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Tudor domain-containing protein
9-targeting siRNA nanoparticles alleviate
Pseudomonas aeruginosa lung injury in
preclinical models by promoting neutrophil
cuproptosis
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Pseudomonas aeruginosa pneumonia poses a significant therapeutic challenge.
Nanoparticles serve as an effective tool for nucleic acid delivery to efficiently
alleviate pneumonia. This study develops a hyaluronic acid (HA)-coated pep-
tide nanoparticle system for targeted delivery of small interfering RNA (siRNA)
against Tudor domain-containing protein 9 (TDRD9), identified via RNA
sequencing of bronchoalveolar lavage fluid-derived neutrophils from 21
recruited patients (11 males/10 females). Adoptive transfer of TDRD9-silenced
polymorphonuclear neutrophils into neutrophil-depleted male mice attenu-
ates lung inflammation and edema. Mechanistically, TDRD9 suppresses neu-
trophil cuproptosis by upregulating programmed death ligand 1 (PD-L1)
through interaction with CD8O0 to activate p38 mitogen-activated protein
kinase (MAPK) signaling. HA-si-TDRD9 nanoparticles enhance neutrophil
cuproptosis, reduce pulmonary neutrophil accumulation, and ameliorate lung
injury via PD-L1/CD80/MAPK. Importantly, HA-si-TDRD9 nanoparticles reduce
bacterial growth, apoptosis, and inflammation in human lung organoids. This
work demonstrates that targeting TDRD9 with siRNA nanoparticle platform
presents a promising therapeutic strategy for treating bacterial lung injury.

M Check for updates

Pseudomonas aeruginosa (PA), a ubiquitous and metabolically versatile  presenting as pneumonia, respiratory tract infections, sepsis, and
Gram-negative bacterium, represents the predominant opportunistic ~ surgical site complications®. PA colonization subverts host immune
pathogen in immunocompromised populations'. PA infections con-  defenses through the secretion of virulence factors, biofilm formation,
tribute substantially to global morbidity and mortality, clinically and quorum-sensing-mediated regulation**. Despite therapeutic
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advancements in recent years, the prevalence of multidrug-resistant
PA strains compromises clinical outcomes’. Consequently, developing
alternative or adjunctive therapeutic strategies to mitigate infection-
associated morbidity remains an urgent priority.

During infection, PA triggers diverse modes of regulated cell
death in host cells’. Neutrophils—the primary immune effectors
recruited to infection sites—play critical roles in bacterial clearance
during early inflammatory responses’. Emerging evidence identifies
neutrophils as key targets of PA pathogenesis, with neutrophil dys-
function exacerbating host susceptibility to invasive infections®. PA
orchestrates pathogenic strategies to induce neutrophil death,
including promotion of NETosis (neutrophil extracellular trap
formation)’ and enhancement of caspase-1-dependent pyroptosis'’.
These findings collectively implicate neutrophil death modulation as a
central virulence mechanism.

Cuproptosis, a novel copper-dependent programmed cell death
pathway", involves cytotoxic copper accumulation that disrupts
mitochondrial metabolism. Mechanistically, excessive intracellular
copper binds to lipoylated enzymes in the tricarboxylic acid cycle,
inducing mitochondrial proteotoxic stress through aggregation of
iron-sulfur cluster proteins and subsequent loss of Fe-S-dependent
enzyme activity. Recent studies correlate cuproptosis-related gene
expression patterns with neutrophil infiltration dynamics'>, while
neutrophil extracellular trap formation has been shown to suppress
tumor cell cuproptosis'. Nevertheless, the role of neutrophil
cuproptosis in PA infection pathogenesis remains unexplored.

RNA interference-based therapies, which selectively suppress
target gene mRNA expression, demonstrate considerable potential for
pneumonia treatment”. Nanoparticles (NPs) have emerged as robust
vehicles for systemic and localized siRNA delivery, addressing inherent
limitations of naked RNA therapeutics—including short plasma half-
life, inefficient cellular uptake, and endosomal entrapment—while
enhancing efficacy and minimizing off-target effects'®. Notably, NP-
mediated siRNA delivery systems exhibit intrinsic antibacterial prop-
erties capable of penetrating microbial biofilms”'¢, However, the
functional relevance of siRNA NPs in neutrophil-specific modulation
during PA-induced pulmonary infection remains uncharacterized.

To address this gap, we identified Tudor domain-containing
protein 9 (TDRD9) as significantly upregulated in pulmonary neu-
trophils from PA-infected mice using RNA sequencing in this study.
While TDRD9 has been primarily characterized for its role in
spermatogenesis'®, emerging clinical evidence links TDRD9 over-
expression to pediatric bacterial pneumonia®, chronic obstructive
pulmonary disease, and community-acquired pneumonia®. This rein-
forces the understanding that TDRD9 may act as a pathogenic factor in
lung injury progression. We engineered a peptide-based siRNA NP
platform to achieve TDRD9 knockdown and functional exploration.
Our findings demonstrated that neutrophil-specific TDRD9 deletion
potentiates cuproptosis, conferring protection against PA-induced
pulmonary dysfunction in mice. Mechanistically, we delineated that
TDRD9 silencing activates the PD-L1/CD80/MAPK signaling axis to
drive pro-cuproptotic effects in neutrophils. Primary human lung
organoids (HLOs) were cultured and differentiated from patient-
derived adjacent non-cancerous tissues. Using the HLO cultures, it was
observed that si-TDRD9 NPs alleviated bacterial growth and reduced
cellular apoptosis. These results establish a foundational framework
for TDRD9-targeted therapeutic strategies in PA pneumonia
management.

Results

TDRD?9 is upregulated in PA-induced pneumonia patients
Neutrophils, central effectors of innate immunity, play pivotal roles in
PA-mediated lung injury?, necessitating identification of pathogenic
genes modulating neutrophil biology for therapeutic targeting. We
performed RNA-seq on BALF-derived neutrophils isolated from

control, non-PA pneumonia, and PA-induced pneumonia patients.
Comparative analysis revealed extensive differential gene expression
between Control and PA-pneumonia neutrophils (Fig. 1A). Subsequent
stratification of pneumonia subgroups identified PDE4D, TDRD9,
SIGLEC14, and ITGA7 as markedly overexpressed in PA-pneumonia
neutrophils versus non-PA pneumonia counterparts (Fig. 1B). qRT-PCR
confirmed transcriptional upregulation of these candidates, with
TDRD9 demonstrating the most pronounced elevation in PA-
pneumonia neutrophils (Fig. 1C). These findings indicate that TDRD9
upregulation is associated with PA pneumonia development.

Neutrophilic TDRD9 is essential for mitigating post-infectious
pneumonia in mouse models

To interrogate neutrophil-mediated pathobiology during PA lung
infection, wild-type mice were intranasally inoculated with PA strain
PAOL. BALF and lung tissues were harvested at 1-, 3-, and 7-day post-
infection (Fig. 2A). PAOLI challenge induced progressive weight loss
(Fig. 2B). Bacterial burden progressively increased in mouse lungs
following PAOL infection (Fig. 2C). PA-associated pneumonia is char-
acterized by neutrophilic infiltration and protein-rich pulmonary
edema®?, Quantification of lung dry/wet weight ratios confirmed
PAOIl-driven pulmonary edema (Fig. 2D), while histopathological ana-
lysis via H&E staining revealed pronounced neutrophilic inflammation
with elevated pathological scores (Fig. 2E). BALF cytokine profiling
demonstrated elevated levels of TNF-a, IL-1$, and IL-6 (Fig. 2F), cor-
roborating dysregulated inflammation. Flow cytometry revealed the
dynamic recruitment of immune cells (Supplementary Fig. 1A-C).
Notably, neutrophils peaked early (day 3) before declining in response
to PA infection (Fig. 2G, H). Other examined immune cell populations
remained relatively stable or exhibited opposite trends at days 1 and 3
post-infection (Fig. 2G, H, Supplementary Fig. 1B-D). Consequently, we
selected day 3 post-PA infection for subsequent studies, as this point is
characterized by a PA-specific pro-inflammatory environment and
immune dysregulation.

Notably, PAO1 infection upregulated PDE4D, TDRD9, and
ITGA7 expression in lung neutrophils, with TDRD9 showing the
most robust induction (Fig. 3A, B). Given the critical role of
neutrophil death in infection resolution®, we assessed PAO1’s
impact on cell death pathways. Western blot analyses revealed
suppression of apoptotic and pyroptotic markers (caspase
family), reduced autophagic flux (decreased LC3-Il, accumulated
p62), and diminished disulfide death mediators (SLC7A11, GLUT1)
in infected neutrophils (Supplementary Figs. 2A-C). Con-
currently, ferroptosis was inhibited, evidenced by elevated GPX4,
reduced ROS, and decreased Fe?* (Supplementary Fig. 2D-F).
Intriguingly, PAOl1 also modulated cuproptosis—a copper-
dependent cell death pathway implicated in lung
pathogenesis®. Infected neutrophils exhibited upregulated dihy-
drolipoamide S-acetyltransferase (DLAT), ferredoxinl (FDX1),
lipoyl synthase (LIAS), ATPase copper transporter 7A and 7B
(ATP7A/B), but downregulated solute carrier family 31 member
1(SLC31A1) and p53 (Fig. 3C). IF confirmed enhanced co-
localization of neutrophil marker Ly6G with DLAT and FDX1 in
PAOLl-infected lungs (Fig. 3D), implicating TDRD9 in cuproptosis
suppression during neutrophilic PA infection.

To functionally validate TDRD9’s role, circulating neutrophils
were depleted via anti-Ly6G antibody 48h pre-PAO1 challenge
(Fig. 4A). While neutrophil ablation did not alter baseline weight or
lung integrity in non-infected mice, it exacerbated PAOl-induced
weight loss and pulmonary damage (Fig. 4B-F). Strikingly, adoptive
transfer of sh-TDRD9-transducted PMNs attenuated PAOI-driven
pathology, including reduced bacterial burden, edema resolution,
decreased neutrophilic infiltration, and diminished BALF cytokines
(Fig. 4B-F). These findings establish TDRD9 as a critical regulator of
neutrophil cuproptosis and lung injury during PA infection.
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TDRD9 knockdown potentiates cuproptosis in human
neutrophils

To investigate TDRD9’s regulatory role in neutrophil cuproptosis, we
established an in vitro model using human peripheral blood neu-
trophils and employed the copper ionophore ES to induce cuproptosis
while modulating TDRD9 expression. Dose-response analysis via CCK-
8 assay revealed progressive reduction in neutrophil viability with
escalating ES concentrations (Fig. 5A). Subsequent experiments uti-
lized 10 pM ES for 24 h, a regimen that significantly impaired viability
with or without PAO1 treatment (Fig. 5B). PAO1 infection alone did not
compromise neutrophil viability. PAO1 infection upregulated DLAT,
FDX1, LIAS, ATP7A, and ATP7B while downregulating SLC31A1 and p53
in neutrophil lysates—a pattern reversed by ES treatment (Fig. 5C).
Notably, PAOL infection robustly induced TDRD9 expression (Fig. 5D),
which correlated positively with DLAT, FDXI1, LIAS, ATP7A/B and
inversely with SLC31A1 and p53 (Fig. 5E), suggesting TDRD9 as a
negative regulator of cuproptosis during PA infection.
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Fig. 1| Transcriptomic profiling of differentially expressed genes in pneumonia
patients. A Volcano plot and hierarchical clustering heatmap of differentially
expressed genes (DEGs) between neutrophils from Control and Pseudomonas
aeruginosa (PA)-pneumonia neutrophils. B Volcano plot and hierarchical clustering
heatmap of DEGs between non-PA-pneumonia and PA-pneumonia neutrophils.

C Male C57BL/6 mice received 50 pL of bacterial suspension of PA strain PAO1
(ODggo = 0.6; 7 x 10° CFU/mL in 0.9% sterile saline) via oropharyngeal intratracheal

To functionally validate this, we transducted neutrophils with sh-
TDRD9 or oe-TDRD?9 lentivirus. Transduction of sh-TDRD9 effectively
suppressed TDRD9 expression, whereas oe-TDRD9 achieved over-
expression (Supplementary Fig. 3A, B). TDRD9 knockdown reduced
neutrophil viability, an effect partially rescued by the cuproptosis
inhibitor tetrathiomolybdate but unaffected by inhibitors of ferrop-
tosis (ferrostatin-1), apoptosis (Z-VAD-FMK), necroptosis (necrosulfo-
namide), or autophagy (3-MA) (Fig. 5F). In PAOI/ES-co-treated
neutrophils, TDRD9 knockdown reduced bacterial burden (Fig. 5G).
TDRD9 knockdown further diminished viability, while TDRD9 over-
expression conferred resistance to ES cytotoxicity (Fig. SH). TDRD9
knockdown increased PAOIl-downregulated p53 levels in culture
medium (Fig. 5I). Correspondingly, TDRD9 depletion reversed PAOI-
induced upregulation of DLAT, FDXI1, LIAS, ATP7A/B and restored
SLC31A1/p53 levels, mimicking ES-driven cuproptosis. Conversely,
TDRD9 overexpression antagonized ES-mediated cuproptotic signal-
ing (Fig. 5)). These data establish TDRD9 as a critical suppressor of

SampleType
PA-pneumonia Cc
Control

31 Control
[ PA-pneumonia

57 p<0.001
P p<0.001 p=0.001 p<0.001
< 3 i
z
né % ?
o ¥
2
I E A
I 4
0 T T T .
05 PDE4D TDRD9 SIGLEC14 ITGA7

SampleType
PA-pneumonia
Non-PA-pneumonia

instillation. Control mice received an equal volume of sterile saline. Quantitative
real-time PCR validation of upregulated genes (phosphodiesterase 4D [PDE4D],
Tudor domain-containing protein 9 [TDRDY], sialic acid-binding Ig-like lectin 14
[SIGLEC14], integrin subunit alpha 7 [/TGA7]) in PA-pneumonia neutrophils versus
Control. n=10 mice per group. Data represent median + interquartile range (IQR),
and analyzed by two-sided t-test (C). Source data are provided as a Source Data file.
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neutrophil cuproptosis, with its expression dictating cellular resilience
to copper toxicity during PA infection.

RNA-seq identifies PD-L1/CD80/MAPK as key TDRD9-associated
signaling nodes

To elucidate the mechanism underlying TDRD9-mediated regulation
of neutrophil cuproptosis, we performed RNA-seq on PAO1-exposed

human peripheral blood neutrophils following TDRD9 knockdown.
Principal component analysis (PCA) confirmed distinct transcriptional
profiles between sh-TDRD9 and sh-NC groups (Fig. 6A). Differential
gene expression analysis identified 249 significantly altered tran-
scripts, including 34 upregulated and 215 downregulated genes
(Fig. 6B, C). Strikingly, CD274 (encoding programmed cell death-ligand
1 [PD-L1]) emerged as a downregulated candidate in TDRD9-depleted
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Fig. 2 | Pseudomonas aeruginosa (PA) induces lung injury in mice. A An
experimental flowchart illustrating male C57BL/6 mice were intranasally inoculated
with 50 pL of bacterial suspension of PA strain PAO1 (ODgg0 = 0.6; 7 X 10° CFU/mL in
0.9% sterile saline). Bronchoalveolar lavage fluid (BALF) and lung tissues were then
harvested at 1-, 3-, and 7-day post-infection. B Body weight trajectories of mice over
7 days post-PAOL1 infection. n =12 mice per group. C Quantitative analysis of colony-
forming unit (CFU) in lung tissues. n = 6 mice per group. D Quantification of pul-
monary edema via lung dry-to-wet weight ratios. n = 6 mice per group.

E Histopathological assessment of PAOl-induced lung injury by hematoxylin and

eosin (HE) staining. Scale bar: 500 um (top), 100 um (middle), 25 um (bottom).n=6
mice per group. F Proinflammatory cytokine levels (tumor necrosis factor-alpha
[TNF-a], interleukin-1 beta [IL-1B], and IL-6) in BALF measured by enzyme-linked
immunosorbent assay (ELISA). n =6 mice per group. G, H Flow cytometric quan-
tification of neutrophils, macrophages, and B cells in lung tissues post-PAO1L
infection. n =6 mice per group. Data represent median + interquartile range (IQR),
and analyzed by two-sided two-way ANOVA with Tukey’s multiple comparisons test
(B), or two-sided one-way ANOVA with Tukey’s multiple comparisons test (C-G).
Source data are provided as a Source Data file.

neutrophils under PAO1 challenge. PD-L1 has been mechanistically
linked to cuproptosis regulation. Elevated intracellular copper induces
concurrent cuproptosis and PD-L1 upregulation in malignancies”*,
Anti-PD-L1 immunotherapy potentiates copper-dependent tumor cell
death”. CD274 suppression enhances tumor cell susceptibility to
cuproptosis®. Sepsis-induced myocardial injury involves PD-L1/
cuproptosis gene co-dysregulation®. These parallels suggest PD-L1
may serve as a TDRD9 effector in neutrophil copper homeostasis. GO
enrichment analysis revealed DEGs were predominantly enriched in
biological processes, including inflammatory response and positive
regulation of MAPK cascade, cellular components, such as
platelet alpha granule Ilumen, and molecular functions like
acetylcholine-gated ion channel activity (Fig. 6D). Notably, PD-L1 is a
known modulator of MAPK signaling®’, which itself regulates cuprop-
tosis through FDX1 transcriptional control and protein
stabilization®*~*, PPI network analysis via STRING further identified PD-
L1 (CD274) as a hub interacting with CD8O0 (Fig. 6E)—a ligand-receptor
pair critical for immune checkpoint regulation®. Collectively, these
data position the PD-L1/CD80/MAPK axis as a central pathway through
which TDRD9 governs neutrophil cuproptosis during PA infection.

TDRD9 governs neutrophil cuproptosis via the PD-L1/CD80/
MAPK signaling axis

To functionally validate the PD-L1/CD80/MAPK pathway as a down-
stream mediator of TDRD9-regulated cuproptosis, we interrogated
molecular interactions in neutrophils co-treated with PAO1 and ES.
Combined PAOI/ES exposure upregulated TDRD9, PD-L1, CD80, and
phosphorylated p38 MAPK (p-p38), whereas TDRD9 knockdown sup-
pressed these markers (Supplementary Fig. 4A, B). Rescue experi-
ments demonstrated that PD-L1 overexpression in TDRD9-depleted
neutrophils promoted bacterial growth (Fig. 7A), concurrently
restoring PD-L1, CD80, and p-p38 levels (Fig. 7B, C), rescuing TDRD9
knockdown-induced viability loss (Fig. 7D), and reversing cuproptosis-
related protein expression (Fig. 7E, F). These findings position PD-L1 as
a critical effector of TDRD9-mediated p38 MAPK activation and
cuproptosis suppression.

Mechanistic dissection revealed that PD-L1 overexpression alone
elevated PD-L1, CD80, and p-p38 levels, whereas CD80 knockdown
abrogated these effects (Fig. 7G, H). Functionally, PD-L1 over-
expression enhanced neutrophil viability and anti-cuproptotic protein
signatures, while CD80 depletion counteracted these effects
(Fig. 71-K). Co-IP confirmed direct PD-L1-CD80 interaction (Fig. 7L),
establishing their cooperative role in signaling. MAPK activation using
agonist U-46199 mitigated CD80 knockdown outcomes and mirrored
PD-L1 overexpression outcomes—inducing p-p38 levels (Supplemen-
tary Fig. 4C, D), aggravating bacterial load (Fig. S4E), rescuing neu-
trophil viability (Supplementary Fig. 4F), upregulating DLAT/FDX1/
LIAS/ATP7A/B, and suppressing SLC31A1/p53 (Supplementary Fig. 4G,
H). These findings confirm PD-L1/CD80/MAPK’s centrality in TDRD9-
mediated cuproptosis.

Synthesis and functional validation of HA-si-TDRD9 NPs

Self-assembled siRNA NPs were synthesized through non-covalent
complexation of pSRHH peptide with siRNA in HBSS buffer. To
enhance cellular uptake, NPs were surface-functionalized with HA, a

CD44-targeting ligand®. DLS revealed average hydrodynamic dia-
meters of 321.0+37.1nm for HA-si-NC NPs (control) and
330.3 £+42.1nm for HA-si-TDRD9 NPs (Supplementary Fig. 5A). TEM
confirmed spherical morphology and uniform size distribution,
demonstrating that TDRD9 siRNA encapsulation does not alter nano-
particle architecture under the tested conditions (Supplementary
Fig. 5B). Functional efficacy was assessed in human peripheral blood
neutrophils. HA-si-TDRD9 NPs (0.01-0.2 uM) exhibited minimal cyto-
toxicity in untreated cells but induced dose-dependent viability
reduction in PAOl-infected neutrophils, with 0.1 1M selected for sub-
sequent experiments (Supplementary Fig. 5C, D). Cellular uptake
analyses via IF and flow cytometry demonstrated superior inter-
nalization of Cy5.5-labeled HA-si-TDRD9 NPs compared to uncoated
counterparts (Supplementary Fig. 5E, F). This enhancement was
attributed to HA***°, as CD44 blockade significantly reduced NP uptake
(Supplementary Fig. 5G). Consistent with improved delivery, HA-
coated NPs achieved more potent TDRD9 knockdown in neutrophils,
as validated by qRT-PCR (Supplementary Fig. SH).

HA-si-TDRD9 NPs potentiate neutrophil cuproptosis via PD-L1/
CD80/MAPK signaling

To delineate the mechanistic role of HA-si-TDRD9 NPs in modulating
neutrophil cuproptosis, we assessed molecular and functional out-
comes under PA infection. In neutrophils co-treated with PAO1 and ES,
HA-si-TDRD9 NPs suppressed TDRD9 expression and correspondingly
downregulated PD-L1, CD80, and p-p38 (Supplementary Figs. 6A, B).
HA-si-TDRD9 NPs also mitigated PAO1/ES-induced bacterial burden
(Supplementary Fig. 6C). This suppression synergized with PAOI/ES to
exacerbate neutrophil viability loss (Supplementary Fig. 6D) and
cuproptosis induction, as evidenced by reduced DLAT, FDXI1, LIAS,
ATP7A/B, and elevated SLC31A1/p53 levels (Supplementary Fig. 6E).
Further interrogation revealed that PD-L1 overexpression in HA-si-
TDRD9 NP-treated cells restored PD-L1/CD80/p-p38 expression, while
p38 inhibition (SB203580) selectively abrogated p-p38 without
affecting upstream regulators (Supplementary Fig. 7A-B). Function-
ally, PD-L1 overexpression exacerbated bacterial load (Supplementary
Fig. 7C), while attenuating HA-si-TDRD9 NP-driven viability loss and
cuproptosis, whereas SB203580 reversed these effects (Supplemen-
tary Figs. 7D-F). These data establish HA-si-TDRD9 NPs as potent
inducers of neutrophil cuproptosis during PA infection, operating
through PD-L1/CD80/MAPK inactivation.

HA-si-TDRD9 NPs mitigate PA-induced lung injury

To evaluate the beneficial effects of HA-si-TDRD9 NPs in vivo, animals
received intravenous administration of 0.1 pumol (low-dose) or 0.2
pmol (high-dose) HA-si-TDRD9 NPs before and after PAO1 challenge
(Fig. 8A, Supplementary Fig. 8A). Compared to the HA-si-NC NPs-
treated group, HA-si-TDRD9 NPs did not induce significant changes in
body weight (Fig. 8B, Supplementary Fig. 8B). HA-si-TDRD9 NPs atte-
nuated pulmonary bacterial load induced by PAO1 infection compared
to HA-si-NC NPs-treated mice (Fig. 8C, Supplementary Fig. 8C). HA-si-
TDRD9 NPs significantly attenuated pulmonary edema, as evidenced
by reduced lung wet/dry weight ratios (Fig. 8D, Supplementary
Fig. 8D). Furthermore, these nanoparticles markedly decreased cyto-
kine levels (TNF-a, IL-1B, IL-6) in BALF (Fig. 8E, Supplementary Fig. 8E).
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HE staining confirmed substantially reduced inflammatory infiltration
and lower histopathological scores in HA-si-TDRD9 NPs-treated lung
tissues (Fig. 8F, Supplementary Fig. 8F). Stained sections of hepatic
and renal tissues from PA-infected or healthy mice demonstrated
absence of significant necrosis or fibrosis in hepatic tissues across all
mouse groups, with no vacuolar degeneration observed in renal tub-
ular epithelial cells and intact glomerular structures (Supplementary

Fig. S9A-C), indicating that HA-si-TDRD9 NPs did not induce sub-
stantial hepatorenal toxicity.

Neutrophils isolated from lung tissues demonstrated that HA-si-
TDRD9 NPs downregulated expression of TDRD9, PD-L1, CD80, p-p38,
and copper toxicity-associated proteins (DLAT, FDXI, LIAS, ATP7A/B),
while upregulating SLC31A1 and p53 (Fig. 8G-I, Supplementary
Fig. 8G-1). Dose-dependent efficacy was observed, with a high dose of

Nature Communications | (2026)17:2277


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-70349-8

Fig. 3 | Pseudomonas aeruginosa (PA) suppresses neutrophil cuproptosis in
mouse lungs. Male C57BL/6 mice were intranasally inoculated with 50 pL of bac-
terial suspension of PA strain PAOL (ODggo = 0.6; 7 x 10° CFU/mL in 0.9% sterile
saline) for 1, 3, and 7 days. A Quantitative real-time PCR quantification of phos-
phodiesterase 4D (PDE4D), Tudor domain-containing protein 9 (TDRD9), and
integrin subunit alpha 7 (/TGA?) in lung neutrophils. n = 6. mice per group.

B Western blot analysis of PDE4D, TDRD9, and ITGA7 expression in lung neu-
trophils. n =6 mice per group. C Western blot profiling of cuproptosis-related
proteins (dihydrolipoamide S-acetyltransferase [DLAT], ferredoxin 1 [FDX1], lipoic

acid synthetase [LIAS], copper-transporting ATPase A/B [ATP7A/B], solute carrier

family 31 member 1 [SLC31A1], and tumor protein p53 [p53]) in neutrophils. n=6

mice per group. D Immunofluorescence (IF) staining demonstrating co-localization
of neutrophil marker LY6G (green) with Fe-S cluster proteins DLAT and FDX1 (red)
in lung tissues. Nuclei were counterstained with DAPI (blue). Scale bar: 25um.n=6
mice per group. Data represent median + interquartile range (IQR), and analyzed by
two-sided one-way ANOVA with Tukey’s multiple comparisons test (A-D). Source
data are provided as a Source Data file.
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based short hairpin RNA (shRNA) knocking down TDRD9 (sh-TDRD9) or corre-
sponding negative control vectors (sh-NC). B Body weight changes in mice over 3
days post-PAOL1 infection. n =12 mice per group. C Quantitative analysis of colony-
forming unit (CFU) in lung tissues. n = 6 mice per group. D Lung dry-to-wet weight
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ratios evaluating edema severity. n =6 mice per group. E Bronchoalveolar lavage
fluid (BALF) cytokine levels (tumor necrosis factor-alpha [TNF-a], interleukin-1 beta
[IL-1B], and IL-6) were quantified by enzyme-linked immunosorbent assay (ELISA).
n =6 mice per group. F Hematoxylin and eosin (HE) staining reveals inflammatory
damage in lung tissues. Scale bar: 500 um (top), 100 um (middle), 25 um (bottom).
n=6 mice per group. Data represent median + interquartile range (IQR), and ana-
lyzed by two-sided two-way ANOVA with Tukey’s multiple comparisons test (B), or
two-sided one-way ANOVA with Tukey’s multiple comparisons test (C-F). Source
data are provided as a Source Data file.

HA-si-TDRD9 NPs demonstrating superior therapeutic outcomes.
These findings collectively establish HA-si-TDRD9 NPs as a promising
strategy for mitigating lung injury during PA infection.

HA-si-TDRD9 NPs reduce HLO susceptibility to PA infection

Recent advancements in stem cell research enable the in vitro culti-
vation of 3D organoids that recapitulate the structural, biological, and
functional characteristics of native tissues*’. Using a HLO host model,
we validated the protective effects of HA-si-TDRD9 NPs against PA
infection. Spherical 3D HLO structures were successfully established in
Matrigel, exhibiting progressive growth over 7 days (Fig. 9A). HE
staining confirmed that HLOs retained vacuolated morphology con-
sistent with native lung tissue (Fig. 9B). IHC verified the expression of
stem/progenitor markers (Ki67, NKX2.1, SOX9) in HLOs (Fig. 9C). PA-
challenged HLOs displayed marked structural damage, which was
attenuated by HA-si-TDRD9 NPs (Fig. 9D). HA-si-TDRD9 significantly

suppressed bacterial proliferation in HLOs (Fig. 9E) and reduced PA-
induced upregulation of TDRD9 mRNA and protein levels. Con-
currently, HA-si-TDRD9 downregulated PA-triggered PD-L1, CD80, and
p-p38 expression (Fig. 9F-G). TUNEL assays revealed increased apop-
totic cells and elevated cleaved caspase-3/8/9 levels in PA-exposed
HLOs, both of which were reversed by HA-si-TDRD9 (Fig. 9H, I). Fur-
thermore, HA-si-TDRD9 reduced PA-induced inflammatory cytokine
levels (TNF-a, IL-1B, IL-6) in HLOs (Fig. 9)). Collectively, these data
demonstrate that HA-si-TDRD9 NPs mitigate HLO susceptibility to PA
infection.

Discussion

PA infection contributes to pulmonary dysfunction in patients, a cri-
tical factor in respiratory failure and mortality*. Developing potential
therapeutic strategies to improve clinical outcomes in pneumonia
remains imperative. In this study, transcriptomic analysis of human
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samples identified TDRD9 as a pivotal regulator of neutrophil home-
ostasis during PA-driven pneumonia progression. Under infection
conditions, neutrophils exhibited suppressed cuproptosis in vitro and
in vivo, concurrent with marked TDRD9 upregulation and exacerbated
pulmonary inflammation. By employing lentiviral vectors and HA-
functionalized self-assembling NPs, we achieved targeted TDRD9
silencing, demonstrating that TDRD9 knockdown induces neutrophil
cuproptosis via PD-L1/CD80/MAPK pathway inhibition, thereby
attenuating PA-driven pneumonia. Validation using HLO models con-
firmed that HA-si-TDRD9 NPs effectively suppress bacterial growth and
mitigate PA-induced HLO damage (Fig. 10). These findings establish
HA-si-TDRD9 NPs as a promising targeted therapy for PA-associated
pneumonia.

Neutrophil homeostasis is essential for resolving pulmonary
inflammation*’. As the predominant circulating leukocytes and first
responders to pathogens, neutrophils eliminate microbes through
diverse effector mechanisms while coordinating broader immune
activation®. Aligning with prior reports*, we observed PA-induced
neutrophilic lung infiltration, a necessary defense response. How-
ever, dysregulated neutrophil activation exacerbates tissue damage
via cytotoxic mediator release®™. Infection disrupts neutrophil
homeostasis, promoting cell death—apoptosis, necroptosis, pyr-
optosis, autophagy, and NETosis*—with impaired death pathways
amplifying inflammation*®. Our work revealed that PA suppresses
neutrophil apoptosis, necroptosis, autophagy, and ferroptosis,
while uniquely restricting copper ionophore ES-induced
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Fig. 5 | Tudor domain-containing protein 9 (TDRD9) suppresses neutrophil
cuproptosis in vitro. A Neutrophils were pretreated with escalating doses of the
copper ionophore elesclomol (ES) or dimethyl sulfoxide (DMSO; vehicle control)
for 24 h. Dose-dependent cytotoxicity of ES in human neutrophils. n=3 indepen-
dent experiments. B Neutrophils were pretreated with 10 uM ES for 24 h and
challenged with Pseudomonas aeruginosa (PA) strain PAO1 at a multiplicity of
infection (MOI) of 10 for 1h. Viability of neutrophils treated with 10 pM ES + PAO1
infection. n =3 independent experiments. C Western blot analysis of cuproptosis-
related proteins under PAO1/ES co-treatment. n =3 independent experiments.

D PAOl-induced TDRD9 upregulation. n =3 independent experiments.

E Correlation heatmap between TDRD9 and cuproptosis regulators. F Neutrophils
were pre-transducted with lentiviral-based short hairpin RNA (shRNA) knocking
down Tudor domain-containing protein 9 (TDRD9) (sh-TDRD9) and exposed to
20 pM tetrathiomolybdate (cuproptosis inhibitor; 2 h), 50 uM deferoxamine (DFO;
iron chelator; 1h), 10 uM ferrostatin-1 (ferroptosis inhibitor; 1h), 5 pM Z-VAD-FMK
(pan-caspase inhibitor; 1 h), 1 pM necrosulfonamide (necroptosis inhibitor; 1 h), and

500 puM 3-methyladenine (3-MA; autophagy inhibitor; 1h). Neutrophil viability
under pharmacological inhibition of alternative cell death pathways. n =3 inde-
pendent experiments. G Neutrophils were pre-transducted with sh-TDRD9, fol-
lowed by treatment with 10 pM ES and PAOL. Quantitative analysis of colony-
forming unit (CFU) in neutrophils. n =3 independent experiments. H Neutrophils
were pre-transducted with sh-TDRD9 or lentiviral TDRD9 overexpression construct
(oe-TDRD?Y), followed by treatment with 10 pM ES and PAOL. Viability of PAO1/ES-
treated neutrophils with TDRD9 knockdown/overexpression. n =3 independent
experiments. I Enzyme-linked immunosorbent assay (ELISA) analysis of tumor
protein p53 (p53) levels in cell culture medium. n =3 independent experiments.

J Protein expression dynamics of cuproptosis mediators under genetic TDRD9
modulation. n =3 independent experiments. Data represent median * interquartile
range (IQR), and analyzed by two-sided two-way ANOVA with Tukey’s multiple
comparisons test (A), or two-sided one-way ANOVA with Tukey’s multiple com-
parisons test (B-D, F-J). Source data are provided as a Source Data file.
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cuproptosis in vitro. Copper is essential for bactericidal activity*”*®
but pathogenic at elevated concentrations, where it drives cytokine
storms and tissue injury*’. Consequently, precise regulation of
pulmonary copper homeostasis and neutrophil death mechanisms

is critical to balancing pathogen clearance and inflammatory
containment.

RNA-seq and validation across models identified TDRD9 and the
PD-L1/CD80/MAPK signaling axis as critical mediators of pneumonia
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Fig. 7 | The programmed death ligand-1(PD-L1)/cluster of differentiation 80
(CD80)/mitogen-activated protein kinase (MAPK) axis mediates Tudor
domain-containing protein 9 (TDRD9)-dependent cuproptosis regulation.

A Neutrophils were pre-transducted with lentiviral-based short hairpin RNA
(shRNA) knocking down TDRD9 (sh-TDRD9) and lentiviral PD-L1 overexpression
construct (oe-PD-L1), followed by treatment with 10 uM elesclomol (ES) for 24 h
and Pseudomonas aeruginosa (PA) strain PAO1 at a multiplicity of infection (MOI) of
10 for 1 h. Quantitative analysis of colony-forming unit (CFU) in neutrophils. n=3
independent experiments. B PD-L1 overexpression rescued TDRD9 knockdown-
induced pathway suppression. n =3 independent experiments. C Enzyme-linked
immunosorbent assay (ELISA) analysis of PD-L1 and sCD80 levels in cell culture
medium. n =3 independent experiments. D Viability restoration by PD-L1 over-
expression in TDRD9-depleted neutrophils. n =3 independent experiments.

E Cuproptosis-related protein dynamics under TDRD9 knockdown + PD-L1 over-
expression. n =3 independent experiments. F ELISA analysis of tumor protein p53

(p53) levels in cell culture medium. n =3 independent experiments. G Neutrophils
were pre-transducted with oe-PD-L1 and lentiviral-based shRNA knocking down
CD8O0 (sh-CD80), followed by treatment with 10 uM elesclomol (ES) for 24 h and
infection with PAOL at an MOI of 10 for 1 h. Signaling pathway-related protein
expressions under PD-L1 overexpression + CD80 knockdown. n =3 independent
experiments. H ELISA analysis of PD-L1 and sCD80 levels in cell culture medium.
n =3 independent experiments. I Viability reduction by CD80 knockdown in PD-L1-
overexpressed neutrophils. n =3 independent experiments. J, K Cuproptosis-
related protein dynamics under PD-L1 overexpression + CD80 knockdown. n=3
independent experiments. L PD-L1-CD80 interaction using co-
immunoprecipitation assay. n =3 independent experiments. Data represent med-
ian + interquartile range (IQR), and were analyzed by two-sided one-way ANOVA
with Tukey’s multiple comparisons test (A-K). Source data are provided as a Source
Data file.
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pathogenesis. The pronounced upregulation of TDRD9 in neutrophils
from PA-pneumonia patients prompted a mechanistic investigation.
Neutrophil depletion via anti-Ly6G antibodies, followed by adoptive
transfer of TDRD9-knockdown neutrophils, significantly attenuated
pulmonary inflammation. Although TDRD9—a Tudor domain protein
implicated in male germ cell development® and immune cell
—has been minimally studied in neutrophil survival, our
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data reveal its potential regulatory role. In vitro TDRD9 silencing
reduced neutrophil viability, an effect rescued by the cuproptosis
inhibitor tetrathiomolybdate but unaffected by inhibitors of apopto-
sis, necroptosis, autophagy, or ferroptosis, indicating TDRD9 ablation
specifically triggers neutrophil cuproptosis.

This phenotype mechanistically links to PD-L1/CD80/MAPK
pathway suppression. PD-L1, a key immune checkpoint, inhibits post-

Nature Communications | (2026)17:2277

n


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-70349-8

Fig. 8 | HA-si-TDRD9 NPs ameliorate Pseudomonas aeruginosa (PA)-induced
lung injury and modulate neutrophil cuproptosis. A An experimental flowchart
illustrating intravenous injections of low-dose (0.1 pmol) or high-dose (0.2 pmol)
hyaluronic acid (HA)-coated peptide nanoparticle (NP) system for targeted small
interfering RNA (siRNA) delivery against Tudor domain-containing protein 9
(TDRDY) (HA-si-TDRD9 NPs) three days after PA strain PAO1 (ODggo = 0.6; 7 x 10°
CFU/mL in 0.9% sterile saline) infection. B Body weight dynamics in PAOl-infected
mice treated with HA-si-NC NPs or HA-si-TDRD9 NPs (0.1/0.2 pmol). n =12 mice per
group. C Quantitative analysis of colony-forming unit (CFU) in lung tissues. n=6
mice per group. D Lung edema quantification via wet-to-dry weight ratios. n=6
mice per group. E Bronchoalveolar lavage fluid (BALF) cytokine levels. n =6 mice

per group. E TDRD9 mRNA expression in lung tissue. n =6 mice per group.

F Representative hematoxylin and eosin (HE)-stained lung images. Scale bar:

500 um (top), 100 um (middle), 25 um (bottom). n = 6 mice per group.

G, H Programmed death ligand-1(PD-L1)/cluster of differentiation 80 (CD80)/
mitogen-activated protein kinase (MAPK) signaling pathway-related indicators in
lung neutrophils. n = 6. I Cuproptosis-related protein expression in lung neu-
trophils. n=6 mice per group. Data represent median + interquartile range (IQR),
and analyzed by two-sided two-way ANOVA with Tukey’s multiple comparisons test
(B), or two-sided one-way ANOVA with Tukey’s multiple comparisons test

(B-D, C-I). Source data are provided as a Source Data file.

infection neutrophil apoptosis and autophagy to prolong inflamma-
tory responses’®”. Paradoxically, neutrophil-specific PD-L1 over-
expression increases PA susceptibility, which may be attributed to
impaired phagocytic capacity’*. CD80 synergizes with PD-L1 on
antigen-presenting cells to potentiate neutrophil activation®, while
MAPK signaling governs NETosis-associated pyroptosis and ferropto-
sis in PA-induced lung injury**. We demonstrated that TDRD9 knock-
down suppresses PD-L1/CD80/p38 MAPK activation, thereby enabling
cuproptosis.

NP-based siRNA delivery systems offer precision targeting for
inflammatory lung diseases”. By silencing disease-promoting genes,
siRNA-loaded NPs mitigate PA-induced lung injury®®. NP systems pre-
vent the release of toxic drugs in neutrophils and alleviate
inflammation® and leverage peptide-based carriers for enhanced
biocompatibility*®. Utilizing HA-functionalized pSRHH-si-TDRD9 NPs,
we achieved neutrophil-specific TDRD9 silencing in vitro and in vivo.
HA-si-TDRD9 NPs restored pulmonary homeostasis by inducing neu-
trophil cuproptosis, reducing pathological neutrophil infiltration, and
alleviating edema.

Compared to 2D cell cultures and animal models, 3D lung orga-
noids exhibit superior physiological relevance to human systems,
demonstrating  significant potential for studying bacterial
pneumonia*®®’, Organoids circumvent batch variability issues inherent
in animal studies, and a single human tissue sample can generate >100
organoids, substantially reducing inter-individual variability while
enabling high-throughput screening. Organoid cultures permit precise
control of pathogen exposure and drug treatment, eliminating con-
founding systemic factors present in animal models. This approach
provides a robust platform to implement the 3 R principles—Replace-
ment, Reduction and Refinement—in preclinical research, thereby
reducing reliance on experimental animals and associated ethical
concerns. Crucially, stem/progenitor cells within lung organoids
exhibit self-renewal and differentiation capacities unattainable in
conventional cell lines. In this study, HLOs were established via dif-
ferentiation of adjacent non-cancerous lung tissues. PA exposure was
demonstrated to induce apoptosis and a pro-inflammatory micro-
environment in these organoids. Consistent with observations in
neutrophil cultures and mouse models, HA-si-TDRD9 NPs attenuated
HLO susceptibility to PA infection, mitigating apoptosis and tissue
damage. These findings position HA-si-TDRD9 NPs as a targeted
strategy to resolve dysregulated inflammation via cuproptosis-driven
neutrophil clearance.

While this work provides some insights, certain limitations war-
rant consideration. First, modest cohort size restricts our ability to
fully characterize dynamic microenvironmental changes during PA
lung infection. A neutrophil-specific TDRD9 knockout mouse model
would more rigorously delineate its regulatory role. Second, although
we quantified immune cell flux in PA-infected lungs, the upstream
drivers of this redistribution remain unexplored. Future investigations
should address TDRD9’s influence on PA virulence determinants—
adhesion factors and biofilm formation—and its interplay with copper
homeostasis under pathological conditions. Future establishment of
airway epithelial organoids to investigate inter-individual variations in

infection susceptibility and responses would strengthen mechanistic
studies of PA-induced lung injury. Nanoparticle bactericidal efficacy
will be validated through CFU counts in human saliva, PA-specific
fluorescent imaging, and PCR detection of outer membrane protein L
(oprlL) gene expression, thereby enhancing clinical translatability.
Long-term toxicity of HA-si-TDRD9 NPs was not systematically eval-
uated in this study, necessitating in-depth investigation of in vivo
nanoparticle trafficking pathways in future research. Future studies
should further explore neutrophil functional heterogeneity and the
precise regulatory mechanisms of cuproptosis in infectious lung
injury. The potential implications of gender as a factor in PA-induced
lung injury warrant further investigation.

In conclusion, our findings position TDRD9 as a promising adju-
vant therapeutic target for PA-associated lung injury. We developed a
peptide-based NP platform capable of efficient TDRD9 siRNA delivery
to lung neutrophils. TDRD9 silencing suppressed PD-L1/CD80/MAPK
signaling, inducing neutrophil cuproptosis and attenuating PA-driven
pulmonary hyperinflammation. These results underscore the ther-
apeutic potential of HA-si-TDRD9 NPs in managing bacterial
pneumonia-related immunopathology, offering a targeted strategy to
restore neutrophil homeostasis.

Methods

Study approval and ethics statements

The human research protocol received ethical approval from the
Biomedical Research Ethics Committee of the University of South
China (Approval No. 2024077 and 2024107), with written informed
consent obtained from all participants. All animal experiments were
conducted in strict compliance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and were reviewed
by the Biomedical Research Ethics Committee of the University of
South China (Approval No. 2024-491).

Study population and sample collection

This study enrolled 15 non-pneumonia patients requiring broncho-
scopy (Control), 15 patients with non-PA pneumonia (Non-PA-pneu-
monia), and 15 patients with PA-induced pneumonia (PA-pneumonia)
at the Second Affiliated Hospital, University of South China, between
March 2023 and March 2024. Patients who are pregnant or breast-
feeding, have severe underlying medical conditions, are in an immu-
nosuppressed state, are currently receiving antibiotic therapy, or have
chronic respiratory failure are excluded. Based on biological attri-
butes, each cohort includes eight males and seven females. All patient
characteristics were obtained at the time of initial diagnosis (Supple-
mentary Table 1). During standard diagnostic bronchoscopy, sterile
saline was instilled into the right middle lobe or left upper lobe lingula
via the bronchoscope channel, achieving a fluid recovery rate of
60-70%. Polymorphonuclear neutrophils (PMNs) were isolated from
bronchoalveolar lavage fluid (BALF) and peripheral blood samples
using Percoll density gradient centrifugation. Seven control subjects,
eight non-PA pneumonia patients, and six pneumonia patients were
randomly selected for BALF collection. The baseline information of
these subjects is shown in Supplementary Table 2. BALF-derived
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Fig. 9 | HA-si-TDRD9 NPs reduce HLO susceptibility to PA infection. A A sphe-
rical 3D human lung organoid (HLO) structure was successfully established in
Matrigel, and its growth was observed under an optical microscope for 7 days.
Representative bright-field images of HLOs cultured for 7 days. Scale bars: 200 um
(top), 100 pm (bottom). n=3 independent experiments. B Hematoxylin and eosin
(HE) staining comparing histological features of native human lung tissue and
HLOs. Scale bar: 60 pm. n =3 independent experiments. C Inmunohistochemistry
analysis of Ki67, NK2 homeobox 1 (NKX2.1), and SRY-box transcription factor 9
(SOX9) expression in native lung tissue and HLOs. Scale bar: 60 pm. n =3 inde-
pendent experiments. D HLOs were incubated with 0.1 pM hyaluronic acid (HA)-
coated peptide nanoparticle (NP) system for targeted small interfering RNA (siRNA)
delivery against Tudor domain-containing protein 9 (TDRD9) (HA-si-TDRD9 NPs) or
HA-si-NC NPs, followed by infection with Pseudomonas aeruginosa (PA) strain PAOL
HE staining showing HA-si-TDRD9-mediated preservation of HLO morphology

Caspase3 Caspase8 Caspase9

following PA challenge. n=3 independent experiments. E Bacterial growth curves in
HLO cultures. n = 3. F Quantitative real-time PCR analysis of TDRD9 mRNA levels in
HLOs. n =3 independent experiments. G Western blot analysis of TDRD9, pro-
grammed death ligand-1(PD-L1), cluster of differentiation 80 (CD80), and mitogen-
activated protein kinase (MAPK) expression. n =3 independent experiments.

H TUNEL assay quantifying apoptotic cells in HLOs. Scale bar: 25 ym. n =3 inde-
pendent experiments. I Western blot of cleaved caspase-3, -8, and -9 levels. n=3
independent experiments. J Enzyme-linked immunosorbent assay (ELISA) quanti-
fication of tumor necrosis factor-alpha (TNF-a), interleukin-1 beta (IL-1B), and IL-6
levels in HLO supernatants. n = 3 independent experiments. Data represent median
+ interquartile range (IQR), and analyzed by two-sided two-way ANOVA with
Tukey’s multiple comparisons test (E), or two-sided one-way ANOVA with Tukey’s
multiple comparisons test (F-J). Source data are provided as a Source Data file.

neutrophils were processed for RNA sequencing (RNA-seq), while
peripheral blood neutrophils were utilized for functional in vitro
assays. Human materials for organoid generation originated from
adjacent non-cancerous lung tissues of three lung adenocarcinoma
patients (Supplementary Table 3).

Cell culture and treatment

Isolated neutrophils were cultured in RPMI 1640 at 37 °C with 5% CO,.
Cell viability, confirmed by Ly6G/CD11b dual-labeling flow cytometry
(A00-1-1102, Beckman Coulter, Fullerton, CA, USA), exceeded 95%.
Neutrophils were pretreated with escalating doses of the copper
ionophore elesclomol (ES) or dimethyl sulfoxide (DMSO; vehicle
control) and challenged with PA strain PAO1 (ATCC #27853) at a

multiplicity of infection (MOI) of 10 for 1 h®. For genetic manipulation,
neutrophils were transducted with lentiviral-based short hairpin RNA
(shRNA)  knocking down TDRD9 (sh-TDRD9; 5-TGGCAA-
TAAGTCTCATGTATT-3’, LV-HO153046-sh, HonorGene), lentiviral
TDRD9 overexpression construct (oe-TDRD9; LV-HO153046, Hon-
orGene), lentiviral PD-L1 overexpression construct (oe-PD-L1; LV-
HOO014143, HonorGene), lentiviral-based shRNA knocking down CD8O
(sh-CD80; 5’-CCTTAATCTCAGTAAATGGAA-3’, LV-HO005191-sh, Hon-
orGene), and their corresponding negative control vectors (NC).
Prior to bacterial challenge, cells were incubated with 10 nM
U-46199 (p38 MAPK agonist) for 24 h®’. To delineate TDRD9’s role,
neutrophils subjected to sh-TDRD9 were exposed to 20 uM tetra-
thiomolybdate (cuproptosis inhibitor; 2 h), 50 uM deferoxamine (DFO;
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Fig. 10 | A graphic abstract summarizes that HA-si-TDRD9 NPs attenuate
Pseudomonas aeruginosa (PA)-driven lung injury. Pathogenic gene Tudor
domain-containing protein 9 (TDRD9) was identified through RNA sequencing of
neutrophils collected from bronchoalveolar lavage fluid (BALF) of 21 recruited
patients. TDRD9-targeting siRNA was encapsulated into hyaluronic acid (HA)-
coated amphiphilic peptide pSRHH nanoparticles (NPs). Administration of HA-si-
TDRD9 nanoparticles to PA-infected mice or human lung organoids demonstrated
that these NPs disrupt the programmed death ligand-1(PD-L1)/cluster of differ-
entiation 80 (CD80)/mitogen-activated protein kinase (MAPK) signaling pathway,
promote neutrophil cuproptosis, and ultimately ameliorate inflammation and lung
injury.

iron chelator; 1 h), 10 uM ferrostatin-1 (ferroptosis inhibitor; 1 h), 5 pM
Z-VAD-FMK (pan-caspase inhibitor; 1h), 1uM necrosulfonamide
(necroptosis inhibitor; 1h), and 500 pM 3-methyladenine (3-MA;
autophagy inhibitor; 1h).

Cell counting kit-8 (CCK-8)

Cell viability was quantified using the CCK-8 assay (Dojindo Labora-
tories, Tokyo, Japan). Briefly, 100 pL of neutrophil suspension (5.5 x
103 cells/well) was seeded into 96-well plates. Following a 4-h incuba-
tion (37 °C, 5% CO3), 100 pL of complete medium containing 10% CCK-
8 reagent was added to each well. Absorbance at 450 nm (OD,s0) was
measured using a Bio-Tek Microplate Reader (HEALES, Shenz-
hen, China).

RNA sequencing (RNA-seq)

RNA sequencing and bioinformatic analyses were conducted by
Shanghai OE Biotech Co., Ltd. (Shanghai, China). Neutrophils isolated
from human subjects were subjected to RNA-seq. Sequencing reads
were aligned to the human reference genome using HISAT2 (v2.1.0).
Read quantification was performed with HTSeq-count (v0.11.2). Dif-
ferential gene expression analysis and visualization were carried out
using DESeq2 (v1.22.2) with significance thresholds set at |log2(fold
change)| >1 and an adjusted p-value < 0.05. Volcano plots and heat-
maps were generated to illustrate the distribution of differentially
expressed genes (DEGs). Gene Ontology (GO) enrichment analysis was
employed to annotate the biological functions of DEGs. Protein-
protein interaction networks were constructed using the STRING
database, and the top 30 interactions were visualized as circular
diagrams.

Preparation and characterization of hyaluronic acid-coated
pSRHH-si-TDRD9 NPs

Hyaluronic acid (HA)-coated and uncoated pSRHH-si-TDRD9 NPs were
synthesized®*. Briefly, small interfering RNA targeting TDRD9 (si-
TDRD9; 10 uM) or its negative control (si-NC) was mixed with 10 mM
pSRHH peptide (VLTTGLPALISWIRRRHRRHC; Cat# SC1848, Gen-
Script, Piscataway, NJ, USA) to facilitate self-assembly of pSRHH-siRNA
NPs. HA-coated NPs (HA-si-TDRD9 NPs and HA-si-NC NPs) were pre-
pared by incubating HA solution (10 mg; Cat# B8382, ApexBio, Hous-
ton, TX, USA) with pre-assembled pSRHH-siRNA NPs. Uncoated NPs (si-
TDRD9 NPs and si-NC NPs) were generated by omitting HA. Nano-
particle size and morphology were assessed by transmission electron
microscopy (TEM). Hydrodynamic diameter was determined via
dynamic light scattering (DLS; Zetasizer Nano ZS90, UK). si-TDRD9
(sense: 5-UGGCAAUAAGUCUCAUGUATT-¥, antisense: 5-UACAUGA-
GACUUAUUGCCATT-3) and si-NC (sense: 5-UUCUCCGAACGUGU-
CACGUTT-%, antisense: 5-ACGUGACACGUUCGGAGAATT-3’) were
obtained from HonorGene.

Uptake of pSRHH-siRNA NPs by neutrophils

Neutrophils were seeded into 12-well plates at a density of 5 x 10° cells
per well. After overnight adherence, cells were incubated with Cy5.5-
labeled HA-si-TDRD9 NPs or naked si-TDRD9 NPs (HA omitted) for 4 h.
Nanoparticle uptake was assessed by flow cytometry and immuno-
fluorescence analysis of Cy5.5 and LY6G staining. To evaluate HA-
mediated uptake, neutrophils were stained with anti-CD44 antibody
(Cat# MU310, BioGenex, Fremont, CA, USA), followed by incubation
with HA-si-TDRD9 NPs.

Animal model of pneumonia

A total of 286 male C57BL/6 mice (6-8 weeks old) were obtained from
Hunan Slake Jingda Animal Experiment Company (Changsha, China)
and housed at 22-26 °C with 40-60% humidity under a 12-h light/dark
cycle. After mice were anesthetized via intraperitoneal injection of
sodium pentobarbital (50 mg/kg), 50 pL of bacterial suspension of
PAO1 (ODggo =0.6; 7x10° CFU/mL in 0.9% sterile saline) was admi-
nistered via oropharyngeal intratracheal instillation to simulate PA
pneumonia®’. Control mice received an equal volume of sterile saline.

Seventy-eight mice were randomly allocated to Control and PA
groups (n =39 per group). Three PA-group mice died during the seven-
day infection period. On day 1 post-infection, twelve mice per group
were randomly selected as Control-1d and PA-1d subgroups (n=12
each). On day 3, twelve additional mice per group were randomly
chosen from the same cohort as Control-3d and PA-3d subgroups
(n=12 each). The remaining mice were maintained until day 7, with
12 surviving PA-group mice designated as PA-7d and twelve randomly
selected Control-group mice as Control-7d (n=12 each). Euthanasia
was performed via sodium pentobarbital overdose (100 mg/kg). Six
mice per subgroup underwent pulmonary edema evaluation. From the
remaining six mice per subgroup, BALF was collected through lung
lavage with 1 mL ice-cold phosphate-buffered saline (PBS), while per-
ipheral blood and lung tissues were harvested for downstream
analyses.

To investigate the in vivo role of TDRD9 in neutrophils, seventy-
eight mice were randomly allocated to six experimental groups: Con-
trol, Anti-Ly6G, PA, Anti-Ly6G+PA, Anti-Ly6G+PA+PMN""¢, and Anti-
Ly6G+PA+PMN"TPRD® (n =12 per group). Mice in anti-Ly6G-treated
groups were intravenously administered 50 pg anti-Ly6G antibody
48 h prior to PAOL1 infection to deplete endogenous neutrophils®.
Neutrophils (1x10° cells/mouse) transducted with sh-TDRD9 (5
AGCTCAGAAATGGAGTATATT-3’, LV-M0029056-sh, HonorGene) or
sh-NC were adoptively transferred via intravenous injection®. Control
mice received equivalent volumes of sterile saline. On day 3, BALF and
lung tissues were collected for further evaluation.
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In vitro and in vivo targeting efficacy of HA-pSRHH-siRNA NPs
The regulatory effects of HA-si-TDRD9 NPs on the PD-L1/CD80/MAPK
signaling axis and cuproptosis were assessed. Human peripheral blood
neutrophils were incubated with 0.1 uM HA-si-NC NPs or HA-si-TDRD9
NPs for 4 h**. Neutrophils were subsequently treated with 10 uM ES for
24 h, followed by infection with PAO1 for 1 h. For PD-L1 overexpression,
neutrophils were transfected with oe-PD-L1 or oe-NC. Prior to bacterial
challenge, cells were pre-treated with 1pM SB203580 (p38 MAPK
inhibitor) for 1 h>¢,

The therapeutic efficacy of HA-si-TDRD9 NPs was evaluated in
mice. Sixty-five mice were randomly allocated to five experimental
groups: Control, Post-PA, Post-PA +HA-si-NC NPs, Post-PA +HA-si-
TDRD9 NPs-low, and Post-PA + HA-si-TDRD9 NPs-high (n=12 per
group). Mice received intravenous injections of low-dose (0.1 pmol) or
high-dose (0.2 pmol) HA-si-TDRD9 nanoparticles three days post-
infection. Body weight was monitored daily for six consecutive days
post-infection, with BALF and lung tissue samples collected on day 3
post-treatment.

To evaluate the preventive protective effects of HA-si-TDRD9 NPs,
65 mice were randomly allocated to five experimental groups: Control,
Pre-PA, Pre-PA+HA-si-NC NPs, Pre-PA +HA-si-TDRD9 NPs-low, and
Pre-PA+HA-si-TDRD9 NPs-high (n=12 per group). Mice received
intravenous injections of HA-si-TDRD9 NPs at low (0.1 pmol) or high
(0.2 pmol) doses®* 24 h pre-infection, with subsequent doses admi-
nistered every 48 h. Body weight changes were monitored for 3 days
post-infection. BALF and lung tissues were harvested on day 3.

Organoid culture

Fresh adjacent non-cancerous lung tissue samples from patients were
collected and preserved in tissue preservation solution (Cat# OGCP-
04-06, Guangzhou Wogen Biotechnology Co., Ltd., Guangzhou, China)
at 4 °C. The tissues were minced into 1-2 mm?3 fragments using surgical
scissors in PBS containing 1% penicillin-streptomycin. Fragments were
digested with organoid digestion solution (Cat# OGCP-04-01) for
1-2h, filtered through a 100 um cell strainer, and pelleted by cen-
trifugation. The pellet was resuspended in Matrigel (Cat# OGCP-04-11)
mixed 1:1 with organoid culture medium (Cat# OGCP-02-07). A 50 pL
aliquot of the mixture was plated and solidified at 37 °C under 5% CO»,
followed by the addition of 500 pL organoid culture medium. Orga-
noid growth was monitored daily for 7 days, with medium replaced
every 2-3 days.

Bacterial growth assay

For bacterial inoculation, organoid culture medium, cells, and lung
tissue homogenate were combined with sterile PBS and spiked with PA
at an initial concentration of -3 x 10> CFU/mL. A 100 pL aliquot of the
mixture was seeded into LB medium and incubated at 37 °C with 5%
CO, for 6, 12, 24, and 48 h. Bacterial colonies were visualized, and
colony-forming units (CFU) were quantified at each timepoint.

Lung water content

Lung edema was quantified using the wet/dry weight ratio. Immedi-
ately after euthanasia, the lungs were exercised and weighed to
determine wet weight. Tissues were then dehydrated at 60 °C for 72 h
in a laboratory oven until constant dry weight was achieved. The ratio
of wet weight to dry weight was calculated to assess pulmonary edema
severity.

Hematoxylin and eosin (HE) staining

Fresh lung, hepatic, and renal tissues from all animal groups and HLOs
were fixed in 4% PFA for 24 h at 4 °C, paraffin-embedded, and sec-
tioned at 4 pm thickness. Sections were stained with hematoxylin
(Cat# AWIOO001a, Abiowell) and eosin (Cat# AWI0029a, Abiowell).
Histopathological damage was evaluated under a BA210T bright-field
microscope (Motic, Xiamen, China) at 20x, 100x, and 400x

magnification. According to established protocols®®, pneumonia
severity was quantified by assessing four parameters: (1) alveolar
congestion, (2) hemorrhage, (3) leukocyte infiltration, and (4) alveolar
wall thickness/hyaline membrane formation (O = absent; 3 = severe).
The total score ranges from O to 12 points.

Flow cytometry

Lung tissues were dissociated by mincing followed by enzymatic
digestion in RPMI-1640 medium containing collagenase IV and DNase |
at 37 °C for 30 min. The homogenate was filtered through a 70 pum cell
strainer and centrifuged at 300 x g for 5min. Red blood cells were
lysed using ACK buffer, and single-cell suspensions were prepared in
PBS supplemented with 2% FBS. For immunophenotyping, cells were
stained for 30 min at 4 °C with the following fluorochrome-conjugated
antibodies: Ly6G-PC7 (1A8-Ly6g) (Cat# 25-9668-82, eBioscience, San
Diego, CA, USA), F4/80-PC5.5 (BMS8) (Cat# 45-4801-82, eBioscience),
CD19-APC (eBiolD3 (1D3)) (Cat# 17-0193-82, eBioscience), CD3 (145-
2Cl11) (Cat# 12-0031-82, eBioscience), CD49b (DX5) (Cat# 11-5971-82,
eBioscience). Data acquisition was performed on a CytoFLEX flow
cytometer (A00-1-1102, Beckman Coulter). Neutrophils (Ly6G+), mac-
rophages (F4/80+), B cells (CD19+), NK cells (CD49b+), and T cells
(CD3+) were quantified using CytExpert v2.5 software (Beckman
Coulter).

For intracellular cytokine staining, single-cell suspensions were
stimulated with Cell Stimulation Cocktail (Cat# 00-4975-93,
eBioscience) for 4 h at 37 °C under 5% CO,. Cells were surface-stained
with CD4 (GK1.5) (Cat# 11-0041-82, eBioscience) and intracellularly
stained with: IL-17A (eBiol7B7) (Cat# 12-7177-81, eBioscience), CD25
(PC61.5) (Cat# 17-0251-82, eBioscience), and Foxp3 (FJK-16s) (Cat# 12-
5773-82,  eBioscience). Thl7  (CD4+IL-17A+) and  Treg
(CD4+CD25+Foxp3+) populations were gated using CytExpert
v2.5 software, and the Th17/Treg ratio was calculated.

Enzyme-linked immunosorbent assay (ELISA)

Proinflammatory cytokines (IL-6, IL-1B, TNF-«) in BALF and HLOs were
quantified using commercial mouse ELISA kits (IL-6: Cat# CSB-
E04639m; IL-1B: Cat# CSB-E08054m; TNF-a: Cat# CSB-E04741m;
CUSABIO Co., Ltd., Wuhan, China) and human ELISA kits (IL-6: Cat#
KEOO0139; IL-1B: Cat# KE00021; TNF-a: Cat# KEOO154; Proteintech).
BALF and HLO samples were centrifuged to remove cellular debris.
Soluble cluster of differentiation 80 (sCD80), p53, and programmed
death ligand-1(PD-L1) in cell culture medium were measured using
commercial human ELISA kits (sCD80: CSB-E15768h-IS; p53: Cat# CSB-
E08334h-IS; PD-L1: CSB-E13644h; CUSABIO Co., Ltd.). Assays were
performed according to the manufacturer’s protocol, with absorbance
measured at 450 nm using a Bio-Tek microplate reader.

Quantitative real-time PCR (QRT-PCR)

Total RNA was isolated from neutrophils, lung tissues, and HLOs using
TRIzol reagent (Cat# 15596026, Thermo Fisher Scientific). RNA purity
and concentration were determined using a Micro Drop spectro-
photometer (Thermo Fisher Scientific). Complementary DNA (cDNA)
synthesis was performed with 2 pg total RNA using the HiFiScript cDNA
Synthesis Kit (Cat# CW2569M, CWBIO, Taizhou, China), following the
manufacturer’s protocol. qRT-PCR amplification was conducted in a
QuantStudio 1 Real-Time PCR System (Thermo Fisher Scientific) using
UltraSYBR Mixture (Cat# CW2601M, CWBIO). Gene-specific primers
(Supplementary Table 4) were designed using NCBI Primer-BLAST.
Relative mRNA expression levels were calculated using the 274¢
method, normalized to the endogenous control S-actin.

Western blot analysis

Total protein was extracted from neutrophils, lung tissues, and HLOs
using RIPA lysis buffer (Cat# R0O010, Solarbio, Beijing, China). Equal
amounts of protein were resolved on 10% SDS-polyacrylamide gels and
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transferred to nitrocellulose membranes. After blocking with 5% non-
fat dry milk, membranes were incubated with primary antibodies
overnight at 4 °C and with horseradish peroxidase (HRP)-conjugated
secondary antibodies for 1h at room temperature (Supplementary
Table 5). Immunoreactive bands were imaged on a ChemiScope 6100
imaging system (CLiNX Science Instruments, Shanghai, China) and
quantified using ImageJ v1.51 software (NIH, Bethesda, MD, USA) nor-
malized to B-actin expression.

Immunofluorescence (IF) and immunohistochemistry (IHC)

For IF, lung tissue sections were subjected to microwave-mediated
antigen retrieval in Tris-EDTA buffer. Autofluorescence was quenched
by incubating sections with 0.1% sodium borohydride, followed by
endogenous peroxidase blockade using 0.3% hydrogen peroxide.
Sections were blocked with 5% BSA and incubated with anti-LY6G (1A8)
(1:200; Cat# 65078-1-Ig, Proteintech, Rosemont, IL, USA), DLAT poly-
clonal (1:100; Cat# 13426-1-AP, Proteintech), and FDX1 polyclonal
(1:100; Cat# 12592-1-AP, Proteintech) primary antibodies and HRP-
conjugated secondary antibody (1:200; Cat# AWI0629, Abiowell).
Tyramide signal amplification (TSA) was performed using 520 and 570
fluorophores (Abiowell). Nuclei were counterstained with 4’,6-diami-
dino-2-phenylindole (DAPI). Fluorescent images were acquired using a
Motic BA410 fluorescence microscope.

For IHC, dewaxed HLO sections underwent heat antigen retrieval
followed by endogenous peroxidase blockade with 1% periodic acid.
Tissue sections were incubated with primary antibodies against Ki67
(45b13) (1:200; Cat# AWAI11025, Abiowell), NKX2.1 (EP1584Y) (1:200;
Cat# ab76013, Abcam), and SOX9 (45A09) (1:200; Cat# AWA10351,
Abiowell) at 4°C overnight and species-matched HRP-conjugated
secondary antibodies at 37 °C for 1h. Sections were stained with 3,3"-
diaminobenzidine (DAB) and hematoxylin. Images were captured
using a bright-field microscope and analyzed using Image-Pro Plus
software v6.0 (Media Cybernetics, Rockville, MD, USA).

TUNEL assay

Paraffin-embedded HLOs were dehydrated and treated with 100 pL of
1x Proteinase K working solution. Subsequently, 100 pL of 1 x Equili-
bration Buffer was added and incubated at room temperature for
10-30 min, followed by the addition of 50 pL TdT incubation buffer.
The samples were protected from light and incubated for 60 min. After
washing with PBS, nuclei were counterstained with DAPI. Fluorescence
microscopy was performed to capture images, and the percentage of
TUNEL-positive cells was quantified.

Co-immunoprecipitation (Co-IP) assay

Total cellular proteins were extracted using ice-cold IP lysis buffer
(Abiowell) supplemented with protease inhibitor cocktail. For immu-
noprecipitation, lysate was incubated overnight at 4 °C with Rabbit
anti-PD-L1 (Cat# 28076-1-AP, Proteintech) or Rabbit IgG isotype con-
trol (Cat# B900610, Proteintech), followed by 4-h incubation with
Protein A/G agarose beads. Beads were washed with lysis buffer, and
bound proteins were eluted in IP lysis buffer. Eluates were resolved by
SDS-PAGE and immunoblotted using Rabbit anti-PD-L1 and Rabbit anti-
CD80 antibodies.

Detection of reactive oxygen species (ROS) and Fe** levels
Intracellular ROS levels were quantified using a CytoFLEX flow cyt-
ometer with the DCFH-DA Cellular ROS Assay Kit (Cat# S0033S,
Beyotime, Shanghai, China). Fe2* concentrations (umol/10°) were
determined using the Cell Ferrous Iron Colorimetric Assay Kit (Cat# E-
BC-K881-M, Elabscience, Wuhan, China).

Statistical analysis
Data are presented as mean tstandard deviation (SD). Statistical
comparisons were performed in GraphPad Prism v9.0 (GraphPad

Software, San Diego, CA, USA). Two-group comparisons were per-
formed using unpaired two-sided ¢-test. Multi-group comparisons
were performed using two-sided ANOVA with Tukey’s post hoc test.
Pearson’s coefficients for TDRD9 and cuproptosis-related protein
expression were analyzed. A p-value < 0.05 was considered statistically
significant. All experiments were independently repeated at least three
times with technical triplicates.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Source data are provided with this paper. All data generated in this
study are available in the article, supplementary information, and
Source Data files. The sequence data generated in this study have been
submitted to the NCBI SRA database and can be accessed via the fol-
lowing links: https://www.ncbi.nlm.nih.gov/sra/PRJNA1297888 and
https://www.ncbi.nlm.nih.gov/sra/PRJINA1299073. Source data are
provided with this paper.
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