanced by co-stimulation with the formyl
peptide fMLP (Figure 1F). Consistent with these �ndings, MPLA-
treated macrophages exhibited a robust increase in intracellular
ROS levels. This increase was abrogated in cells treated with the
NOX2 inhibitor diphenyleneiodonium (DPI) and was attenuated in
NOX2-de�cient macrophages (Figures 1G, H), con�rming that
MPLA-induced ROS production is largely driven by NOX2.

To assess the functional signi�cance of NOX2 activation, we
performed a killing assay using P. aeruginosa, a clinically relevant
Gram-negative pathogen. Macrophages were incubated with
bacteria for 15 minutes to allow phagocytosis, followed by a 15-
minute incubation with gentamicin to eliminate extracellular
frontiersin.org
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bacteria. Cells were then either lysed immediately and plated on
tryptic soy agar to quantify viable intracellular bacteria (CFU) to
assess phagocytosis or cultured for an additional 3 hours before lysis
to assess killing (Figure 1I). MPLA treatment signi�cantly enhanced
phagocytosis of P. aeruginosa, as indicated by higher bacterial load
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at the 15-minute time point. After 3 hours, all groups showed a
reduction in CFU compared to the 15-minute time point, indicating
active killing of bacteria (Figures 1J–M). The MPLA-treated group
exhibited a signi�cantly greater reduction in viable bacteria over
time compared to vehicle control, con�rming enhanced
FIGURE 1

MPLA enhances P. aeruginosa clearance by promoting NOX2-dependent ROS production. (A) NADPH oxidase complex. (B) NOX subunit gene
expression in BMDMs treated with MPLA for 24h versus vehicle. (C) Representative immunoblots of gp91phox, p47phox and phosphoylated p47phox

(ser345) in vehicle- or MPLA- treated BMDMs with/without fMLP restimulation. (D–F) immunoblot quanti�cation. (G, H) Cellular ROS production in
BMDMs from WT or NOX2-de�cient mice treated with MPLA or vehicle, with DPI or fMLP treatment as indicated. (I) Ex vivo bacterial killing assay
schematic. (J–M) P. aeruginosa killing by MPLA-treated WT or NOX2-de�cient BMDMs. (N) In vivo MPLA pretreatment and infection protocol.
(O) Peritoneal bacterial burden at 6 h post infection (n = 8-13). Data points correspond to biologically independent samples. Bars indicate mean
– s.e.m. Statistical signi�cance was determined using two-way ANOVA. *p<0.05, **P<0.01, ***p<0.001, ****p<0.0001.
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intracellular killing. DPI-treated and NOX2-de�cient macrophages
had comparable phagocytosis at 15 minutes compared to controls
but retained signi�cantly more viable bacteria at 3 hours, indicating
impaired killing capacity relative to MPLA-treated cells with intact
NOX2 activity (Figures 1J–M).

To evaluate the contribution of NOX2 to MPLA-induced
augmentation of antimicrobial immunity in vivo, wild-type (WT)
and NOX2 knockout (KO) mice were administered MPLA on two
consecutive days, followed by intraperitoneal challenge with P.
aeruginosa 24 hours after the second MPLA treatment. Six hours
post� infection, we assessed bacterial burden and leukocyte numbers
in the peritoneal lavage, as well as cytokine levels in plasma
(Figure 1N). In WT mice, MPLA signi�cantly reduced
intraperitoneal CFU of P. aeruginosa compared to vehicle controls
(Figure 1O). However, MPLA-treated NOX2 KO mice exhibited
approximately 10-fold higher bacterial burden compared to WT
mice treated with MPLA, indicating impaired bacterial clearance in
the absence of NOX2 (Figure 1O). MPLA treatment enhanced
recruitment of innate leukocytes—including macrophages,
monocytes, and neutrophils—into the peritoneal cavity in both
WT and NOX2 KO mice (Supplementary Figure 2). MPLA
treatment markedly reduced systemic in�ammatory cytokine levels
in both genotypes (Supplementary Figure 3).

Collectively, these �ndings demonstrate that MPLA activates the
NADPH oxidase complex to drive NOX2-dependent ROS production,
thereby enhancing antimicrobial capacity in macrophages.

MPLA increases xanthine oxidase activity,
generating auxiliary ROS that contributes
to pathogen elimination

XO generates superoxide (O2·� ) and hydrogen peroxide (H2O2)
by oxidizing hypoxanthine and xanthine, making it a key enzymatic
ROS source in mammalian cells (Figure 2A) (22). To investigate the
contribution of XO as a source of ROS supporting MPLA-induced
antimicrobial activity, we evaluated XO activity and found it to be
signi�cantly increased in MPLA treated macrophages (Figure 2B).
Pharmacological inhibition of XO with febuxostat, a selective non-
purine inhibitor, markedly reduced MPLA-induced ROS
production in BMDMs (Figure 2C). In bacterial killing assays,
febuxostat treatment impaired killing of P. aeruginosa ,
highlighting XO-dependent ROS as a contributor to MPLA-
mediated antimicrobial activity (Figures 2D, E). We also
performed combined inhibition of XO and NOX2, and the results
showed that dual inhibition had an additive effect on the bacterial
killing capacity of macrophages (Figures 2D, E).

To assess the in vivo relevance of XO in MPLA-mediated host
defense, mice received MPLA for two consecutive days, followed by
febuxostat one hour prior to P. aeruginosa infection (Figure 2F). At 6
h post-infection, MPLA treated group exhibited signi�cantly
enhanced respiratory burst across macrophages, monocytes, and
neutrophils, whereas febuxostat administration selectively reduced
respiratory burst in macrophages and neutrophils, with a minimal
effect in monocytes (Figures 2G–I). Notably, febuxostat treatment did
not signi�cantly alter MPLA-induced clearance of P. aeruginosa,
leukocyte recruitment or suppression of IL-6 production (Figures 2J–
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N). These �ndings suggest that XO is a key enzymatic source of
MPLA-induced ROS, playing a partial, yet functionally relevant, role
in supporting cellular antimicrobial responses.

MPLA activates the oxidative pentose
phosphate pathway to support phagocytic
function and sustain redox homeostasis
through NADPH generation

The oxPPP generates NADPH to support both NADPH
oxidase-mediated ROS generation and glutathione-dependent
antioxidant defense (Figure 3A) (23). To assess oxPPP activation,
we performed isotope-tracing metabolic �ux analysis by culturing
BMDMs in medium supplemented with [1,2-13C2]-glucose. MPLA
treatment signi�cantly increased total lactate accumulation,
predominantly as M + 2 isotopologues, with a smaller M + 1
fraction (Figure 3B). M + 2 labeling re�ects glycolytic conversion of
labeled glucose, while M + 1 enrichment indicates oxPPP �ux,
where the C1 carbon is released as CO2 (24). This �nding indicates a
measurable activation of oxPPP activity, which was further
supported by elevated levels of NADPH and NADPH/NADP+

rat io (Figures 3C, D). Inhibi t ion of oxPPP with 6-
aminonicotinamide (6-AN), a selective inhibitor of glucose-6-
phosphate dehydrogenase, signi�cantly attenuated NADPH levels,
con�rming the involvement of oxPPP (Figure 3C).

Unexpectedly, oxPPP inhibition with 6-AN resulted in
increased mitochondrial and total cellular ROS in MPLA-treated
macrophages (Figures 3E, F). Considering the role of NADPH in
supporting the glutathione antioxidant system (Figure 3G), we
therefore assessed the effect of MPLA treatment on
transcriptional pro�les of key glutathione regulatory genes. This
revealed upregulation of Gsr, Slc7a11, Gss, and Gclm, alongside a
modest downregulation of Gclc, indicative of enhanced glutathione
recycling and synthesis (Figure 3H). Consistent with these
transcriptional changes, intracellular levels of reduced glutathione
(GSH), oxidized glutathione (GSSG), and the GSH/GSSG ratio were
markedly elevated in macrophages treated with MPLA, re�ecting
enhanced antioxidant capacity (Figures 3I–K). This elevation was
signi�cantly blunted following treatment with 6-AN, underscoring
the essential role of oxPPP-derived NADPH in preserving
antioxidant defense and redox homeostasis (Figures 3I–K).

Functionally, oxPPP inhibition reduced phagocytosis and killing
of P. aeruginosa in MPLA-primed macrophages (Figures 3L, M).
Collectively, these �ndings demonstrate that MPLA-induced
metabolic reprogramming involves upregulation of oxPPP activity,
which sustains NADPH production. This NADPH supply is essential
for maintaining redox homeostasis and supporting antimicrobial
activity beyond its role as a NOX2 substrate for ROS generation.

MPLA enhances phagocytic activity
through oxidative phosphorylation– driven
bioenergetic support, independent of
mitochondrial ROS production

Mitochondrial oxidative phosphorylation (OXPHOS), driven
by electron transfer through the respiratory chain, is a major
frontiersin.org
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contributor to ATP synthesis and ROS generation, positing it as a
potential contributor to MPLA-enhanced bacterial clearance
(Figure 4A). To assess OXPHOS activity in response to MPLA,
we performed a Seahorse Mito Stress Test. MPLA stimulation
Frontiers in Immunology 05
elicited a robust increase in oxidative metabolism at 24 hours,
with further enhancement observed at 3 days post-treatment
(Figures 4B, C). Despite this elevated oxidative metabolism,
quanti�cation of mitochondrial ROS using MitoSOX red
FIGURE 2

MPLA increases XO activity, generating auxiliary ROS that contribute to pathogen elimination. (A) Schematic of ROS generation during
hypoxanthine-to-uric acid conversion by xanthine oxidase (XO). (B) XO activity measured at 24 h of MPLA or vehicle treatment. (C) Cellular ROS
levels in macrophages treated with MPLA ± febuxostat (30 mM, 24 h). (D, E) P. aeruginosa killing in macrophages treated with MPLA, DPI, febuxostat,
and their combination. (F) In vivo experiment �ow. (G–I) Respiratory burst in macrophages, monocytes, and neutrophils. (J) Bacterial burden in
peritoneal �uid at 6 h post-infection. (K–M) Leukocytes accumulation in peritoneal lavage assessed using �ow cytometry (N). Plasma IL-6 levels
measured by ELISA (n=8 – 10). Data points correspond to biologically independent samples. Bars indicate mean – s.e.m. Statistical signi�cance was
determined using two-tailed Students’ t test (B) and two-way ANOVA (others). *p<0.05, **P<0.01, ***p<0.001, ****p<0.0001.
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