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Targeted degradation of hexokinase 2 for
anti-inflammatory treatment in acute lung injury
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Abstract. Acute lung injury (ALI) is an acute inflammatory
lung disease associated with both innate and adaptive immune
responses. Hexokinase 2 (HK?2) is specifically highly expressed
innumerous types of inflammation-related diseases and models.
In the present study in vitro and in vivo effects of targeted
degradation of HK2 on ALI were explored. The degradation of
HK2 by the targeting peptide TAT (transactivator of transcrip-
tion protein of HIV-1)-ataxin 1 (ATXNI1)-chaperone-mediated
autophagy-targeting motif (CTM) was demonstrated by ELISA
and western blotting in vitro and in vivo. The inhibitory effects
of TAT-ATXNI1-CTM on lipopolysaccharide (LPS)-induced
inflammatory responses were examined using ELISAs. The
therapeutic effects of TAT-ATXN1-CTM on LPS-induced
ALI were examined via histological examination and ELISAs
in mice. 10 uM TAT-ATXNI1-CTM administration decreased
HK?2 protein expression and the secretion of proinflammatory
cytokines (TNF-a and IL-1p) without altering HK2 mRNA
expression in LPS-treated both in vitro and in vivo, while
pathological lung tissue damage and the accumulation of leuko-
cytes, neutrophils, macrophages and lymphocytes in ALI were
also significantly suppressed by 10 uM TAT-ATXNI1-CTM
treatment. TAT-ATXN1-CTM exhibited anti-inflammatory
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activity in vitro and decreased the severity of ALI in vivo.
HK?2 degradation may represent a novel therapeutic approach
for ALL

Introduction

Acute lung injury (ALI) is an acute inflammation characterized
by pulmonary hemorrhage, increased vascular permeability
and inflammatory cell infiltration (1). In severe cases, it may
even lead to acute respiratory failure and death (2). According
to reports, the incidence of ALI (~200,000 cases per year in the
United States) and the overall mortality rate remain high, with
ALI also being a prevalent cause of morbidity and mortality
in critically ill patients (2,3). Although the understanding of
the pathogenesis of ALI has improved, there is still no effec-
tive drug therapy to reduce the mortality rates of patients with
ALI (4). Bacterial lipopolysaccharide (LPS) infection is one
of the most common causes of ALI (5), by triggering inflam-
matory signal transduction, resulting in excessive production
of cytokines such as IL-1f and TNF-a, creating an inflam-
matory storm (6). It has been demonstrated that inhibiting the
excessive inflammatory cascade reaction of ALI is an effective
strategy to reduce lung injury (7). Therefore, controlling the
inflammatory response is a key measure for the prevention and
treatment of ALIL

Macrophages serve as the first line of defense against the
lung invasion of pathogens and are critical in initiating and
maintaining inflammatory responses, reducing inflammation
and restoring lung function (8). Previous studies have demon-
strated that glycolysis in macrophages increased during lung
inflammation and that inhibiting glycolysis could alleviate
lung inflammation (9,10). For instance, the glycolysis inhib-
itor, 2-deoxy-D-glucose (2-DG) reduces triggering receptor
expressed on myeloid cells 1-triggered activation of the NLR
family pyrin domain containing 3 (NLRP3) inflammasome in
lung macrophages (11).

As the first rate-limiting enzyme of glycolysis, hexo-
kinase (HK) catalyzes the conversion of glucose into
glucose-6-phosphate (G-6P). There are four subtypes of HK
in mammals, namely HK1-4, and the distribution of the four
HKSs in the mammalian body is also different, with tissue and
cell specificity (12). The HK subtypes distributed in the lungs
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are dominated by HK1 and HK2, with HK1 tending to be
expressed in healthy tissues, whereas HK2 is more effective
than the other subtypes in promoting aerobic glycolysis (13,14),
supporting the involvement of HK?2 in the regulation of
pulmonary disorders. Therefore, HK2 may be a more prom-
ising target. Previous studies have suggested that HK?2 is less
extensively distributed and expressed in healthy tissues but is
specifically highly expressed in various inflammation-related
diseases and models, suggesting the involvement of HK?2
in regulating immune responses (12,15). Therefore, it was
hypothesized that selective inhibition of HK?2 can regulate the
release of inflammatory factors in lung macrophages with less
impact on system stability and body metabolism. In conclu-
sion, reducing the inflammatory response by inhibiting HK2
activity may be a potential strategy for the treatment of ALIL.
However, to the best of our knowledge, highly selective HK2
inhibitors have not been reported for the treatment of ALI.

The existing commonly used HK?2 inhibitors have high rates
of adverse reactions due to their low specificity (16). Currently,
the most commonly used HK2 inhibitors in preclinical studies
are lonidamine, 2-DG and 3-bromopyruvate, all of which are
antitumor drugs that stem tumor progression by suppressing
glycolysis (17,18). There is a high degree of homology between
HK1 and HK?2, and given the wide distribution and important
functions of HK1, these HK2 inhibitors are likely to inhibit
HKT activity while inhibiting HK?2 activity (19,20).

To explore novel therapeutic strategies, the present study
attempted to reduce HK2 protein levels by chaperone-mediated
autophagy (CMA) (21). CMA is a critical pathway in lyso-
somes for the specific degradation of unnecessary proteins,
particularly serving a pivotal role in clearing misfolded
proteins (22). Therefore, using the lysosomal system to target
the degradation of pathogenic proteins may be an effective
strategy to address diseases. CMA-targeted chimeras are a
class of molecules designed using the CMA system, usually
consisting of a cell-penetrating peptide (TAT, transactivator of
transcription protein of HIV-1), target protein-binding domain
(PBD) and CMA-targeting motif (CTM) (23). Therefore, a
targeting peptide [TAT-ataxin 1 (ATXNI1)-CTM] was synthe-
sized based on the knowledge that ATXNI1 protein can bind
HK?2 protein. Mechanistically, the peptide can interact with
the endogenous HK2 protein and effectively reduce HK2
protein levels through lysosomal degradation (24).

Inthepresentstudy,thetargetingpeptide TAT-ATXN1-CTM
was used to degrade HK?2 in an LPS-induced THP-1 cell
model and murine ALI model. The results indicated that
TAT-ATXNI1-CTM may serve an anti-inflammatory role by
degrading the HK?2 protein. The present study provides a basis
for novel treatment strategies for ALI via selective inhibition
of glycolysis.

Materials and methods

Experimental animals. Adult male Institute of Cancer
Research mice (n=72 animals, 6-8 weeks old, 25+2 g) were
purchased from Shanghai Slack Experimental Animal Co.,
Ltd. [certificate no. SCXK (Hu) 2022-0004]. Mice were
housed for 3 days to allow them to acclimate to the environ-
ment prior to the experiment. Mice were bred in specific
pathogen-free conditions of 23+3°C with 55+15% humidity

and a 12 h light/dark cycle, and were allowed free access to
sterilized food and water were supplied. All handling proce-
dures used in the present study were approved by the Animal
Care and Use Committees at the Zhejiang University School
of Medicine (Approved No. ZJU20220294, Hangzhou, China)
and were conducted in accordance with the policies of insti-
tutional guidelines on the care and use of laboratory animals.
Euthanasia was performed with CO, at a volume displacement
rate of 30% vol/min.

Murine model of ALI and treatment. Animals were
divided into six groups in a randomized manner with
12 mice in each group. The groups were as follows:
i) Control group; ii) LPS group; iii) LPS + TAT-CTM
(200 pg/kg) group; iv) LPS + TAT-ATXNI1-CTM (50 pug/kg)
group; v) LPS + TAT-ATXNI-CTM (200 pg/kg) group; and
vi) LPS + TAT-ATXNI-CTM (1,000 pg/kg) group. The mice
were anesthetized by nasal inhalation of 4% isoflurane and
the depth of anesthesia was maintained with 1.5% isoflu-
rane. Mice in the control group were intratracheally injected
with 0.9% sodium chloride injection (2 mg/kg). The murine
ALI model was established by intratracheal injection of
LPS (2 mg/kg; cat. no. L3129; MilliporeSigma). Treatment
groups received LPS (2 mg/kg) and TAT-CTM (200 pg/kg)
or TAT-ATXNI1-CTM (50, 200, 1,000 pg/kg) administered
simultaneously. Mice were euthanized once they reached
humane endpoints or the study endpoint. The humane
endpoints included signs of loose fur, inactivity or reduced
activity, hunched posture, and respiratory distress, and these
were not observed in any of the animals. The study endpoint
was 8 h after LPS administration. The bronchoalveolar lavage
fluid (BALF) was prepared to measure the accumulation of
inflammatory cells, lung tissue was harvested for histopatho-
logical examination and the degree of pathological injury was
scored.

Collection of BALF and cell counting. BALF preparation was
described previously (25). Briefly, mice were sacrificed, and
the trachea of each mouse was surgically exposed and cannu-
lated. The left lung and accessory lobe were ligated to collect
the BALF of the right lung. The right lung was lavaged twice
with a single volume of warmed 0.5 ml of PBS containing
1% bovine serum albumin (cat. no. A8020; Beijing Solarbio)
and 5,000 IU/1 heparin. White blood cells were counted under
a light microscope. The collected BALF was centrifuged
at 400 x g, 4°C for 10 min. The pelleted cells were coated
onto microscope slides after drying at room temperature.
Wright-Giemsa staining was performed, and the numbers
of neutrophils, macrophages and lymphocytes were counted
as cells/slide under a light microscope. Briefly, the slides
were stained in Wright's stain (cat. no. W100940; Shanghai
Aladdin Biochemical Technology Co., Ltd. ) for 4 min and
then in Giemsa's stain (cat. no. G100959; Shanghai Aladdin
Biochemical Technology Co., Ltd.) for 2 min at 25°C. The
cells were observed and counted under the light microscope.
Stained sections were scanned using the software Multiscan
(2.0.0.150) of a digital section scanner (Convergence
Technology Co., Ltd.) to obtain screenshots and analyze the
processing. Neutrophils have a dark blue multi-lobed nucleus
and pale pink cytoplasm; lymphocytes have purple nucleus
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with sky blue cytoplasm; Macrophages have purple nucleus
with blue cytoplasm as lymphocytes but larger than other
leukocytes.

Histological examination of the lung. The left middle lobe
of the lung was fixed in 10% neutral formalin overnight at
room temperature and embedded in paraffin, and paraffin
sections (5 ym) were prepared. The sections were stained with
hematoxylin staining for 3 min and eosin staining for 30 sec at
room temperature, and the lung injury and inflammatory cell
infiltration were observed under a light microscope (26).

Inflammation score. The extent of histological lung damage
was quantified by a designated scoring system, which is made
up of five grades: 0 points, normal appearing lung; 1 point,
mild inflammatory cell infiltration, no tissue injury; 2 points,
mild to moderate inflammatory cell infiltration, mild tissue
injury; 3 points, moderate inflammatory cell infiltration, mild
tissue injury; 4 points, moderate to severe inflammatory cell
infiltration with obvious tissue injury; and 5 points, severe
inflammatory cell infiltration with significant tissue injury and
changes. Slides were assessed by a pathologist blinded to the
experimental design.

Cell culture. THP-1 and 293T cell lines were obtained
from The Cell Bank of Type Culture Collection of The
Chinese Academy of Sciences. The THP-1 human macro-
phages were cultured in RPMI-1640 growth medium
(cat. no. CGM112.05; CellMax Technologies AB) containing
10% Premium FBS (cat. no. SA101.02; CellMax Technologies
AB), 0.05 mM f[-mercaptoethanol (cat. no. M6250;
Shanghai Macklin Biochemical Co., Ltd.) and 1% peni-
cillin-streptomycin. The 293T cells were cultured in DMEM
(cat. no. CGM101.05; CellMax Technologies AB) with 10%
FBS (cat. no. 04-001-1ACS; Biological Industries) and 1%
penicillin-streptomycin. All cells were cultured in a CO,
incubator at 37°C with 5% CO,. THP-1 cells (5x10° cells/ml)
were treated with 100 ng/ml phorbol-12-myristate acetate
(PMA,; cat. no. HY-18739; MedChemExpress) for at 37°C 24 h
to induce cell attachment. The cells were further left to rest
at 37°C for 24 h in complete RPMI 1640 medium before stimu-
lation with LPS (1 pg/ml; cat. no. L3129; MilliporeSigma) and
10 uM TAT-CTM or TAT-ATXNI-CTM treatments at 37°C
for 4, 8 and 24 h.

Cell transfection. The human HK?2 plasmid containing the
HK?2 sequences and the pcDNA3.1 vector with three Flag
tags were synthesized by Shandong Weizhen Biotechnology
Co., Ltd. , and empty vector was used as a control. The 293T
cells were plated on a 6-well plate to ~80% confluency 1 day
before transfection, and then transfected with the plasmid. For
transfection, 2 ug plasmid was diluted in 100 ul basal medium
(DMEM) before adding to a 6-well plate. Polyethylenimine
(PEI; cat.no.23966; Polysciences, Inc.) at a 1:3 (w/w) cDNA:PEI
ratio was added to the diluted plasmid solution and this was
gently mixed. The plasmid-PEI mixture was placed in a CO,
incubator for 20 min and then added to the cells, which were
cultured in an incubator with 5% CO, at 37°C. After 6 h, the
solution in the 6-well plate was replaced with fresh complete
medium, and 10 yM TAT-CTM or TAT-ATXNI1-CTM

Table I. Amino acid sequences of ATXNI1 (594-610), TAT,
CTM, TAT-CTM and TAT-ATXN1-CTM.

Peptide Amino acid sequence
ATXN1 (594-610) KTEDFIQSAEISNDLKI

TAT YGRKKRRQRR

CT™M KFERQKILDQRFFE

TAT-CTM YGRKKRRQRRKFERQKILDQRFFE

TAT-ATXNI-CTM YGRKKRRQRRKTEDFIQSAEISNDL

KIKFERQKILDQRFFE

TAT, transactivator of transcription protein of HIV-1; ATXN1, ataxin 1;
CTM, chaperone-mediated autophagy-targeting motif.

(GenScript) for testing was added. Cells were harvested 48 h
after transfection for subsequent experiments.

Cell viability assay. For MTT assays, 5x10° THP-1 cells were
seeded into 96-well plates with complete RPMI 1640 medium
and treated with 100 ng/ml PMA at 37°C for 24 h. The cells
were further left to rest at 37°C for 24 h in complete RPMI
1640 medium only before treatment with 0, 5, 10 and 20 yM
of TAT-ATXN1-CTM or TAT-CTM in RPMI 1640 medium
in a total volume of 100 ul at 37°C for 24 h. Subsequently,
10 1l MTT/PBS (5 mg/ml; cat. no. M8180; Beijing Solarbio
Science & Technology Co., Ltd.) was added to the medium
and cells were incubated in a CO, incubator at 37°C for 4 h.
Subsequently, 100 gl dimethyl sulfoxide was added and the
96-well plates were shaken for 10 min at room temperature.
Finally, optical density of the samples was measured at 490 nm
using a multipurpose microplate reader (SpectraMax iD3;
Molecular Devices, LLC).

Design, synthesis and testing of targeting peptide. It has been
reported that the amino acid sequence 594-610 of ATXNI
interacts with the HK2 protein (24). To increase the membrane
permeability of the peptide, a transmembrane domain (TAT)
was added to the ATXNI (594-610) sequence. A CTM
sequence was added to degrade the endogenous targeted
protein for lysosomal degradation (Table I).
TAT-ATXNI1-CTM and TAT-CTM peptides, synthesized
by GenScript, were solid-phase synthesized as C-terminal
amides and purified using high-performance liquid chroma-
tography (HPLC) using a preparative column, and the final
purity was ascertained as 98.1% for TAT-ATXNI1-CTM and
98.9% for TAT-CTM using analytical HPLC peak area inte-
gration (Figs. S1 and S2). Briefly, The TAT-ATXN1-CTM or
TAT-CTM crude product was purified using an HPLC system
(LC-20AB, Shimadzu) with the reversed-phase column
(Inertsil ODS-3 4.6x250 mm, Shimadzu) at 25 °C. The samples
were loaded onto the column (12-15 pl loading volume). The
flow rate was set to be 1 ml/min using 0.065% trifluoroacetic
in 100% water (v/v) and 0.05% trifluoroacetic in 100% aceto-
nitrile (v/v) as the mobile phase compositions of pump A and
pump B, respectively. The wavelength of the detector was set
to 220 nm. The purified TAT-ATXNI1-CTM or TAT-CTM
fractions were collected. The molecular masses of the peptides
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were determined by electrospray ionization mass spectrom-
etry (ESI-MS, LCMS-2020, Shimadzu). MS parameters for
the peptides were: nitrogen gas temperature, 350°C; gas flow,
5 1/min; nebulizer pressure, 15 psi; scan time, 500 msec. The
observed mass spectral values for TAT-ATXN1-CTM and
TAT-CTM were 5,359.2 and 3,270.0, respectively, which was
consistent with the theoretical values (Figs. S3 and S4).

Reverse transcription-quantitative PCR (RT-gPCR). Total
RNA was extracted from cells using TRIzol® reagent
(cat. no. CWO0580S; CoWin Biosciences) according to the
manufacturer's instructions. Total RNA was quantified using a
micro-spectrophotometer (NAno-300; cat. no. MO00040009;
Hangzhou Allsheng Instruments Co., Ltd.), and the optical
density 260/280 nm ratio of all samples was 1.8-2.0. Next,
cDNA was synthesized on a PCR instrument (SimpliAmp™,;
cat. no. A24811; Thermo Fisher Scientific, Inc.) using the
RNA reverse transcription kit (cat. no. CW2569M; CoWin
Biosciences). RT was performed as follows: 42°C for 15 min,
incubate at 85°C for 5 min, and keep warm at 4°C. Primers
and a fluorescent quantitative PCR kit (cat. no. CW2601H,;
CoWin Biosciences) containing SYBR Green I fluorescent
dye were used to perform fluorescent gPCR on a PCR system
(cat. no. 4351106; Thermo Fisher Scientific, Inc.). Primer
sequences for human HK2, human GAPDH, mouse HK2
and mouse p-actin (Sangon Biotech Co., Ltd.) are listed in
Table II. The thermocycling conditions were as follows: 95°C
for 10 min, followed by 40 cycles of 95°C for 15 sec and 60°C
for 60 sec. The 224 method was used for analysis of results
and gene levels were normalized to the internal reference gene,
GAPDH for human HK2 or B-actin for mouse HK2 (27).

Western blotting. The cells were washed with pre-cooled 1X
PBS (cat. no. P1020; Beijing Solarbio Science & Technology
Co., Ltd.) and lysed with lysis buffer containing RIPA
(cat. no. POO13B; Beyotime Institute of Biotechnology) and
PMSF (cat. no. P0100; Beijing Solarbio Science & Technology
Co., Ltd.) at a ratio of 1:100 of PMSF:RIPA. The cell lysate
was centrifuged at 13,800 x g for 5 min at 4°C to obtain
the supernatant. The protein content of the supernatant was
determined using a BCA Protein Assay Kit (cat. no. BL521A;
Biosharp Life Sciences) and then protein (20 pg/lane) were
loaded onto 10% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis before being electrophoretically trans-
ferred onto PVDF membranes (cat. no. 1214429; GVS). The
membrane was blocked with ready-to-use blocking solution
(cat. no. P0252; Beyotime Institute of Biotechnology) for 1 h
at room temperature and then incubated with the indicated
primary antibodies overnight at 4°C. The primary anti-
bodies were as follows: Anti-f3-actin (1:1,000; cat. no. 3700;
Cell Signaling Technology, Inc.), anti-HK1 (1:1,000;
cat. no. 2024S; Cell Signaling Technology, Inc.) and anti-HK?2
(1:1,000; cat. no. ab209874; Abcam). Subsequently, the
following secondary antibodies were added for 1 h at room
temperature: Goat anti-rabbit IgG HRP-conjugated (1:12,000;
cat. no. 31460; Thermo Fisher Scientific, Inc.) and goat
anti-mouse IgG HRP-conjugated (1:12,000; cat. no. 31430;
Thermo Fisher Scientific, Inc.). Detection of immunoreactive
bands was performed using ECL Western Blotting Detection
kit (cat. no. SW2040; Beijing Solarbio Science & Technology

Table II. Primer sequences.

Gene Primer Sequence (5'-3")
Human HK2 Forward TTGACCAGGAGATTGA
CATGGG
Reverse CAACCGCATCAGGACC
TCA
Human GAPDH Forward  GGAGCGAGATCCCTCC
AAAAT
Reverse GGCTGTTGTCATACTTC
TCATGG
Mouse HK?2 Forward GTGTGCTCCGAGTAAG
GGTG
Reverse CAGGCATTCGGCAATG
TGG
Mouse [-actin Forward ~ GGCTGTATTCCCCTCCA
TCG
Reverse CCAGTTGGTAACAATGC
CATGT

HK2, hexokinase 2.

Co., Ltd.) on a chemiluminescence gel imaging system
(Peiqging JS-1070P; Shanghai Peiqing Science & Technology
Co., Ltd.) and data were semi-quantified using ImageJ2x
2.1.4.7 (Rawak Software Development) with (3-actin as the
loading control.

ELISA. The lung tissues from mice and supernatants from
THP-1 cells were collected. For lung tissues, the protein
concentration was assayed using a BCA Protein Assay Kit
(cat. no. BL521A; Biosharp Life Sciences). Levels of TNF-a,
IL-1p and HK2 were analyzed using commercial ELISA
kits according to the manufacturer's instructions. Human
TNF-a ELISA Kit (cat. no. CHE0019; Beijing 4A Biotech
Co., Ltd.), Human IL-1p ELISA Kit (cat. no. CHE0O0O1;
Beijing 4A Biotech Co., Ltd.), Mouse TNF-a ELISA Kit
(cat. no. CMEO0004; Beijing 4A Biotech Co., Ltd.), Mouse
IL-1P (cat. no. CMEOO15; Beijing 4A Biotech Co., Ltd.) and
Mouse HK2 ELISA kit (cat. no. ml058727; Mlbio) were
used. The absorbance of each well was measured at 450 nm
with a multifunctional microplate reader (SpectraMax iD3;
Molecular Devices, LLC), and the concentration of TNF-a.,
IL-1p and HK2 was calculated according to the standard
curve.

Statistical analysis. Statistical analyses were performed
using GraphPad Prism 7.0 (Dotmatics). All quantitative
results are presented as the mean + standard error of the
mean (SEM) from at least three independent experiments.
Statistical analysis was performed using one-way ANOVA
followed by Dunnett's post hoc test, two-way ANOVA
followed by Sidak's post hoc test, Kruskal-Wallis test
followed by Dunn's post hoc test or an unpaired two-tailed
Student's t-test. P<0.05 was considered to indicate a statisti-
cally significant difference.
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Figure 1. Composition and safety profile of TAT-ATXNI1-CTM. (A) Structural diagrams of TAT-ATXN1-CTM and nonfunctional peptide TAT-CTM.
TAT-ATXNI-CTM consists of three functional domains, including TAT, PBD and CTM. (B) Effects of TAT-ATXNI1-CTM on the viability of THP-1 cells
assessed using an MTT assay. THP-1 cells were treated with different concentrations (0, 5, 10 and 20 xM) of TAT-ATXNI-CTM or TAT-CTM for 24 h. Data
are presented as the mean + SEM (n=3). One-way ANOVA followed by Dunnett's post hoc test was used to assess significance. ““P<0.001 vs. 0 uM. TAT,
transactivator of transcription protein of HIV-1; ATXNI, ataxin 1; CTM, chaperone-mediated autophagy-targeting motif; PBD, protein-binding domain.

Results

Composition and safety assessment of TAT-ATXNI-CTM
in vitro. TAT-ATXNI1-CTM was designed to cross the cell
membrane and selectively degrade the HK2 protein. The
peptide consists of three functional domains. The first domain
(TAT) can induce the peptide to cross the cell membrane.
The second domain (PBD) is composed of ATXNI protein,
which can selectively recognize and bind to the HK?2 protein.
The third domain, CTM, targets lysosomes to degrade
proteins (23,24). In the present study, TAT-CTM was used as
a control (Fig. 1A).

The effects of TAT-ATXNI1-CTM at different concentra-
tions on cell viability were assessed using an MTT assay.
The results demonstrated that TAT-ATXNI1-CTM treatment
for 24 h at 5 and 10 #M had no significant effects on the
viability of THP-1 cells, while 20 M treatment significantly
decreased the cell viability compared with the 0 yM treated
group [Fig. 1B; 20 uM (TAT-ATXNI-CTM) vs. 0 uM,
78.290+2.099 vs. 100.000+0.000; P<0.001]. Therefore, 10 uM
TAT-ATXNI1-CTM was used for subsequent experiments to
avoid cytotoxicity (Fig. 1B).

TAT-ATXNI-CTM selectively degrades HK2 protein without
changing HK2 mRNA levels in vitro. Firstly, HK2 was over-
expressed and it was confirmed by both western blotting and
RT-qPCR that HK?2 expression was increased following trans-
fection with the HK2 plasmid compared with the empty vector
group (Fig. S5, HK?2 plasmid vs. empty vector, for mRNA,
8.257+0.905 vs. 1.016+0.121, P<0.01; Fig. 2A, for protein,
2.955+0.148 vs. 1.000, P<0.001). Subsequently, the degrada-
tion of the HK2 protein by TAT-ATXNI1-CTM was verified.
TAT-ATXNI-CTM treatment significantly reduced HK2
expression following HK2 plasmid-mediated overexpression
in 293T cells (Fig. 2A; HK?2 plasmid*/TAT-ATXN1-CTM*
vs. HK2 plasmid®*, 2.003+0.106 vs. 2.955+0.148; P<0.001).
In LPS-induced THP-1 cells, TAT-ATXN1-CTM treatment
also markedly reduced HK2 protein expression [Fig. 2B;
LPS*/control* vs. vehicle (Veh)*/control*, 1.826+0.076 vs.
1.000; P<0.001; LPS*/TAT-ATXNI1-CTM* vs. LPS*/control*,
1.196+0.096 vs. 1.826+0.076; P<0.01]. By contrast, HK2

mRNA levels were significantly increased at 4 and 8 h after
LPS treatment, but were not affected at different time points
(4, 8 and 24 h) after TAT-ATXNI1-CTM administration
(Fig. 2C; LPS vs. control, 4 h: 3.611+0.1444 vs. 1.003+0.0561,
P<0.05, 8 h: 5.601+£0.5804 vs. 0.973+0.0214, P<0.001). In
addition, TAT-ATXNI1-CTM treatment tended to decrease
HKI protein expression in LPS-induced THP-1 cells (Fig. 2B;
LPS*/TAT-ATXNI-CTM" vs. LPS*/control*, 0.717+0.0417 vs.
0.939+0.060; P=0.141), possibly through indirect mechanisms
related to inflammation suppression. These results suggested
that TAT-ATXNI1-CTM was effective in selectively reducing
HK?2 expression.

TAT-ATXNI-CTM reduces the production of proinflamma-
tory factors in LPS-induced THP-1 cells. HK2 expression is
increased during inflammatory processes (28) and whether
TAT-ATXNI1-CTM exerted anti-inflammatory effects by
degrading the HK?2 protein was next investigated. Treatment
with 10 uM TAT-ATXNI1-CTM significantly reduced the levels
of TNF-a and IL-1f in the supernatant of THP-1 cells induced
by LPS (Fig. 3; LPS*/control* vs. Veh*/control*, TNF-a:
25.670+1.015 vs. 0.194+0.009, P<0.001, IL-1p3: 12.840+0.699
vs. 0.637+0.0554, P<0.001; LPS*/TAT-ATXN1-CTM* vs.
LPS*/control*, TNF-a: 17.860+0.184 vs. 25.670+1.015,
P<0.001, IL-1fB: 8.739+0.291 vs. 12.840+0.699, P<0.001).
Notably, TAT-CTM, as a control treatment, also decreased
IL-1p protein expression (Fig. 3B; LPS*/TAT-CTM* vs.
LPS*/control*, IL-1f: 9.458+0.425 vs. 12.840+0.699; P<0.001).
These data imply that TAT-ATXNI1-CTM could suppress
proinflammatory cytokines in LPS-induced THP-1 cells.

TAT-ATXNI-CTM attenuates inflammatory cell infiltration in
the lung in an LPS-induced model of ALI. The anti-inflam-
matory effect of TAT-ATXNI1-CTM was investigated in
a murine model of ALI (Fig. 4A). TAT-ATXNI-CTM
(1,000 pug/kg) treatment significantly reduced the number
of total cells, neutrophils, macrophages and lymphocytes
in the BALF compared to the control group [Fig. 4B-F;
LPS* vs. control, total cells: 47.050+3.004 vs. 9.545+0.796,
P<0.001, neutrophils: 15.900+2.424 vs. 0.05+0.017, P<0.001,
macrophages: 5.330+1.396 vs. 0.036+0.010, P<0.001 and
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lymphocytes: 25.820+2.746 vs. 9.460+0.784, P<0.001;
LPS*/TAT-ATXNI-CTM (1,000 ug/kg)* vs. LPS*, total
cells: 20.000+1.676 vs. 47.050+3.004, P<0.001, neutro-
phils: 5.985+1.044 vs. 15.900+2.424, P<0.01, macrophages:
1.570+£0.227 vs. 5.330+1.396, P<0.001 and lymphocytes:
12.450+1.303 vs. 25.820+2.746, P<0.001]. Notably, TAT-CTM
also slightly decreased the number of total cells (Fig. 4C;
total cells: 36.130+2.010 vs. 47.050+3.004; P<0.01), macro-
phages (Fig. 4E; 2.560+0.392 vs. 5.330+1.396; P<0.05)

and lymphocytes (Fig. 4F; 18.220+1.655 vs. 25.820+2.746;
P<0.01) in BALF. In conclusion, these data suggested that
TAT-ATXNI-CTM treatment inhibited the accumulation of
inflammatory cells in the lungs of LPS-induced mice.

TAT-ATXNI-CTM attenuates pathological injury in the
lungs in an LPS-induced model of ALI. Based on lung
histological examination, LPS induced a pulmonary
inflammatory response, including notable alveolar wall
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Figure 4. TAT-ATXNI1-CTM treatment reduces the accumulation of inflammatory cells in LPS-induced mice. (A) Schematic representation of the protocol
used for the mouse experiments. (B) Representative images of Wright-Giemsa staining of the BALF cells are shown. Scale bar, 50 gm. The arrows point to
white blood cells. (C) Total cells, (D) neutrophils, (E) macrophages and (F) lymphocytes in the BALF were counted. Data are presented as the mean + SEM
(n=11-12). One-way ANOVA followed by Dunnett's post hoc test was used to assess significance. “P<0.001 vs. control; "P<0.05, “P<0.01, ““"P<0.001 vs. LPS*.
TAT, transactivator of transcription protein of HIV-1; ATXNI, ataxin 1; BALF, bronchoalveolar lavage fluid; CTM, chaperone-mediated autophagy-targeting

motif; LPS, lipopolysaccharide; gPCR, quantitative PCR.

thickening, congestion with inflammatory cell infiltration
around the alveoli or airways, which was significantly attenu-
ated by 1,000 pug/kg TAT-ATXNI-CTM treatment [Fig. 5;
LPS* vs. control, 2.727+0.333 vs. 0.083+0.083, P<0.001;
LPS*/TAT-ATXNI-CTM (1,000 pg/kg)* vs. LPS*,1.364+0.152
vs. 2.727+0.333, P<0.05]. These results indicated that inhibi-
tion of HK2 attenuated lung histopathological damage in
LPS-induced ALI in mice.

TAT-ATXNI-CTM treatment suppresses HK2 protein
expression and proinflammatory factors in the lungs of
LPS-treated mice. Based on the aforementioned findings,
TAT-ATXNI-CTM (1,000 pg/kg) ameliorated ALI in vivo,
whereas other low concentrations of TAT-ATXNI1-CTM had

limited effect in treating ALI. Consequently, the effects of
TAT-ATXNI1-CTM (1,000 pug/kg) on the expression of HK?2
and proinflammatory factors in LPS-challenged mice only
were investigated. TAT-ATXN1-CTM (1,000 pg/kg) treatment
reduced the protein expression levels of HK2, TNF-a and
IL-1p without affecting HK2 mRNA levels in the lung tissues
of ALI mice [Fig. 6; LPS* vs. control, HK2: 0.744+0.045
vs. 0.320+£0.004, P<0.001, TNF-a: 420.600+32.250 vs.
158.800+4.788, P<0.001 and IL-1f: 129.300+12.040
vs. 17.630+£0.921, P<0.001; LPS*/TAT-ATXN1-CTM*
(1,000 pg/kg) vs. LPS*, HK2: 0.461+0.021 vs. 0.744+0.045,
P<0.001, TNF-a: 262.500+15.750 vs. 420.600+32.250,
P<0.001 and IL-1f: 59.040+5.229 vs. 129.300+12.040,
P<0.001]. Collectively, these data suggested that 1,000 ug/kg
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Figure 5. TAT-ATXNI1-CTM attenuates pathological injury in the lung tissues of LPS-induced mice. (A) Lung histopathology of mice (H&E staining). Scale
bar, 500 ym (top row), 50 xm (middle row) or 20 ym (bottom row). (B) Inflammation score of lung histology. Data are presented as the mean = SEM (n=11-12).
Kruskal-Wallis test followed by Dunn's post hoc test was used to assess significance. “*P<0.001 vs. control; "P<0.05 vs. LPS*. TAT, transactivator of transcrip-
tion protein of HIV-1; ATXNI, ataxin 1; CTM, chaperone-mediated autophagy-targeting motif; LPS, lipopolysaccharide.

TAT-ATXNI1-CTM reduced the protein expression levels of
HK?2 and proinflammatory factors in ALI mice induced by
LPS.

Discussion

ALI is a devastating intrapulmonary inflammatory disease
and there is a lack of effective drug treatments (9). In the
present study, a peptide, TAT-ATXN1-CTM, was designed,
and this could enter cells using TAT, bind to the HK2
protein via the PBD and transport the peptide-HK2 protein
complex to the lysosome for degradation via CTM, which
alleviates LPS-induced ALI (Fig. 7). The present study

provided experimental evidence that TAT-ATXNI1-CTM
exerted anti-inflammatory effects through HK?2 degradation
in the treatment of ALI. However, the THP-1 and 293T cells
used in the experiments were immortalized tumor cells,
and validation using primary macrophages from humans is
needed. In addition, while TAT-ATXNI1-CTM exerted potent
anti-inflammatory activity in vitro, it had relatively minor
efficacy in vivo and higher drug concentrations are required
to protect mice from LPS-induced ALI, which may be related
to factors such as the shorter half-life and lower stability of
the peptide (29). Therefore, TAT-ATXN1-CTM needs to be
further optimized or modified to improve its stability and
potency via the introduction of stabilizing a-helixes, salt
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Figure 7. TAT-ATXNI1-CTM attenuates LPS-induced ALI by mediating
HK?2 protein degradation. TAT-ATXN1-CTM enters the cell through its cell
membrane-penetrating domain (TAT), binds to the HK?2 protein via the PBD
and chaperones the degrading peptide-HK2 protein complex to the lysosome
for degradation via its CTM, alleviating the LPS-induced ALI. ALI, acute
lung injury; TAT, transactivator of transcription protein of HIV-1; ATXNI,
ataxin 1; CTM, chaperone-mediated autophagy-targeting motif; HK2, hexo-
kinase 2; LPS, lipopolysaccharide; PBD, protein-binding domain.

bridge formations, stapling or clipping of peptide sequences,
or other chemical modifications in future studies (29).
Furthermore, an optimal dose needs to be determined
based on numerous factors, including the bioavailability,

pharmacokinetics and toxicity of the peptide, which requires
further characterization.

To date, there are two main ways to silence proteins. RNA
interference (RNA1i) technology is the more commonly used
approach for protein expression knockdown due to its relative
maturity in terms of precision and efficacy (30). However, this
technology presents some experimental side effects, such as
prolonged duration of action, suppression of genes other than
the desired gene target, resulting in impeding other non-target
protein expression and disrupting the natural regulatory mech-
anism of normal cells (31). Additionally, the introduction of
exogenous RNA can stimulate the production of inflammatory
factors and cause cell damage (32). Furthermore, the clustered
regularly interspaced short palindromic repeat-associated
protein 9 (Cas9) system is a highly efficient genome editing
method that allows for precise modification of genomic DNA
to interfere with the expression of specific proteins (33).
Compared with RNAi technology, gene knockout has
demonstrated superior consistency (34). However, it still
faces challenges in terms of delivery, specificity, toxicity and
immune responses. For example, Cas9 can be delivered in the
forms of DNA, mRNA, or protein. Plasmid DNA poses a risk
of insertional mutagenesis (35); delivering the Cas9 protein,
which is of bacterial origin, into cells may induce carryover
of bacterial endotoxin and trigger serious immunologic
responses (36); the cell-targeting specificity of Cas9 delivery
requires novel biomaterials to address (37).

The method used in the present study has some superiority
over other methods for targeting peptides. The peptide is easy
and inexpensive to prepare, with specificity being its most
crucial characteristic. The specificity and effectiveness of
targeting peptides to degrade specific proteins largely depend
on the affinity and high selectivity of the interaction between
target proteins and PBDs (23). Common methods for the iden-
tification of high-affinity and specific PBDs include peptide
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arrays, phage display and computational modeling (23,38).
A sequence based on the binding site between the HK2 and
ATXNI proteins was designed. We hypothesized that ATXN1
has a specific motif for binding to HK?2, and the binding
relationship between ATXNI and HK2 was simulated. It was
found that ATXNI1 (594-610) interacted with HK2, and thus,
the ATXNI (594-610) sequence was used for the PBD.

Emerging evidence has indicated reciprocal regulation
between glucose metabolism and immunity (39). Increased
glycolysis facilitated by pyruvate kinase M2 contributes
substrates for the biosynthesis of proteins and nucleic acids
needed for LPS-induced inflammatory activation of immune
cells (39,40). Furthermore, previous studies have demon-
strated that HK?2 protein was an important regulatory factor
in the regulation of inflammation-related diseases, and HK2
protein silencing could inhibit the production of inflamma-
tory factors (41,42). In the present study, it was verified that
TAT-ATXNI1-CTM degraded HK?2 protein without affecting
its mRNA levels both in vitro and in vivo, which was consis-
tent with the results of a previous study (23). Under normal
conditions, TAT-ATXNI1-CTM had no effect on the HK1
protein; however, in THP-1 cell inflammatory models, it
tended to downregulate HK1 protein expression. This may be
related to the reduced inflammatory response resulting from
HK?2 degradation, which can result in decreased HK1 expres-
sion (12). Furthermore, the degradation of HK2 may induce
increased G-6P levels, and then upregulated cellular glucose
uptake, which may in turn inhibit HK1 (12,43). In addition, the
TAT-CTM control reduced levels of the inflammatory factor
IL-1p and decreased inflammatory leukocyte production. It
has been reported that increased expression and activation of
NLRP3 inflammasome protein components promoted IL-1p
production and recruitment of immune cells to the site of
injury, and NLRP3 proteins are considered to be substrates
for CMA (44,45). Therefore, we hypothesized that TAT-CTM
containing the CMA structure may reduce IL-1f3 production
and inflammatory cell infiltration by promoting NLRP3
protein degradation.

In conclusion, the present study demonstrated that the
TAT-ATXNI1-CTM targeting peptide could effectively degrade
the endogenous HK2 protein and act as an anti-inflammatory
agent in vitro and in vivo. Therefore, the outcome of the experi-
ments provides novel perspectives for TAT-ATXNI-CTM
application in the development of ALI treatment, and provides
novel insights for drug discovery. Finally, it is hypothesized
that targeting peptides hold great potential as an effective
therapeutic approach in the future, as shown by a successful
phase 2B clinical trial, which elucidated the efficacy and
safety of TAT-mediated peptides (46).
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