Discovery Medicine 2025; 37(201): 2178-2191

Article https://doi.org/10.24976/Discov.Med.202537201.185

Targeting BTRC to Restore ULK1-Mediated Autophagy
in Macrophages: A Novel Strategy Against
Post-Traumatic Bacterial Pneumonia

Limei Tian'*, Lishan Zhang!

I Department of Pediatrics, Wucheng District People’s Hospital, 321001 Jinhua, Zhejiang, China

*Correspondence: tianlimei222@163.com (Limei Tian)
Submitted: 4 July 2025 Revised: 12 September 2025 Accepted: 17 September 2025  Published: 20 October 2025

Background: Autophagy is essential for effective bacterial clearance, in which the E3 ubiquitin ligase beta-transducin repeat
containing E3 ubiquitin protein ligase (BTRC) participates. Herein, investigation was performed regarding the role of BTRC in
post-traumatic brain injury (TBI)-associated bacterial pneumonia, alongside elucidation of the downstream mechanisms involv-
ing Unc-51 like autophagy activating kinase 1 (ULK1).

Methods: Using post-TBI mouse models and primary alveolar macrophages (PAM), we examined the effects of Pseudomonas
aeruginosa K-strain (PAK) infection and BTRC silencing on pulmonary inflammation and bacterial clearance. Inflammatory
cytokines, lung pathology and PAM viability were analyzed. Bacterial clearance in lung tissues, as well as intracellular killing
and phagocytosis in PAM, was evaluated by colony-forming assays. Expressions of autophagy-related markers were measured
employing western blot and immunofluorescence. ULK1 ubiquitination was assessed via immunoprecipitation. To confirm the
involvement of ULK1, experiments with both BTRC and ULK1 knockdown were performed.

Results: PAK infection impaired bacterial clearance, suppressed autophagy and increased inflammatory cytokine levels in both
lung tissues and PAMs, while these pathological changes were significantly reversed by BTRC knockdown (p < 0.01). Mechanis-
tically, PAK infection promoted ULK1 ubiquitination in PAMs, which was offset by BTRC silencing; however, ULK1 knockdown
neutralized the effects of BTRC silencing, as indicated by repressed autophagy activity and bacterial clearance, and enhanced
inflammatory responses (p < 0.05).

Conclusion: BTRC silencing alleviates PAK-induced bacterial pneumonia after TBI by enhancing macrophage-mediated bacte-
rial clearance through inhibition of ULK1 ubiquitination and activation of autophagy, a process critically dependent on ULK1
stability.

Keywords: beta-transducin repeat containing E3 ubiquitin protein ligase; unc-51 like autophagy activating kinase 1; ubiquitination;
autophagy; traumatic brain injury; bacterial pneumonia

Introduction study concentrates on bacterial clearance after TBI. Report-
edly, macrophages and neutrophils are involved in bacterial
clearance of lung infection [7], with neutrophils exerting a

bactericidal effect [8]. Autophagy also plays an irreplace-

Traumatic brain injury (TBI) is recognized as brain tis-
sue damage caused by traumatic factors, with high morbid-

ity and disability rates [1,2]. The current treatment of TBI
focuses on the prevention of secondary brain injury, which
is crucial to the prognosis. As previously proved, lung in-
fection, as a common complication after TBI, has high in-
cidence [1-5]. Therefore, relieving post-TBI lung infection
contributes to improving the prognosis of the TBI.

Bacterial pneumonia is the most common type of
pneumonia, primarily resulting from Haemophilus influen-
zae, Staphylococcus aureus, Pseudomonas aeruginosa, etc.
Pseudomonas aeruginosa is a predominant pathogen re-
sponsible for lung infection following TBI [1,6]. More
importantly, a previous study indicated that the decreased
bacterial clearance is associated with a higher mortality
in the post-TBI mouse models [1]. Thus, the current

able role in actively promoting bacterial clearance [9], par-
ticularly in Pseudomonas aeruginosa-induced lung infec-
tion [7]. Interestingly, autophagosome formation can lead
to enhanced bacterial clearance [7]. Unc-51 like autophagy
activating kinase 1 (ULK1) boosts PIKfyve-containing au-
tophagosome formation, thereby enhancing the autophagy
[10]. Accordingly, we have reason to believe that ULK1
plays an active role in the bacterial clearance after TBI via
facilitating autophagy. However, the role of ULK1 in TBI
has been poorly defined.

Furthermore, we investigated ubiquitination, one of
the most prevalent post-translational modifications in the
proteome, and widely participating in various physiolog-
ical processes, including transcriptional regulation, DNA
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damage repair, cell cycle, apoptosis, etc. [11]. Based on
the existing research, as a E3 ligase, beta-transducin repeat
containing E3 ubiquitin protein ligase (BTRC) can target
various key regulators for degradation and ubiquitination to
greatly impair the tumorigenesis, autophagy, cell cycle pro-
gression, etc. [12]. Recent findings revealed that BTRC can
degrade ULK1 by ubiquitination [13]. More interestingly,
inhibition of autophagy attenuates the bactericidal effect of
alveolar macrophages, which is accompanied by a lower
expression of ULK1 [14]. Moreover, lipopolysaccharides
(LPS)-stimulated BTRC can interact with protein kinase
D1 (PKD1) and promote PKD1 downregulation, which in
turn restricts TNF receptor-associated factor 6 (TRAF6)-1
kappa B kinase (IKK) signaling upstream of IkBa in LPS
inflammatory pathway [15]. Nevertheless, there is a knowl-
edge gap when it comes to the corresponding mechanism
of BTRC silencing in lung infection after TBI, which has
thus become one of the objectives in our research. Given
all that, we have hypothesized that BTRC silencing can ef-
fectively regulate the bacterial clearance after TBI via reg-
ulating ULK 1 ubiquitination and autophagy.

In the current study, we explored whether BTRC si-
lencing can improve bacterial pneumonia after TBI by en-
hancing the bacterial clearance of macrophages via ULK1
ubiquitination and autophagy, which may provide a promis-
ing therapeutic avenue.

Materials and Methods

Post-TBI Pneumonia Models and Transfection

48 male C57BL/6 mice (20-25 g) were obtained
from Hangzhou Medical College (China) and housed un-
der 12/12 h light/dark cycles (40—70% humidity, 37 °C).

Post-TBI pneumonia animal modeling referred to pre-
vious studies [1,16]. In brief, the mice were maintained in
a stereotaxic frame (BLAB-ST-8001, David Kopf Instru-
ment, Tujunga, CA, USA) with head holder and ear bars,
and then anesthetized with 0.3% pentobarbital sodium (50
mg/kg, P3761, Haoran Biological Technology, Shanghai,
China). Later, the top of the skull was incised (1 cm) to
expose the bone. An electrical drill (Model 1474, David
Kopf Instrument, Tujunga, CA, USA) that was fixed on
the stereotaxic arm was applied to carry out a 5 mm cran-
iotomy on the right parietotemporal cortex. After that, an
electromagnetic impact device (Benchmark™ Stereotaxic
Impactor, Leica Biosystems, Buffalo Grove, IL, USA) was
used to induce a controlled cortical impact injury in mice,
during which tissue displacement, the speed, and the impact
duration were 1 mm, 5 m/second (s), and 400 ms. Then,
the skin of the mice was sutured and the mice were put
on warming cushions for approximately 1 to 2 h. When
the mice were able to move freely, they were housed in
the cages again. 24 h later, the mice were evaluated for
behavioral testing. Modified neurologic severity scoring
(mNSS) was performed based on the study of Li et al. [17].
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24 h after the surgery, the mice in the TBI group showed
a substantial increase in mNSS (>6), indicating success-
ful modeling. One mouse in the Mod group died during
the surgery. Then the anesthetized mice underwent cran-
iotomy, and 25 pL phosphate buffer saline (PBS, 806552,
Merck Millipore, Boston, MA, USA) with colony-forming
units of Pseudomonas aeruginosa K-strain (PAK, 53308,
American Type Culture Collection, Manassas, VA, USA)
was instilled to the lungs of the mice through the tracheae,
followed by 15-min recovery for the mice. Finally, the mice
were housed in the cages.

Transfection of siRNA was performed 24 h after
PAK infection in the post-TBI pneumonia model with
reference to a previous study [18]. Prior to the transfec-
tion, the siRNAs targeting BTRC (siBTRC, forward (F):
5'-ACUGUUUCUUGGUUUAAGCAG-3'; reverse (R):
5'-GCUUAAACCAAGAAACAGUAU-3) and ULKI
(siULK1, F: 5'-GAGCAAGAGCACACGGAAA-3;
R: 5-UUUCCGUGUGCUCUUGCUC-3'), along with
corresponding negative control siRNAs (small interfering
RNA targeting negative control (siNC) for BTRC, F:
5'-UAAGGCUAGCAAUAAUCGCUUTT-3’; R: 5'-
AAGCGAUUAUUGCUAGCCUUAGTT-3’; siNC for
ULKI1, F: 5-UCAAGACUUCUGGUAAUUCUGTT-3;
R: 5-CAGAATTACCAGAAGUCUUGATT-3'), were
synthesized by GenePharma (Shanghai, China). The
mice were intravenously treated with 100 pL. siBTRC
or/and siULK1 (1 mg/kg) packaged into hydration of a
freeze-dried matrix lipid nanoparticles by retro-orbital
administration [19].

Finally, all mice used were anesthetized with sodium
pentobarbital (50 mg/kg, P3761, Sigma-Aldrich, St. Louis,
MO, USA) and sacrificed by cervical dislocation 36 h after
PAK infection. Later, the lung tissues were harvested for
following experiments, and the thoracic cavity and trachea
were collected to obtain bronchoalveolar lavage (BAL)
fluid. 1-mL syringe with an angiocath was applied to make
an incision in the trachea, and lung lavage was carried out
using 1 mL PBS supplemented with 1% fetal bovine serum
(FBS) thrice, thereby gaining the BAL fluid.

Grouping

For subsequent analyses, four groups of mice were
established (n = 6/group): Sham group (PAK injection);
Mod group (craniotomy and PAK injection); Mod+siNC
group (craniotomy, PAK injection, and siNC transfection);
Mod+siBTRC group (craniotomy, PAK injection, and siB-
TRC transfection).

Mice were randomly assigned into four groups (n =
6/group): Sham group (PAK injection); Mod+siNC+siNC
(craniotomy, PAK injection, and siNC for ULK1 and siNC
for BTRC transfection); Mod+siBTRC+siNC (craniotomy,
PAK injection, and siNC for ULK1 and siBTRC transfec-
tion); Mod+siBTRC+siULK1 (craniotomy, PAK injection,
and siULK1 and siBTRC transfection).
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Enzyme-Linked Immunosorbent Assay (ELISA)

Tumor necrosis factor @ (TNF-«), interleukin 173
(IL-15), interleukin 6 (IL-6), and interferon-y (IFN-7) in
BAL fluid were detected by ELISA kits of TNF-o (CSB-
E04741m(1), sensitivity: 15.6 pg/mL, detection range:
62.5-4000 pg/mL, Cusabio, Houston, TX, USA), IL-103
(88-7013-88, sensitivity: 8 pg/mL, detection range: 8-
1000 pg/mL, Thermo Fisher Scientific, Waltham, MA,
USA), IL-6 (KMCO0061, sensitivity: <3 pg/mL, detec-
tion range: 0.32-5000 pg/mL, Thermo Fisher Scientific,
Waltham, MA, USA), and IFN-y (CSB-E04578m(1), sen-
sitivity: 0.039 ng/mL, detection range: 0.156—10 ng/mL,
Cusabio, Houston, TX, USA).

TNF-a and IFN-v levels were measured according
to the instructions. After post-TBI pneumonia modeling,
BAL fluid was obtained and collected in 96-well plates,
and cultured with 100 pL standard solution and medium
(2 h, 37 °C). Afterwards, incubation with 100 pL Biotin-
antibody (1:100) (1 h, 37 °C), 100 uL HRP-avidin (1 h, 37
°C), and 90 uL. TMB Substrate (darkness, 15-30 min, 37
°C) was performed, which was later terminated employing
50 uL Stop solution. The optical density (OD) value (450
nm) was measured using Infinite M200 microplate reader
(30190085, Tecan, Ménnedorf, Switzerland).

IL-15 and IL-6 levels in BAL fluid were assessed fol-
lowing the instructions. In short, 100 pL BAL fluid in each
well of a 96-well plate underwent 2-h incubation. Later,
100 pL Ms IL-6 Biotin Conjugate solution (1:250) (30 min),
100 pL streptavidin-HRP solution (30 min), and 100 pL
Stabilized Chromogen (30 min, darkness, room tempera-
ture (RT)) were separately added for incubation. Following
the addition of 100 pL stop solution, the OD value (450 nm)
was measured as aforementioned.

Taking the concentration of the standard substance as
the abscissa and the OD value as the ordinate, a standard
curve was drawn. Based on the OD value of the sample, the
corresponding concentration was found from the standard
curve and then multiplied by the dilution factor to obtain
the actual concentration of each sample.

Hematoxylin and Eosin (HE) Staining

After the post-TBI pneumonia modeling and lung tis-
sue collection, the lung tissues underwent fixation (10%
formalin, G2160, Solarbio, Beijing, China) and embedment
(paraffin, YA0012, Solarbio, Beijing, China) to obtain the
tissue blocks. Then the blocks were cut into 4 um thickness,
dewaxed (xylene, 1330-20-7, Merck Millipore, Burlington,
MA, USA), and rehydrated (ethanol gradient). Afterwards,
the tissues were stained with Hematoxylin Staining Solu-
tion (C0107, Beyotime, Shanghai, China) (5 min) and Eosin
Y solution (G1100, Solarbio, Beijing, China) (2 min), and
rinsed by distilled water, followed by observation under a
microscope (100x or 400 x magnification; TS100, Nikon,
Tokyo, Japan) [20].

Primary Alveolar Macrophages (PAM) Isolation

PAM obtainment followed a previous study [14].
The BAL fluid was collected from sacrificed model mice,
centrifuged (1000 xg, 10 min, 4 °C). With supernatant
removal, resuspension in Dulbecco’s Modified Eagle’s
Medium (DMEM, M012-500, VectorBuilder, Guangzhou,
China) with 10% FBS and 1-h incubation (5% CO-, 37 °C)
for the attachment of macrophages were conducted. Fi-
nally, the normal saline was employed to clear the non-
adherent cells. Cells have been tested for mycoplasma and
were free of contamination.

PAM Identification

PAM were cultured in a petri dish with a sterile cover
glass or cell climbing slide placed inside. After the cells ad-
hered to the wall and grew to an appropriate density (about
70-80% confluence), staining was catried out. The climb-
ing slide was completely covered with Crystal Violet Stain-
ing Solution (C0121-100ml, Beyotime, Shanghai, China)
and colored for 10 min. The cell morphology was observed
under an optical microscope (DP73, OLUMPUS, Tokyo,
Japan).

2 x 10° cells were incubated (4 °C, 30 min) with
PBS solution containing the manufacturer-recommended
conjugated monoclonal antibodies (mAbs) for specific
mouse antigens, namely fluorescein isothiocyanate (FITC)-
conjugated rat anti-SiglecF (155503, BiolLegend, San
Diego, CA, USA), mouse anti-CD11c (11-0114-82), anti-
CD64 (17-0641-82) or anti-CD11b (12-0112-85) (the lat-
ter two from Invitrogen, San Diego, CA, USA). Next, each
cell population was washed twice with chilled FACS buffer
(PBS containing 5% FBS). To remove dead cells in flow
cytometry analysis, each final cell pellet was resuspended
in FACS buffer containing 50 pg propidium iodide (Invitro-
gen, Carlsbad, CA, USA) before analysis. All samples were
then evaluated using a CytoFLEX flow cytometer (Beck-
man Coulter, La Brea, CA, USA), and the result data were
analyzed using FlowJo software (v.10.0.8, TreeStar, San
Carlos, CA, USA).

Cell Transfection

Prior to the transfection, siBTRC  (5'-
CTGGACCACATCGGTGAGAA-3’), ULKI (siULKI,
F: 5-GCACAGAGACCGUGGGCAA-3’), and siNC
(5’-UUCUCUAACUCGAUACAGGAUTT-3") were
synthesized by GenePharma.  Then Lipofectamine™
3000 Transfection Reagent (L3000015, Thermo Fisher
Scientific, Waltham, MA, USA) was used for the trans-
fection of siBTRC/siNC into PAM. When cell confluence
reached 90% in a 96-well plate, transfection was per-
formed. Opti-MEM™ medium (31985062, Thermo Fisher
Scientific, Waltham, MA, USA) was used for dilution of
Lipofectamine™ 3000 reagent. SiRNA was diluted in
Opti-MEM™ medium, and reacted with diluted Lipofec-
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tamine™ 3000 reagent (10 min, RT). Next, siRNA-lipid
complexes were added into PAM for transfection (48 h, 37
°C).

Cell Treatment

PAM were assigned to control (Con; DMEM incuba-
tion), model (Mod; DMEM incubation and 2-h PAK infec-
tion (a multiplicity of infection (MOI) of 20:1 bacteria-cell
ratio)) [14], Mod+siNC, Mod+siBTRC, Mod+siNC+siNC,
Mod+siBTRC+siNC, and Mod+siBTRC+siULK1 groups.
For siRNA-related groups, PAM were first transfected (48
h) with siNC for BTRC, siBTRC, siNCs for ULK1 and
BTRC, and siBTRC + siNC for ULK1, and siBTRC +
siULK1. Later, the PAM were maintained in the DMEM,
and infected by the PAK in an MOI of 20:1 bacteria-cell
ratio for 2 h.

Cell Counting Kit 8 (CCK-8) Assay

PAM transfected with/without siBTRC and infected
with PAK were subjected to cell viability measurement us-
ing CCK-8 kit (abs50003, Absin, Shanghai, China). In
brief, 100 pL PAM (1 x 103 cells/well) were cultured in
a 96-well plate (24 h), and reacted with 10 pL CCK-8 solu-
tion (4 h). Finally, the OD value (450 nm) was assessed by
the microplate reader.

Colony Forming Unit (CFU) Count Assay

The bacterial clearance in lung tissues, and the in-
tracellular killing and phagocytosis of PAM on PAK were
evaluated through CFU count assay. As for the bacterial
clearance, after the mice instilled with PAK were sacrificed,
the lung tissues were obtained and homogenized. The ho-
mogenates were diluted continuously and placed on sheep-
blood agar plates. The number of CFU was normalized to
that of CFU at bacterial entry (30 min/time) [1,21].

As for the intracellular killing and phagocytosis of
PAM on PAK, the PAM received PAK infection and 1-h
incubation in the DMEM. To estimate the number of inter-
nalized PAK post 1-h incubation, following the indicated
processing, 300 pg/ml gentamicin (YZ-130326, Solarbio,
Beijing, China) was added into the DMEM (30 min) to dis-
rupt the extracellular PAK, and the hemocytometer (Count-
ess™ 3 Thermo Fisher Scientific, Waltham, MA, USA)
was employed to count cells. Later, the cells were lysed,
and the CFU of the PAK was measured. Finally, the in-
ternalized PAK was determined using the formula (CFU (1
h)/Cell number). To analyze the number of the viable PAK
after 2-h incubation, 300 pg/mL gentamicin (YZ-130326,
Solarbio, Beijing, China) was added to kill the extracellular
PAK, and the PAM were incubated (1 h) and lysed to ana-
lyze the CFU of the intracellular PAK. Finally, the killing
efficiency was determined using the formula [CFU (1 h)-
CFU (2 h)]/CFU (1 h) [14].
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Immunofluorescence Staining

After the PAM transfected with/without siBTRC were
exposed to PAK, the microtubule-associated protein 1 light
chain 3 (LC3) expression was assessed via immunofluores-
cence staining. In brief, the PAM were cultured in a 24-
well plate (24 h), fixed with 4% paraformaldehyde (P1110,
Solarbio, Beijing, Chian), and permeabilized using 0.2%
Triton-X-100 (P0096, Beyotime, Shanghai, China). After-
wards, the cells were maintained in 5% BSA (SW3015, So-
larbio, Beijing, China), and incubated with primary LC3
antibody (ab128025, 0.5 ug/mL, Abcam, Cambridge, UK)
and Goat Anti-Rabbit IgG (Alexa Fluor® 488, ab150077,
1/1000, Abcam, Cambridge, UK), followed by cell nuclei
staining in 4°,6-diamidino-2-phenylindole (DAPI, C1002,
Beyotime, Shanghai, China). Finally, cell observation was
completed with IX71 microscope (200x magnification;
Olympus, Tokyo, Japan).

Western Blot

BTRC, ULK1, LC3 I, LC3 11, and P62 expression lev-
els in lung tissues and PAM transfected with/without siB-
TRC and infected by PAK were measured by western blot.
Concretely, following total protein isolation from PAM and
lung tissues using RIPA Lysis Buffer (E-BC-R327, Elab-
science, Wuhan, China), protein concentration was tested
with BCA protein quantification kit (ab102536, Abcam,
Cambridge, UK). Later, the protein samples were elec-
trophorized in 12% and 6% sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) gels (P0672,
P0676, Beyotime, Shanghai, China), and were trans-
ferred onto PVDF membranes (abs932, Absin, Shanghai,
China). Next, the membranes were blocked with 5% non-
fat skim milk (D8340, Solarbio, Beijing, China) diluted
in Tris Buffered Saline with Tween-20 (TBST, T1085,
Solarbio, Beijing, China) (2 h, RT), and cultured (4 °C,
overnight) with primary antibodies: BTRC (1 pg/mL, PAS-
69160, 60 kDa, Invitrogen, Waltham, MA, USA), ULK1
(1 pg/mL, ab167139, 112 kDa, Abcam, Cambridge, UK),
P62 (1:10,000, ab109012, 62 kDa, Abcam, UK), LC3
(1:2000, ab192890, 14/16 kDa, Abcam, Cambridge, UK),
and GAPDH (1:1000, ab8245, 37 kDa, Abcam, Cam-
bridge, UK). The horseradish peroxidase (HRP) labeled
Rabbit anti-Mouse 1gG (1:2000, ab6728, Abcam, Cam-
bridge, UK) and Mouse anti-Rabbit IgG (1:1000, ab99697,
Abcam, Cambridge, UK) were additionally incubated with
the membrane (RT, 1 h). Finally, the band signals were
analyzed by ECL reagent kits (FP300, ABP Biosciences,
Rockville, MD, USA) on Tanon 5200 imaging system
(Tanon, Shanghai, China), and quantitative analyses were
performed using ImagelJ software (1.52s version, National
Institutes of Health, Bethesda, MD, USA).
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Table 1. Sequences of the gene primers used in QRT-PCR

Gene Forward (5’-3") Reverse (5-3%)
BTRC TGCCCAAGCAACGGAAACT GCCCATGTTGGTAATGACACA
ULKI AGCCACCCTTTTCCTACCAG TTCTTGGAGAGTGCTCAGGC

GAPDH  AGGTCGGTGTGAACGGATTTG

TGTAGACCATGTAGTTGAGGTCA

BTRC, beta-transducin repeat containing E3 ubiquitin protein ligase; ULKI, Unc-51 like

autophagy activating kinase 1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; QRT-

PCR, quantitative reverse transcription-polymerase chain reaction.

Quantitative Reverse Transcription-Polymerase
Chain Reaction (QRT-PCR)

Total RNA was isolated from tissues, and PAM cells
using Trizol reagent (15596026, Thermo Fisher Scien-
tific, Waltham, MA, USA). RNA concentration was quanti-
fied on a spectrophotometer (NanoDrop ND-1000, Thermo
Fisher Scientific, Waltham, MA, USA). Subsequently, 1 pg
of total RNA was reverse-transcribed into cDNA using a
cDNA synthesis kit (DRR037A, Takara, Dalian, China).
Quantitative real-time PCR was carried out on a Light-
Cycler 96 system (Roche Diagnostics, Basel, Switzerland)
with Eastep qPCR Master Mix (LS2062, Promega, Madi-
son, WI, USA). The amplification protocol consisted of an
initial step at 95 °C for 10 min, followed by 40 cycles of
95 °C for 30 s and 60 °C for 30 s. GAPDH expression was
used as an internal control for data normalization, and rela-
tive gene expression levels were calculated via the 224
method [22]. Sequences of the gene-specific primers are
provided in Table 1.

Immunoprecipitation (IP) and Ubiquitination
Analyses

SiBTRC and pCMV-HA-Ub (HG-VFH1037, Honor-
gene, Changsha, China) were co-transfected into PAM for
incubation (48 h). With IP kit (abs955, Absin, Shanghai,
China), the cells were treated with 20 uM MG-132 (S1748-
25mg, Beyotime, Shanghai, China) (4 h), and cell lysates
were prepared using lysis buffer. 500 pL cell lysate was in-
cubated with 5 pg anti-ULK1 (1:1000, ab229909, Abcam,
Cambridge, UK) or control IgG (1:100, ab172730, Abcam,
Cambridge, UK) (1 h, 4 °C). Next, cell lysates were re-
acted with 5 uL Protein A and 5 pL Protein G (3 h) and
centrifuged (1 min, 12,000 xg). Afterwards, SDS-PAGE
sample loading buffer (P0015, Beyotime, Shanghai, China)
was added into cell lysate and centrifuged. Western blot
was carried out with anti-HA tag antibody (ab236632, Ab-
cam, Cambridge, UK) to detect ULK1 ubiquitination.

Data Analyses

All data from three independent assays were depicted
by mean =+ standard deviation (SD) and analyzed in Graph-
Pad Prism 8 (GraphPad, Inc., La Jolla, CA, USA). One-way
Analysis of Variance (ANOVA) was used for multi-group
comparisons followed by Tukey’s post-hoc test. The statis-
tical significance was defined when p-value < 0.05.

Results

PAK Infection Caused a Decrease of Bacterial
Clearance in Post-TBI Pneumonia Animal Models,
Which Was Reversed by siBTRC

After the mice transfected with/without siBTRC re-
ceived craniotomy and PAK injection and sacrificed, ex-
amination regarding bacterial clearance in the lung tissues
was completed by CFU count assay. Fig. 1A shows that the
number of CFU was higher in Mod group than Sham group,
hinting aggravated bacterial infection after TBI (p < 0.001).
Importantly, transfection of siBTRC decreased the number
of CFU in the lung tissues after TBI (Fig. 1A, p < 0.001),
confirming that siBTRC increased the bacterial clearance in
the lung tissues. Further, QRT-PCR result showed that the
BTRC expression was increased in the Mod group (Fig. 1B,
p < 0.001). However, BTRC expression was decreased af-
ter transfected with siBTRC, indicating the transfection was
successful (Fig. 1B, p < 0.01).

PAK Infection Aggravated Inflammatory Infiltration

and Lung Infection in Post-TBI Pneumonia Animal
Models, Which Were Offset by siBTRC

Meanwhile, based on the results of ELISA assay, more
inflammatory factors TNF-«, IL-6, IL-13, and IFN-y in
BAL fluid were increased in the Mod group compared with
Sham group (Fig. 1C-F, p < 0.001), while TNF-a, IL-6,
IL-13, and IFN-v were less in Mod+siBTRC group than
Mod+siNC group (Fig. IC-F, p < 0.001). Besides, Fig. 1G
shows that the lung infection was significantly aggravated
in Mod group relative to Sham group. Besides, in compar-
ison to Mod+siNC group, Mod+siBTRC group displayed
significantly relieved lung infection (Fig. 1G).

PAK Infection Increased BTRC Expression,
Decreased ULK1 Expression, and Inhibited
Autophagy, Which Were Attenuated by siBTRC

Furthermore, western blot data showed that BTRC and
P62 expressions were noticeably up-regulated in the lung
tissues, whereas ULK1 expression and LC3 II/LC3 I ratio
were clearly reduced (Fig. |H-J, p < 0.01) in Mod Group
compared to Sham group. Besides, BTRC and P62 expres-
sions were markedly down-regulated, yet ULK1 expression
and LC3 II/LC3 I ratio were elevated (Fig. 1H-J, p < 0.01)
in Mod+siBTRC group in contrast with Mod+siNC group.
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tophagy in post-TBI pneumonia animal models. (A) In C57BL/6 mice undergoing craniotomy and PAK injection (25 pL) with/without
siBTRC transfection and being sacrificed, the bacterial clearance in the lung tissues (CFU count assay). (B) QRT-PCR was used to mea-
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pneumonia models, pathological changes of lung tissues (scale bar = 100 um; magnification: x100) (HE staining), (H-J) and BTRC,
ULK1, LC3 I, LC3 1I, and P62 expressions in lung tissues (western blot). GAPDH functioned as a loading control. **p < 0.01, ***p
< 0.001 vs. Sham; “'p < 0.01, ""p < 0.001 vs. Mod+siNC. n = 3 (mean + SD), One-way Analysis of Variance (ANOVA) was used
for multi-group comparisons. siBTRC, small interfering RNA targeting BTRC; BTRC, beta-transducin repeat containing E3 ubiquitin
protein ligase; post-TBI, post-traumatic brain injury; PAK, Pseudomonas aeruginosa K-strain; CFU, colony forming unit; QRT-PCR,
quantitative reverse transcription-polymerase chain reaction; TNF-a, tumour necrosis factor a; IL-6, interleukin 6; IL-1, interleukin 14;
IFN-v, interferon-y; BAL, bronchoalveolar lavage; ELISA, enzyme-linked immunosorbent assay; HE, hematoxylin and eosin; LC3 I,
microtubule-associated protein 1 light chain3 I; LC3 II, microtubule-associated protein 1 light chain3 II; P62, heat shock 90-like protein;
ULK1, Unc-51 like autophagy activating kinase 1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; SD, standard deviation.

PAK Infection Suppressed Viability, Autophagy,
Bacterial Killing and Phagocytosis of PAM, Which
Were all Reversed by siBTRC

The purity of PAM was verified by crystal violet stain-
ing (Fig. 2A). Further, PAM are identified as a cell popula-
tion that is positive for CD11¢c+SiglecF+CD64+ (Fig. 2B).
After obtainment of PAM transfected with/without siBTRC

and viability examination by CCK-8, the viability was ob-
served to be suppressed after PAM were infected by PAK
(Fig. 2C, p < 0.001). Importantly, PAK infection resulted in
obviously promoted viability of siBTRC-transfected PAM
compared with siNC-transfected cells (Fig. 2C, p < 0.01).
Then the CFU count assay was employed to measure the
bacterial killing and phagocytosis of PAM on PAK. As
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displayed in Fig. 2D,E, after the PAK infection, the bac-
terial killing and phagocytosis of PAM were inhibited (p
< 0.001), but those of siBTRC-transfected PAM were
significantly promoted relative to siNC-transfected cells
(Fig. 2D,E, p < 0.001). Then, we measured LC3 expression
in PAM transfected with/without siBTRC to further confirm
the effect of siBTRC on autophagy. Fig. 2F,G shows that
the ratio of green fluorescence was visibly decreased after
PAK infection (p < 0.001). More importantly, after PAK
infection, in contrast to the ratio in siNC-containing PAM,
the ratio of green fluorescence was visibly elevated in the
siBTRC-interfering PAM (p < 0.001).

PAK Infection Up-Regulated BTRC Expression,
Down-Regulated ULK1 Expression, and Suppressed
Autophagy in PAM, Which Were Reversed by siBTRC

As shown in Fig. 3A—E, we observed that the BTRC
and P62 expressions were increased, yet the ULK1 expres-
sion and the ratio of LC3 II/LC3 I were decreased after the
infection of PAK (p < 0.001). Interestingly, after the infec-
tion of PAK, compared with those in the PAM transfected
with siNC, the BTRC and P62 expressions were decreased,
yet the ULK1 expression and the ratio of LC3 II/LC3 I were
increased in the PAM transfected with siBTRC (Fig. 3A-E,
p < 0.001). Furthermore, the ULK1 ubiquitination was as-
sessed by IP and western blot. The results of western blot
reflected that PAK infection decreased the ULK1 expres-
sion, while the siBTRC increased the ULK1 expression in
PAK-infected PAM before the IP assay (Fig. 3F). More im-
portantly, the results of IP assay and western blot showed
that after PAK infection, ULK1 expression in PAM treated
with anti-HA tag antibody was increased (Fig. 3F). Under
PAK infection, co-immunoprecipitation using anti-ULK1
antibody followed by immunoblotting with anti-HA anti-
body revealed a marked decrease in HA signal in siBTRC-
transfected PAMs compared to the siNC group (Fig. 3F),
which confirmed that siBTRC increases ULK1 expression
by suppressing ubiquitination.

BTRC Regulated Macrophage Dysfunction and
Inflammatory Response After PAK Infection via
ULK1

QRT-PCR result showed that the expression of BTRC
and ULK] was decreased after transfected with siBTRC
or siULKI, indicating the transfection was successful
(Fig. 4D,E, p < 0.001). Following PAK infection, cell
viability, bacterial killing, and phagocytic capacity were
reduced, accompanied by up-regulated BTRC and p62,
down-regulated ULK1 and reduced LC3 II/LC3 1 ratio
(Fig. 4A-C,F-J, p < 0.01). BTRC deficiency reversed
PAK-induced alterations in these parameters, while ULK 1
silencing offset the effects of BTRC knockdown (Fig. 4A—
CF-J, p < 0.01). In vivo experiments demonstrated
compared with the Sham group, the Mod+siNC+siNC
group presented significantly elevated CFU counts and up-
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regulated TNF-a, IL-6, IL-13, and IFN-vy (Fig. 5SA-E, p
< 0.001). BTRC knockdown reduced CFU counts and the
secretion of these proinflammatory cytokines, which were
reversed by ULK1 silencing (Fig. SA—E, p < 0.05). More-
over, more severe pulmonary infection and greater inflam-
matory cell infiltration occurred post TBI (Fig. 5F). BTRC
silencing attenuated lung inflammation, while concurrent
knockdown of ULKI reversed the anti-inflammatory ef-
fect of BTRC silencing (Fig. 5F). Western blot analy-
sis outcomes further revealed that Mod+siNC+siNC group
showed up-regulation of BTRC and p62 in lung tis-
sues, along with decreased ULK1 and LC3 II/LC3 I ratio
(Fig. 5G-1, p < 0.001). These changes were reversed by
BTRC knockdown, while ULK silencing negated the reg-
ulatory effects of BTRC suppression (Fig. 5G—1, p < 0.001).

Discussion

Existing researches have confirmed the bacterial
pneumonia as a significant factor for the poor prognosis
after TBI [2,5]. Specifically, the patients with severe TBI
are prone to nosocomial infections that has been increas-
ingly considered as the main contributors to poor outcomes
of TBI, especially the hospital-acquired pneumonia [5,23].
Pseudomonas aeruginosa is a kind of bacterial pathogen
that can significantly cause the lung infection after TBI
[1,6]. Accordingly, the current study used the model of
post-TBI pneumonia infected by a kind of Pseudomonas
aeruginosa, and revealed a novel way to ameliorate post-
TBI lung infection. Consistently [1], we unveiled one of
mechanism by which the bacterial pneumonia after TBI
may be relieved is the decline of bacterial clearance. More
importantly, we additionally explored the underlying mech-
anism of BTRC silencing on the bacterial clearance after
TBI.

Prior studies have elucidated that the shortened half-
life of BTRC protein leads to the accumulation of DEP-
TOR, which subsequently inhibits mTORCI1 activation and
activates autophagy [24]. Also, it is worth noting that the
formation of the autophagosomes contributes to the bacte-
rial clearance [7]. BTRC silencing can reverse the effects
of LPS on LPCAT1 level in LPS-induced lung injury [25].
However, there is no report examining how BTRC silencing
impacts post-TBI lung infection, enabling us to commence
this research to further clarify the corresponding effects and
mechanisms. In light of existing evidence, after TBI, an-
other activated pathway is the inflammatory response at the
injury site, which causes the death of nerve cells and fur-
ther impairs nerve function [26-28]. Various inflammatory
mediators are released after TBI, which increases inflam-
matory cell infiltration and induces a series of inflamma-
tory responses, thereby aggravating the secondary cerebral
edema and brain damage [28-30]. Among them, TNF-«
has been recognized as a pivotal inflammatory mediator in
inflammatory response, by virtue of its abilities to activate
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Analysis of Variance (ANOVA) was used for multi-group comparisons. IP, immunoprecipitation; IB, immunoblot; HA, hemagglutinin

tag.

neutrophils and lymphocytes, and increase the permeability
of vascular endothelial cells [31]. IL-175 is mainly secreted
by monocytes and macrophages, participating in the body’s
inflammatory response [32]. IL-6 and IFN-v are also the
key stimulators of inflammatory response [33,34]. Based
on the existing findings, this study further confirmed that
BTRC silencing enhanced the bacterial clearance after TBI,
along with the relieved inflammatory infiltration. The ex-
pression level or activity of BTRC may serve as a potential
biomarker for evaluating the risk of secondary severe pul-
monary infection or prognosis in TBI patients, which need
further clinical verification.

Furthermore, the formation of autophagosomes con-
tributes to bacterial clearance [7], and ULK1 is implicated

in the process of autophagy and plays an active role in au-
tophagosome formation [14,35]. ULK1 ubiquitination me-
diated by autophagy-related proteins and E3 ubiquitin pro-
tein ligases also participates in the autophagy [36]. In other
words, the ubiquitination of ULK1 can negatively mediate
ULK expression in cells to inhibit autophagy [36—38]. No-
tably, BTRC can grade ULK1 through ubiquitination [13].
Hence, we inferred that the effects of BTRC silencing on
bacterial clearance after TBI are exerted via regulating the
ULKI1 ubiquitination and autophagy. As previously men-
tioned, LC3 is an autophagy marker [39]. When autophagy
is activated, LC3 I changes to LC3 II, and the increased
content of LC3 II is commonly regarded as biochemical evi-
dence of autophagy occurrence [40]. LC3 expression is also
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up-regulated in neurons after TBI [41,42]. Besides, P62, a  plays an active role in autophagy, with up-regulated ULK1.
kind of substrates, has been proved to be degraded during ~ Moreover, we also further confirmed BTRC silencing influ-
autophagy [27]. Herein, we demonstrated BTRC silencing enced bacterial clearance after TBI via activating autophagy
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for multi-group comparisons.

and maintaining ULK stability in PAM. Importantly, fur-
ther experiments demonstrated simultaneous knockdown of
ULKI1 reversed the role of BTRC silencing in autophagy
activation, bacterial killing, and inflammatory regulation.
These results underscored ULK1 as a pivotal downstream

mediator in the BTRC-regulated pathway and indicated that
the promoting role of BTRC knockdown in macrophage
function and lung inflammation largely depended on ULK1
activity. Further, a previous study revealed that the feed-
back loops of adenosine monophosphate-activated protein
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kinase (AMPK)-mTORC1-ULK1 regulatory triangle deter-
mine an accurate dynamical characteristic of autophagic
process upon cellular stress [43]. This reminds us that
AMPK-mTORCI1 might also participate in the BTRC-
regulated pathway, which needs additional verification.
Moreover, it is necessary to develop clinically applicable
BTRC inhibitors. By establishing clinically relevant infec-
tion models and combining human validation, the core role
of this signaling axis (BTRC affects autophagy by regulat-
ing ULK1) in the disease should be clarified, and the en-
tire chain of work from drug development, mechanism val-
idation to the transformation of clinical treatment methods
should be completed.

Despite the significant findings, several limitations
of this study should be acknowledged. The effects of
siRNA delivery alone on lung tissues should be further mea-
sured. Moreover, since this study only analyzed PAK as a
pathogen, the universality of its conclusion may be limited.
Subsequent research can supplement the detection of more
pathogens (such as Staphylococcus aureus), and expand the
research conclusion by comparing the test results among
different infection cases. The molecular mechanisms un-
derlying ULK1 ubiquitination regulation by BTRC require
further investigation to identify specific ubiquitination sites
and interacting partners. This study adopted a sample size
design of n = 6 per group, which limits the ability to detect
very small effects or deal with highly variable data. Fu-
ture research should consider appropriately increasing the
sample size if more subtle changes or highly variable indi-
cators need to be explored. The effect of gentamicin on the
viability of lung cells has not been directly detected, and
the potential damage of the drug to lung tissue cannot be
excluded. Furthermore, although targeting BTRC shows
therapeutic potential, comprehensive in vivo efficacy and
safety evaluations are still needed.

Conclusion

Collectively, our findings propose a novel mechanism
by which BTRC silencing ameliorates bacterial pneumo-
nia after TBI via maintaining ULKI1 stability and acti-
vating autophagy to enhance bacteria-clearing capacity of
macrophages. An important future direction will be to de-
termine whether this mechanism extends to pneumonias
caused by other pathogens.
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