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ARTICLE INFO ABSTRACT
Keywords: Background: Mycobacterium tuberculosis (Mtb) infection triggers oxidative stress, necessitating host mechanisms to
Dendritic cells maintain redox balance. The NADPH oxidase (NOX) family, which produces reactive oxygen species, plays an
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integral part in this process. While the protective role of NOX2 in Mtb infection is well-studied, the function of
NOX4 remains unclear.

Methods: To investigate the impact of NOX4, we infected C57BL/6 wild-type (WT) and NOX4-deficient (Nox4’/ )
mice with the Mtb K strain, assessing bacterial burdens, lung pathology, and immune responses. Then, we
analyzed cytokine production and signaling pathways to explore the interaction between dendritic cells (DCs)
and T cells.

Results: Nox4~/~ mice exhibited reduced bacterial burden and milder lung pathology compared to WT mice,
accompanied by increased DC infiltration and a higher frequency of CD4™ T cells of the Thl subset that secrete
interferon-gamma (IFN-y) in the lungs. Interestingly, ex vivo experiments showed no significant difference in IFN-
v production by T cells from WT and Nox4~/~ mice when activated using antibody-coated beads. However, Mtb-
infected bone marrow-derived DCs (BMDCs) from Nox4~/~ mice markedly enhanced IFN-y production in WT T
cells. Further investigation into the role of NOX4 in DCs revealed that BMDCs from Nox4 /™ mice infected with
Mtb produced significantly higher levels of IL-12. This elevation was attributed to enhanced activation of IRF1,
mediated by the AKT/GSK-3p signaling pathway.

Conclusion: NOX4 negatively regulates IL-12 production in Mtb-infected DCs, suppressing Thl-mediated im-
munity. Its absence enhances Thl responses, improves immune control of Mtb. Targeting NOX4 may improve
tuberculosis outcomes by strengthening host immunity.

1. Introduction Reactive oxygen species (ROS) are crucial for the host defense
against Mtb complex infections, with nicotinamide adenine dinucleotide

Tuberculosis (TB), caused by Mycobacterium tuberculosis (Mtb), re- phosphate oxidase (NOX) serving as a primary contributor to their
mains one of the leading causes of global mortality.' Despite the Bacillus generation.>* Among the NOX isoforms, NOX4 plays a key role in im-
Calmette-Guérin (BCG) vaccine and over 20 anti-TB drugs, the TB mune regulation and fibrosis, including during infections caused by
burden remains high, with 10.8 million new cases reported in 2023, and Toxoplasma gondii, Listeria monocytogenes, Chlamydia trachomatis, Influ-
a disrupted decline due to the COVID-19 pandemic.'? enza A virus, and Staphylococcus aureus.”” It also contributes to
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pulmonary fibrosis, such as in idiopathic pulmonary fibrosis.'’ In Mtb
infection, NOX4 is linked to TB fibrosis in mesothelial cells exposed to
heat-killed Mtb.'' **

Innate immune cells such as macrophages and dendritic cells (DCs)
serve as the first line of defense against Mtb and are essential for shaping
the adaptive immune responses.'* DCs, in particular, serve as essential
antigen-presenting cells linking innate and adaptive immunity by
recognizing Mtb through pattern recognition receptors.'® This triggers
cytokine secretion, including interleukin-12 (IL-12), tumor necrosis
factor-a (TNF-a), and IL-10, and upregulation of surface molecules
(MHC-I, MHC-II, CD 40, CD80, and CD86), enabling DC migration to
lymph nodes to activate T cells, producing interferon (IFN)-y, TNF-a and
IL-17.'18 11-12, a key driver of the Th1 response and a heterodimer of
IL-12p35 and IL-12p40, promotes Mtb protection by enhancing the
survival and function of memory CD4" T cells.!® 2!

While NOX4’s role in macrophage function, including polarization
and proinflammatory cytokine production, is well-documented,’>?® its
impact on DCs, key orchestrators of T cell immunity, remains underex-
plored in the context of TB. Given the central role of DCs in shaping
adaptive immunity, we hypothesized that NOX4 modulates DC function
and downstream T cell responses during Mtb infection.

The current study reveals that NOX4 absence enhances DC infiltra-
tion and activation, increasing IL-12 secretion via the AKT-GSK3p-IRF1
axis. This promotes Thl differentiation, reduces bacterial load, and
mitigates inflammation, highlighting NOX4 as a potential target for
boosting DC-mediated immunity in TB treatment.

2. Materials and methods
2.1. Ethics statement

All animal procedures were conducted in accordance with the
guidelines set by the Korean Food and Drug Administration and received
approval from the Institutional Animal Care and Use Committee at
Yonsei University College of Medicine (Approval number: 2016-0178,
2019-0174, Approval date: 2016-07-04, 2020-12-31). The experiments
also followed the ARRIVE 2.0 guidelines (https://arriveguidelines.org/
arrive-guidelines), ensuring compliance with the essential 10 and rec-
ommended details.

2.2. Mice

Male C57BL/6N wild-type (WT) mice, aged 6-7 weeks, were ob-
tained from Japan SLC, Inc. in Shizuoka, Japan, while age-matched
Nox4~/~ mice were generously provided by Dr. Ji-Hwan Ryu at Yon-
sei University and Dr. Yun Soo Bae at Ewha Womans University in Seoul,
South Korea. Briefly, Nox4~/~ mice were originally generated via ho-
mologous recombination using a targeting construct based on genomic
DNA from 129/SvJ embryonic stem cells. The resulting chimeras were
subsequently backcrossed onto the C57BL/6N background, as previ-
ously described.?*?° The mice were maintained under biosafety level-3
conditions with a regulated temperature of 24 + 1 °C, 50 &+ 5 % hu-
midity, and a 12-h light and dark phases, with unrestricted supply of
food and water. After a one-week acclimatization, all mice were healthy
and monitored daily until the endpoint of the infection challenge.

2.3. Preparation of Mtb K strain

The Mtb K strain (Beijing lineage) was obtained from the Korean
Institute of Tuberculosis in Osong, South Korea.”® The Mtb K strain was
cultured as previously described.?®%”

2.4. Bacterial load and lung inflammation post-Mtb infection

WT and Nox4~/~ mice (n = 3-5/naive group, n = 4/infection group)
were infected with the Mtb K strain via aerosol using a Glas-Col aerosol
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device (Terre Haute, IN, USA). The infection was calibrated to deliver an
initial dose of approximately 160 colony-forming units (CFUs) per
mouse, as described in previous studies.®**? At two- and four-weeks
post-infection, mice were euthanized for bacterial load and lung pa-
thology analysis. Left lung lobes were homogenized, serially diluted, and
cultured on 7H10 agar supplemented with 10 % OADC and 0.5 %
amphotericin B (Sigma-Aldrich). Plates were incubated (37 °C, 5 % CO3)
for 3—-4 weeks to enumerate CFUs. Right superior lung lobes were fixed,
paraffin-embedded, and sectioned (4-5 pm), and stained with hema-
toxylin and eosin (H&E) for inflammation assessment. Inflamed areas
were n;easured using ImageJ (NIH, Bethesda, MD, USA) and expressed
in mm~.

2.5. Lung cell preparation

Lung tissues were minced and incubated in Roswell Park Memorial
Institute 1640 Medium (RPMI 1640; Biowest, Nuaillé, France), supple-
mented with 10 % fetal bovine serum (FBS; Biowest), 0.1 % collagenase
type II (Worthington-Biochem, Lakewood, NJ, USA), 1 mM CaCls, and 1
mM MgCl; at 37 °C for 30 min. After erythrocyte lysis using ACK buffer
(ThermoFisher Scientific, Waltham, MA, USA), the single cells were
collected.

2.6. Immune profiling by flow cytometry in Mtb-infected mice

Lung cells (4 x 10° cells/well) were seeded, blocked with anti-CD16/
32 antibody, and stained with LIVE/DEAD™ and surface marker anti-
bodies (anti-CD45, anti-F4/80, anti-CD11b, anti-CD11c, anti-CD90.2,
anti-MHC-II). For intracellular cytokine analysis, the cells were stimu-
lated with either 5 pg/ml purified protein derivative (PPD) or 1 pg/ml
early secreted antigenic target 6-kDa (ESAT-6) and GolgiPlug/GolgiStop
(BD Bioscience, San Jose, CA, USA) for 12 h, and stained with surface
markers (anti-CD90.2, anti-CD4, anti-CD8, and anti-CD44), and intra-
cellular anti-IFN-y and anti-TNF-a. After washing and fixation with IC
Fixation buffer (Invitrogen, Waltham, Ma, USA), cells were analyzed
using a CytoFLEX S Flow Cytometer (Beckman-Coulter, IN, CA, USA)
and FlowJo™ software (Tree Star, Inc., Ashland, Oregon, USA). Sup-
plementary Table 1 contains detailed information on the antibodies.

2.7. Quantification of cytokines in Mtb-infected mice

After stimulating lung cells (4 x 10° cells/well) with either 5 ug/ml
PPD or 1 pg/ml ESAT-6 for 12 h, cytokine levels (IFN-y, TNF-a, IL-10)
were quantified using ELISA kits (Invitrogen and BioLegend, San
Diego, CA, USA), in accordance with the manufacturer’s procedures.
Supplementary Table 2 contains detailed information on the antibodies.

2.8. Generation of BMDCs and Mtb infection

BMDCs were differentiated in RPMI 1640 containing 10 % FBS, 1 %
penicillin/streptomycin (P/S; Sigma-Aldrich), 50 pM B-mercaptoethanol
(ThermoFisher Scientific), 0.1 mM non-essential amino acids (Sigma-
Aldrich), 20 ng/ml recombinant mouse GM-CSF, and 5 ng/ml IL-4 (JW
CreaGene Inc., Seongnam, South Korea) for 9 days, as outlined in pre-
vious protocols.’’*? DC purity (>80 %) was assessed using flow
cytometry with LIVE/DEAD™, anti-CD11c, and anti-MHC-II antibodies.
Antibody details are provided in Supplementary Table 1. Following Mtb
infection, supernatants were obtained, and the levels of cytokines
(IL-12p70, TNF-a, IL-10) were analyzed using ELISA, as described
above.

2.9. Invitro T cell proliferation and polarization by BMDC co-culture
Splenocytes from Mtb-infected WT and Nox4~/~ mice were used to

isolated CD4™" T cells via magnetic-activated cell sorting (MACS, Mil-
tenyi Biotec, Bergisch Gladbach, Germany) system, in accordance with
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Fig. 1. Controlled bacterial burden and improved pathology in the lungs of Nox4~’~ mice with Mtb infection. (A) Scheme of in vivo Mtb infection experiment.
Mice (WT and Nox4 /™) were infected with Mtb K and analyzed at two and four weeks after infection. (B) Bacterial burden in the lungs was assessed by enumerating
CFUs at two- and four-weeks post-infection and presented as the kinetics. (C) The bacterial CFUs in the lungs of Mtb-infected mice were analyzed by calculating the
number of colonies at four weeks post-infection and presented as scatter dot plots. (D) Inflamed areas of the lungs were analyzed by H&E staining, and inflammation
in the lungs of Mtb-infected mice were quantified at four weeks post-infection (10x: scale bar = 2.0 mm; 200x: scale bar = 100 pm) and presented as scatter dot plots.
This result is representative of three independent experiments. Data are shown as means + S.D. (n = 4 mice/group). Statistical analysis was conducted by unpaired t-

test. **p < .01 and ****p < .0001.

Abbreviation: WT, C57BL/6N wild-type mice; Nox4~/~, NOX4-deficient mice; Mtb, Mycobacterium tuberculosis; CFUs, Colony forming units.

the manufacturer’s procedures. Cells (2 x 10° cells/well) were labeled
with 1 pm of CellTrace™ violet (ThermoFisher Sientific) and co-cultured
with Mtb-infected BMDCs (Multiplicity of infection [MOI] of 1, 4 x 10*
cells/well) at a ratio of 1:5 between DCs and T cells for 3 days. T cell
polarization was assessed by staining with fluorescent antibodies
(Supplementary Table 1) and characterized through flow cytometry and
FlowJo software. Supernatants were collected for IFN-y measurement
via ELISA.

2.10. RNA extraction and quantitative PCR

RNA extraction was performed utilizing TRIzol reagent (Thermo
Fisher) with chloroform and isopropanol, then washed with 75 %
ethanol. The RNA was eluted in DEPC-treated water and quantified
using a Thermo Scientific™ NanoDrop™ 2000 Spectrophotometer.
Next, cDNA was synthesized from 1 pg of RNA using an RNA-to-cDNA
EcoDry™ Premix (Oligo dT) (Takara Bio, Shiga, Japan), following the
manufacturer’s instructions. Gene expression was quantified through
quantitative PCR (qPCR) using a StepOne Real-Time PCR system
(Applied Biosystems, Thermo Fisher), with $-actin as the housekeeping
gene, and relative expression was computed using the 2-*Ct method.
The qPCR cycling conditions consisted of an initial 30-s denaturation at
95 °C, followed by 45 cycles of 5 s at 95 °C and 30 s at 62 °C. Supple-
mentary Table 3 provides information on primer sequences. The data are
from three independent experiments.

2.10.1. IL-12 neutralization in BMDCs and BMDC-T cell co-culture assays

WT and Nox4~/~ BMDCs (1 x 10° cells/ml) were plated and subse-
quently infected with Mtb K at a MOI of 1. To neutralize the biological
effects of IL-12, 25 pg/ml of anti-mouse IL-12 antibody (Bio X cell,
Lebanon, NH, USA) was added 24 h post-infection. The cells were
incubated for 1 h at 37 °C before initiating co-culture. Splenic CD4" T
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cells (1 x 10° cells/well), isolated from Mtb-infected WT mice using the
MACS system, were co-cultured with IL-12-neutralized, Mtb-infected
BMDCs (2 x 10* cells/well) at a DC to T cell ratio of 1:5 for 3 days.
Following co-culture, supernatants were collected, and the levels of
cytokines (IL-12p70 and IFN-y) were quantified by ELISA, as described
above.

2.11. Immunoblot analysis

BMDCs were harvested post-infection and lysed in RIPA buffer
(Merck Millipore, Burlington, MA, USA) with protease and phosphate
inhibitors. The supernatants were obtained, and equal protein concen-
trations were loaded onto sodium dodecyl sulfate-polyacrylamide gels
and then transferred to PVDF membranes (Merk Millipore). Following
blocking, the membranes were exposed to primary antibodies, and
subsequently incubated with HRP-conjugated secondary antibodies. The
antibodies used included anti-IRF1, anti-phospho-AKT1, anti-AKT1, anti-
phospho-GSK3p, anti-GSK3p, and p-actin. Bands were detected and
analyzed with ImageJ software. Supplementary Table 4 contains
detailed information on the antibodies.

2.12. Compound

SB216763, a GSK3p inhibitor (Sigma-Aldrich, Cat#S3442), was used
to pretreat BMDCs at concentrations of 0.1 and 10 pM for 2 h before Mtb
infection.

2.13. Statistical analysis

An unpaired t-test was used to assess statistical significance (Graph-
Pad Prism version 9.00, La Jolla, CA, USA, www.graphpad.com). Data
are presented as mean values with standard deviation (S.D.).
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Fig. 2. Increased Mtb-specific CD4" T cell responses in Nox4 /~ mice. (A) The number of infiltrated immune cells (CD45"), DC (CD45"CD90.2°F4/
80~CD11b CD11c¢"™MHCII") and T cells (CD457CD90.27) in the lungs at four weeks post-infection were analyzed by flow cytometry and displayed as bar graph with
dot plots. (B) Flow cytometry gating strategy was used to identify IFN-y"CD47CD44 " T cells in the lungs at four weeks post-infection. The pseudocolor dot plot shows
the frequency of IFN-y"CD4"CD44" T cells after ex vivo stimulation with 5 pg/ml PPD and 1 pg/ml ESAT-6 in the lungs at four weeks post-infection. (C) The
proportions of IFN-y"CD44*CD4" T cells and TNF-a"CD44"CD4" T cells were analyzed by flow cytometry and illustrated as the bar graphs with dot plots. (D)
Secreted levels of IFN-y, TNF-a and IL-10 in suspended lung single cells after ex vivo stimulation with 5 pg/ml PPD and 1 pg/ml ESAT-6 were determined by ELISA
and represented as bar graph accompanied by dot plots. This result is representative of three independent experiments. Data are shown as means + S.D. (n = 3-5
mice/naive group, n = 4 mice/infection group). Statistical analysis was conducted by unpaired t-test. *p < .05, **p < .01, ***p < .001, and n.s.: not significant.

Abbreviation: PPD, Purified protein derivative; ESAT-6, Early secreted antigenic target 6-kDa; N.D., Not detected.
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Fig. 3. Enhanced IFN-y production in T cells by co-culturing with Nox4~/~ BMDCs.

(A) Scheme of DC-T cell co-culture. Splenic CD4 " T cells, isolated from Mtb infected WT mice, and BMDCs from mice (WT and Nox4~/~) were infected with Mtb K for
24 h and then co-cultured for three days. (B) Proliferation rate in BMDC-WT CD4" T cell co-culture were assessed using flow cytometry. The representative pro-
liferation rate was shown by histogram and presented as bar graphs with dot plots. (C) IFN-y production levels in BMDC-WT CD4" T cell co-culture supernatant was
determined by ELISA and shown in bar graphs with dot plots. The experiments were independently repeated at least three times, and the results from a representative

experiment are presented. Data are shown as means + S.D. Statistical analysis was conducted by unpaired t-test.

Abbreviation: BMDCs, Bone marrow-derived dendritic cells.

Significance levels were marked as *p < .05, **p < .01, ***p < .001 and
*HExp < .0001.

3. Results

3.1. NOX4 deficiency alleviated the bacterial burden and lung pathology
in Mtb-infected mice

To explore the involvement of NOX4 in the development of TB, we
utilized an infection model involving WT and Nox4/~ mice aerosol-
infected with Mtb (Fig. 1A). Mice were sacrificed at two and four
weeks after infection to evaluate CFUs and histopathological changes.
Between two- and four-weeks post-infection, Mtb exhibited significant
growth in WT mice, whereas no detectable growth was observed in
Nox4~/~ mice (Fig. 1B). Consistently, at four weeks post-infection,
Nox4~/~ mice demonstrated a notable reduction in bacterial load rela-
tive to WT mice (Fig. 1C). Histopathological analysis further confirmed a
reduction in pulmonary inflammation in Mtb-infected Nox4~/~ mice,
consistent with the observed differences in bacterial load (Fig. 1D).
Additionally, a comparable pattern was observed in the female mice
group and BCG-vaccinated group (Fig. S1). These results indicate that
the absence of NOX4 could contribute to regulating mycobacterial
proliferation and lung inflammation.

3.2. NOX4 deficiency increased Th1 response in the lungs in Mtb-infected
mice

Given that immune activation typically triggers a pro-inflammatory
response in the lungs 2-3 weeks post-infection,>*>* and that differences
in bacterial burdens appear at 4 weeks in Fig. 1, we next analyzed im-
mune cell profiles using flow cytometry at four weeks post-infection
(Fig. S2A). Notably, the lungs of Nox4~/~ mice exhibited a marked in-
crease in the CD45" immune cell populations, especially DCs and T cells,
following Mtb infection (Fig. 2A). However, there were no notable dif-
ferences in the alveolar and interstitial macrophage counts between
Mtb-infected WT and Nox4™/~ mice (Fig. S2B). Based on the
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‘p < .0001, and n.s.: not significant.

considerable increase in T cell populations in Mtb-infected Nox4 /=
mice, we next explored whether NOX4 deficiency influences T cell re-
sponses after stimulation with 5 pg/ml PPD and 1 pg/ml ESAT-6,
respectively, as outlined in the gating strategy of flow cytometry
(Fig. 2B). Ex vivo stimulation of lung cells with PPD and ESAT-6 revealed
similar percentages of CD4"CD44 ™ T cells in Nox4/~ and WT mice, but
PPD and ESAT-6-specific CD47CD44" T cells producing IFN-y" and
TNF-«" were significantly more abundant in Nox4/~ mice compared to
WT mice (Fig. 2C). In contrast, CD8" CD44" T cells producing IFN-y*
after PPD and ESAT-6 stimulation showed no significant differences
between Nox4~’~ and WT mice (Fig. S3). Furthermore, we examined
cytokine production in lung cells from Mtb-infected Nox4~/~ and WT
mice after ex vivo PPD and ESAT-6 stimulation. Only IFN-y production
was significantly higher in Nox4~/~ mice (Fig. 2D). Collectively, these
results highlight NOX4 as an essential regulator of IFN-y production in
the immune response to Mtb infection.

3.3. NOX4 deficiency enhanced IFN-y production in T cells interacting
with Mtb-infected DCs

To investigate the role of NOX4 in Thl immune response, we
assessed CD4 " T cell proliferation and IFN-y production after anti-CD3/
CD28 stimulation (Fig. S4A). T cell proliferation and IFN-y production
were similar between WT and Nox4 /™ T cells, indicating that NOX4
does not affect the intrinsic function of T cells (Fig. S4B-D). In addition,
exogenous IFN-y stimulation did not significantly alter the ability of BM-
derived macrophages to control Mtb growth (Fig. S4E). Then, we co-
cultured splenic CD4" T cells from Mtb-infected WT mice with Mtb-
infected BMDCs (5:1 ratio) for 3 days (Fig. 3A). The expression of
MHC-I, MHC-II, and co-stimulatory molecules on BMDCs was compa-
rable in both groups (Fig. S5), and T cell proliferation remained un-
changed (Fig. 3B). Furthermore, NOX4 deficiency did not alter total ROS
levels in BMDCs following Mtb infection (Fig. S6). However, a marked
increase in IFN-y production was observed in T cells co-cultured with
Nox4~/~ BMDCs, indicating enhanced T cell activation mediated by
these BMDCs (Fig. 3C). These results underscore that activated Nox4~/~
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Fig. 4. Increased IL-12p70 production in Mtb-infected Nox4/~ BMDCs. (A) MOI-dependent response of cytokine production in Mtb-infected BMDCs at 24 h.
Secreted IL-12p70, TNF-a and IL-10 were determined by ELISA and displayed in bar graphs with dot plots. (B) Time-dependent response of IL-12p70 in Mtb-infected
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control. The experiments were independently repeated at least three times, and the results from a representative experiment are presented. Data are shown as means

=+ S.D. Statistical analysis was conducted by unpaired t-test. *p < .05, **p < .01,

Abbreviation: MOI, Multiplicity of infection; N.D., Not detected.
BMDCs promote Th1l polarization and IFN-y production.

3.4. NOX4 deficiency increased IL-12 production in Mtb-infected DCs

After confirming NOX4 expression in WT BMDCs and its absence in
Nox4~/~ BMDCs (Fig. S7), we next analyzed cytokine profiles of BMDGs
from WT and Nox4 /™ mice following Mtb infection. Nox4 /~ BMDCs
secreted higher IL-12p70 levels in an MOI-dependent manner, with no
changes in TNF-a and reduced IL-10 compared to WT BMDCs (Fig. 4A).
IL-12p70 levels in Nox4~/~ BMDCs increased significantly at 4 h post-
infection, peaking at 12 h, compared to WT BMDCs (Fig. 4B). Since IL-
12p70 consists of two subunits, we examined Il12a (encoding IL-
12p35) and I112b (encoding IL-12p40) mRNA levels, which were
higher in Nox4/~ BMDCs, peaking at 4 h post-infection (Fig. 4C). To
determine the functional significance of IL-12p70 upregulation,
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*p < .001 and n.s.: not significant.

neutralizing antibodies were applied during the BMIDCs-T cell co-culture
(Fig. 5A). Effective blockade was confirmed by a reduction in IL-12p70
levels measured by ELISA in BMDCs treated with 25 pg/ml IL-12
neutralizing antibody (Fig. 5B). Although IL-12 neutralization may not
completely suppress IFN-y secretion, it significantly reduced IFN-y levels
(Fig. 5C), thereby confirming that the elevated IL-12p70 in Nox4 /=
BMDCs plays an essential role in driving Th1 activation (Fig. 5C). These
findings indicate that NOX4 regulates Mtb-specific IL-12p70 expression
in BMDCs, promoting Th1 activation.

3.5. NOX4 regulated IL-12 production via AKT1-GSK-3p-IRF1 axis in
Mtb-infected DCs

To identify transcription factors regulating IL-12p70 secretion under
NOX4 deficiency, we performed an RT* profiler PCR array at 4 h
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unpaired t-test. **p < .01, ***p < .001 and ****p < .0001.
Abbreviation: a-IL-12, Anti-mouse IL-12 antibody; N.D., Not detected.

post-infection. Among 24 differentially expressed genes in Nox4 /~
BMDCs compared to WT BMDCs, 22 were upregulated and 2 were
downregulated (Fig. S8A and Supplementary Table 5). The top two
genes, Nfatc4 and Foxa2, were validated by qPCR for the array
(Fig. S8B). Using STRING, a tool for predicting protein-protein associ-
ations, we identified Irfl and Jun as direct interactors with I112a and
I12b (Fig. S8C). Given the pivotal role of IRF1 in IL-12p70 production,
we examined its activation in Mtb-infected Nox4~/~ BMDCs. The mRNA
expression levels of Irfl and Jun were validated. While Irf1 was signifi-
cantly upregulated in Nox4~/~ BMDCs, Jun expression remained un-
changed (Fig. S8D). Moreover, IRF1 protein expression level was
significantly elevated at 4, 8, and 12 h post-infection compared to WT
BMDCs (Fig. 6A and B). Since IRF1 activation is influenced by GSK-3f
dephosphorylation and suppressed by AKT1 via GSK-3p phosphoryla-
tion,*>*® we investigated AKT1 and GSK-3p regulation by NOX4. In
Nox4~/~ BMDCs, p-AKT1 and p-GSK-3p expression levels were signifi-
cantly reduced at 30- and 60-min post-infection compared to WT BMDCs
(Fig. 6C-E). To determine whether GSK-3 regulates IRF1 activation, we
assessed IRF1 expression level following treatment with 0.1 or 10 pM
SB216763, a selective GSK-3 inhibitor (Fig. 6F and G). Notably, 10 pM
SB216763 significantly reduced IRF1 expression in Mtb-infected
Nox4~/~ BMDGs. Consequently, IL-12p70 secretion was also signifi-
cantly decreased under the same conditions, whereas no significant ef-
fects were observed in WT BMDCs (Fig. 6H). These results demonstrate
that increased IL-12p70 expression in Mtb-infected Nox4~/~ BMDCs is
driven by the modulation of the AKT1-GSK-3f-IRF1 signaling pathway.

4. Discussion

In the current study, we aimed to investigate the potential role of
NOX4 in adaptive immune responses during Mtb infection and
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underlying mechanisms in vivo and in vitro. To comprehensively assess
the involvement of NOX4 across sexes, in vivo experiments were
meticulously conducted four times, encompassing both male and female
mice. Strikingly, Nox4/~ mice exhibited a significant reduction in
bacterial burden and lung pathology compared to WT mice, irrespective
of sex. Given the higher prevalence of TB in males,”” > our investigation
primarily focused on elucidating the role of NOX4 in male mice.

Under Mtb-infected conditions, the number of CD45" leukocytes,
DCs and T cells was also increased in the lung of Nox4/~ mice,
accompanied by a significant elevation in IFN-y levels, suggesting that
NOX4 deficiency may influence both immune cell composition and
function during Mtb infection. As previously reported that DCs act as key
mediators in recognizing and presenting antigens, orchestrating T cell
activation to combat TB infection.’’ Our study demonstrated that NOX4
deficiency enhances DC activation, leading to heightened CD4" T cell
responses. Nox4 ’/~ BMDCs exhibited increased IL-12 production,
driving elevated IFN-y producing CD4" T cells. These findings highlight
the absence of NOX4 could bolster the immune responses of DCs in the
context Mtb infection, suggesting a potential avenue for improved TB
control.

Our study showed that Nox4~/~ BMDCs enhanced the CD4" T cell-
derived IFN-y production, with this effect not attributed to Nox4 '~ T
cells themselves. IFN-y is a critical cytokine in the host defense against
Mtb infection by activating macrophages and recruiting additional im-
mune cells."’>*? Previous studies have shown that Mtb uses several
mechanisms to inhibit DC maturation and, specifically, suppress IL-12
secretion, thus impairing the development of protective T-cell
response.’>** The results highlighted the role of NOX4 in regulating
IL-12 and activating immune responses in DCs during Mtb infection.

In Nox4~/~ BMDCs, reduced AKT1 phosphorylation was linked to
increased IL-12 secretion. Previous studies reported that AKT1
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activation inhibits GSK3 activity by phosphorylating serine 9, reducing
IL-12 secretion.’>"® Conversely, GSK3p activation promotes IRF-1
degradation by phosphorylating its T181 residue, and IRF-1 is crucial
for IL-12 production in DCs.>>*® Although the detailed mechanistic hi-
erarchy among GSK3p, IRF1, and IL-12 regulation remains incompletely
defined, our data suggest that IRF1 expression is modulated in response
to changes in GSK3p activity, supporting a sequential link between these
factors in IL-12 production. We exhibited that Nox4~/~ BMDCs showed
reduced GSK3p phosphorylation and increased IRF-1 expression during
Mtb infection. This suggests that lower AKT1 phosphorylation in
Nox4~/~ BMDCs reduces GSK3p phosphorylation, increasing IRF1
expression, and enhancing IL-12 production, which drives a protective T
cell response. These findings align with the observation that Nox4 /'~
BMDGs are more effective at promoting CD4" T cell responses and IFN-y
production.

This study has three limitations. First, given that NOX4 is known to
influence the differentiation of various immune cell populations, there
may be baseline differences in immune cell composition between WT
and Nox4~/~ mice.""*® We did not directly assess these differences, and
we could not rule out the possibility that such variations contributed to
our findings. Future studies are needed to investigate this aspect. Sec-
ond, while our findings demonstrate that IL-12p70 is a key mediator of
enhanced Thl activation in Nox4/~ BMDCs, IFN-y production
remained higher in T cells co-cultured with Nox4/~ DCs compared to
WT DCs even after IL-12 neutralization. One possible explanation is that
the fixed concentration of neutralizing antibody may not have been
sufficient to block the elevated baseline IL-12p70 in Nox4 /~ DCs.
Alternatively, additional IL-12-independent mechanisms, such as
altered cytokine profiles or increased co-stimulatory signaling, may
have contributed to the residual Thl response. Further investigation is
warranted to elucidate these pathways and fully define the immuno-
regulatory role of NOX4. Third, the activation of the PI3K/Akt pathway
by NOX4 is consistent with previous studies conducted in various
cellular contexts, such as non-small cell lung cancer and hepatic stellate
cells.?>*>°" However, these studies described this activation as
ROS-dependent. In immune cells, the role of NOX4 in ROS generation
remains controversial and appears to vary depending on the type of
stimulus and cellular context.”>°! For instance, Lee et al. demonstrated
that NOX4 knockdown or overexpression altered ROS levels in macro-
phages stimulated with oxidized LDL.?" In contrast, Helfinger et al. re-
ported that NOX4-deficient macrophages exhibited increased ROS
production following LPS and IFN-y stimulation, which was attributed to
compensatory upregulation of NOX2, along with enhanced NF-(B acti-
vation and proinflammatory cytokine expression.?” These conflicting
findings highlight the complexity of NOX4-mediated signaling and
suggest that NOX4’s contribution to ROS production is context- and
stimulus-dependent. In our study, however, we observed
NOX4-dependent Akt activation without a significant difference in ROS
levels between WT and Nox4/~ BMDCs, suggesting a ROS-independent
mechanism in this context. The precise role of ROS in this signaling
cascade remains unclear and warrants further investigation.

In summary, our study demonstrates that NOX4 deficiency enhances
IL-12 production via the AKT-GSK3p-IRF1 pathway in DCs, boosting
IFN-y production in CD4" T cells and aiding in Mtb control. These results
emphasize the importance of NOX4 in regulating the interactions be-
tween DCs and T cells in the context of Mtb infection. Targeting NOX4
with inhibitors could promote Thl responses, offering a potential
strategy for TB control and vaccine development. Further research on
NOX4 inhibitors in DCs could aid TB vaccine adjuvant development.
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