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Abstract Liver transplantation (LT) has become a standard treatment for end-stage liver diseases, and
graft injury is intricately associated with poor prognosis. Granzyme B (GZMB) plays a vital role in nat-
ural killer (NK) cell biology, but whether NK-derived GZMB affects graft injury remains elusive.
Through the analysis of single-cell RNA-sequencing data obtained from human LT grafts and the isola-
tion of lymphocytes from mouse livers following ischemia-reperfusion injury (IRI), we demonstrated
that 2NK cells with high expression of GZMB are enriched in patients and mice. Both systemically
and liver-targeted depletion of NK cells led to a notable reduction in GZMB™ cell infiltration, subse-
quently resulting in diminished graft injury. Notably, the reconstitution of I/2rg™~Rag2™~ mice with
purified Gzmb-KO NK cells demonstrated superior outcomes compared to those with wild-type NK cells.
Crucially, global knockout of GZMB and pharmacological inhibition exhibited remarkable improvements
in liver function in both mouse IRI and rat LT models. Moreover, a phosphorylated derivative of
FDA-approved vidarabine was identified as an effective inhibitor of mouse GZMB activity by molecular
dynamics, which could provide a potential avenue for therapeutic intervention. Therefore, targeting
NK cell-derived GZMB during the LT process suggests potential therapeutic strategies to improve
post-transplant outcomes.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Liver transplantation (LT) has become a standard treatment for end-
stage liver diseases’. Liver graft ischemia reperfusion injury (IRI) is a
common physiopathological process during LT and is a major cause
of early allograft dysfunction (EAD) and primary non-function
(PNF), leading to severe complications or even mortality>>.
Finding ways to mitigate IR is crucial for improving post-transplant
outcomes”. Despite its clinical importance, the mechanisms under-
lying IRI are only partially understood, and effective preventive and
therapeutic strategies are urgently needed™®.

During IRI, known as a sterile inflammation, the host’s innate
immunity is activated, converting the liver from an immunologi-
cally quiescent state to an inflamed organ’. NK cells primarily
contribute to the innate immunity and represent one of the most
abundant populations in the human liver®. NK cells play a critical
role in anti-viral® and anti-tumor responses'®, but their role in
hepatic IRI remains unclear''. Beldi et al.'? reported that CD39-
mediated NK cell activation enhanced IFN-y production and
contributed to hepatic IRI. However, it has also been reported that
NK cell depletion may not affect liver function after IRI, which is
demonstrated by unchanged liver function assays and infiltrated
myeloperoxidase content'.

Upon activation, NK cells can exert cytotoxic effects by
releasing perforin, granzymes, and pro-inflammatory compounds
such as IFN-y and TNF-q, providing early defense against virus-
infected or tumor cells'*. GZMB is the most abundant one,
causing apoptosis by various pathways, including cleaving and
activating several proapoptotic proteins in response to infection by
the perforin-dependent cytotoxic response pathway'>. It has been
previously identified as a major toxic protein in ischemic diseases
such as stroke and myocardial infarction'®!”. Santos-Zas et al.'”
found that GZMB deficiency reduced apoptosis and pro-
inflammatory cytokine expression, and limited post-ischemic
cardiac damage. However, NK cell-derived GZMB has not been
reported or interfered with as a therapeutic target in hepatic IRI.

In this study, single-cell transcriptomics has pinpointed
GZMB* NK cells as notably prevalent infiltrates in
post-transplant human livers. Additionally, serum GZMB levels in

recipients positively correlate with serum total bilirubin and
aspartate aminotransferase following LT. Reconstitution of
112rg ™" "Rag2™~ mice with purified Gzmb-KO NK cells resulted
in less detrimental effects compared to those adoptively trans-
ferred with wild-type NK cells. Both systemic and liver-specific
NK cell depletion, alongside genetic or pharmacological inhibi-
tion of GZMB, have demonstrated protective effects against liver
graft injury in mouse or rat models. A phosphorylated derivative
of US Food and Drug Administration (FDA)-approved vidarabine
(vidarabine phosphate) effectively suppressed GZMB activity in
murine livers and reduced hepatic IRI, which could potentially be
applied in clinical settings.

2. Materials and methods
2.1.  Human liver tissues and serum

Liver and serum samples were obtained from individuals who
underwent orthotopic LT at Shulan Hospital (Hangzhou). Liver
tissues of each graft were collected at two different time points:
during static cold storage (pre-LT) and 2 h after portal reperfusion
(post-LT). Peripheral blood samples were collected 2 h after portal
reperfusion, and serum was separated for further examination.
Written informed consent was obtained from all patients. This
research was approved by the Institutional Review Board of
Shulan Hospital of Hangzhou (KY2023029) and complied with
the ethical principles of the 1975 Helsinki Declaration.

2.2.  Processing of scRNA-seq datasets

Three cohorts of human LT data were obtained from GSE171539,
GSE189539, and HRA003896. The raw data was processed using
Seurat, with gene symbols being revised according to the National
Center for Biotechnology Information gene data (https://www.
ncbi.nlm.nih.gov/gene/). Unmatched genes and duplicate genes
were manually removed. The Harmony algorithm incorporated
donor, platform as two technical covariates for correction
purposes, assigning corresponding theta values to 4 and 2,
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respectively. Principal component analysis (PCA) was then con-
ducted, followed by uniform manifold approximation and pro-
jection (UMAP) analysis for dimensional reduction and clustering
analysis. For the second round of clustering, the clusters of NK
cells were extracted and integrated using canonical correlation
analysis (CCA) in Seurat. NK cells were filtered using known
markers in CellMatch and re-clustered to identify GZMB™* NK
cells based on the gene expression of GZMB.

2.3.  Animals

Male C57BL/6 mice and Sprague—Dawley (SD) rats were housed
in a controlled pathogen-free environment with a regulated tem-
perature of 23 £ 2 °C and a 12-h light/dark cycle. The mice used
in the experiment were aged around 8 weeks with an average
weight of 23 £ 2 g, while the rats were aged around 7 weeks with
an average weight of 250 £+ 10 g. All animal procedures were
approved by the Institutional Review Board of the Institutional
Animal Care and Use Committee, Zhejiang Center of Laboratory
Animals (Approval No. ZJCLA-IACUC-20010232), and were
performed in accordance with the Guide for the Care and Use of
Laboratory Animals.

Gzmb-KO mice and [12rg”"Rag2™~ (B6RG) mice were
obtained from Cyagen Biosciences (Shanghai, China). The iden-
tification primer sequences for Gzmb-KO mice were F:
5'-CCTTGTCCATCACTCTTCCATTGT-3’; R: 5-TCAAACA-
TACTTATGACTTCCCT-3'. Wild type (WT) mouse identification
primer sequences were F: 5'-CCTTGTCCATCACTCTTC-
CATTGT-3'; R: 5-~AAAGGAAGGTGTTGCTTACTCACC-3'. All
the animals were kept under standardized conditions with free
access to clean water and normal chow. Genomic DNA was
extracted from the tail tissue of newborn mice for genotyping by
polymerase chain reaction (PCR). The representative genotyping
image is shown in Supporting Information Fig. S1.

2.4.  Murine hepatic IRl model

Mouse hepatic IRI was performed by 90 min of vascular occlusion
of the left and mid-hepatic lobes and followed by 6 h of blood
reperfusion, while the Sham group mice only performed laparot-
omy and abdominal closure. Animals were placed on a warm pad
maintained at 37 °C until completely awake. After surgery, all
mice were humanely sacrificed, and both serum and liver tissue
samples were collected for further analysis.

To assess the involvement of NK cells in hepatic IRI, C57BL/6
mice received peritoneal injections of in vivo MAb anti-mouse
NK1.1 (eNK1.1) (BioXcell, Lebanon, USA) (100 ng diluted in
200 pL dilution buffer per mouse) or in vivo Pure pH 7.0 Dilution
Buffer (BioXcell, Lebanon, USA) (200 pL/mouse/time) three
times a week prior to surgery. For liver-targeted NK cell depletion,
aNK1.1 was intravenously injected at half the dosage (50 pg
packed in nanoparticles per mouse) three times a week prior to
surgery, while the control mice were injected with the same vol-
ume of PBS.

To evaluate the role of GZMB in hepatic IRI, both WT and
Gzmb-KO mice underwent the same procedures. For serine pro-
tease inhibitor AEBSF (Selleck, Houston, USA), mice received
peritoneal injections at a single dose of 80 mg/kg 1 h before he-
patic IRI. For Vidarabine phosphate (TargetMol Chemicals Inc.,
Boston, USA), mice received peritoneal injections at a single dose
of 100 mg/kg 12 h before hepatic IRI, and Cytarabine (Selleck,

Houston, USA) was applied in another group of mice at the same
dose to avoid interference from the antiviral drug’s effects.

2.5.  Rat LT model

Rat orthotopic LT was conducted in accordance with previously
described methodologies at our esteemed institution'®. Prior to the
LT procedure, the rats underwent an overnight period of fasting.
To induce sufficient cold ischemia, all liver grafts were subjected
to cold storage in a solution of normal saline before subsequent
revascularization. The experimental rats were divided into three
distinct groups: (1) Sham Group (n = 6); (2) LT4+PBS Group:
peritoneal injection of 20 mL/kg PBS 6 h before transplantation
(n = 6); (3) LT+AEBSF Group: peritoneal injection of 20 mL/kg
mL PBS containing 60 mg/kg AEBSF (n = 6). Twenty-four hours
after transplantation, rats were humanely sacrificed, and both
serum and liver tissue samples were collected for further analysis.

2.6. NK cell purification and adoptive transfer

NK cells were extracted from WT or Gzmb-KO C57BL/6 mice
spleens, and subsequently purified using an NK Cell Isolation Kit,
mouse (Miltenyi Biotec, Bergisch Gladbach, Germany) according
to the manufacturer’s protocol. Briefly, 8-week-old Gzmb-KO or
WT C57BL/6 mice were humanely euthanized to isolate spleno-
cytes, and then NK cells were negatively selected using a com-
bination of antibody-coated magnetic beads (CD3, CD4, CDS,
CD19, Anti-MHC-class II, F4/80, Ly-6G, and TER-119) to
remove non-NK cells, thus yielding NK cells with a purity
exceeding 90%.

To demonstrate the specific role of NK-derived GZMB in
mediating hepatocyte cytotoxicity, NK cells from Gzmb-KO or WT
C57BL/6 mice were adoptively transferred into /12rg " Rag2™"~
mice according to previously published protocols'®. A total of
1 x 10° NK cells suspended in 200 uL sterile PBS were intrave-
nously administered into I12rg”""Rag2™"~ mice, while the other
were intravenously injected with 200 pL. PBS only. The transferred
NK cells were allowed to undergo in vivo expansion for 5 days, then
all the mice underwent hepatic IRI as described above.

2.7.  Cell culture and recombinant mouse GZMB protein
treatment

Alpha mouse liver 12 (AML-12) cells (normal mouse hepatocytes)
were cultured at 37 °C in a humidified atmosphere with 5% CO,
in DMEM/F12 medium (Merck, Darmstadt, Germany) supple-
mented with 10% heat-inactivated Fetal Bovine Serum
(BioChannel, Nanjing, China), 1% Penicillin—Streptomycin
(Biosharp, Hefei, China), 1% Insulin-Transferrin-Selenium-
Sodium Pyruvate (ITS-A) (Procell, Wuhan, China), and 40 ng/mL
Dexamethasone (MedChemExpress, NJ, USA).

In order to imitate the process of HIRI in vitro, AML-12 cells
were changed to non-serum culture media and incubated under
hypoxic conditions (37 °C, 5% CO,, and 1% O,) for 24 h, and
then changed to a normal cell incubator with oxygenation for
another 12 h. In order to evaluate the effect of GZMB on hepa-
tocyte apoptosis, recombinant mouse GZMB protein
(MedChemExpress, NJ, USA) was added to the medium during
reoxygenation to simulate the GZMB released by NK cells during
portal reperfusion in liver transplantation. Cells were harvested for
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total protein and RNA extraction and then further analysed by
Western blot and RNA-seq.

2.8.  Flow cytometry

Liver-infiltrated immune cells were obtained from mice using
collagenase II/IV (Gibco, Grand Island, USA) and Mouse
Lymphocyte Separation Medium (Dakewe Biotech, Shenzhen,
China). To conduct cytometric analysis, a brief procedure was
followed. Initially, the nonspecific binding of cells was blocked
using purified Rat Anti-Mouse CD16/CD32 (Mouse BD Fc Block)
(BD Bioscience, Franklin Lakes, USA). Following a 10-min in-
cubation at 4 °C, cells were then stained with surface
antigen—antibodies (BD Bioscience, Franklin Lakes, USA)
against Fixable Viability Stain 780, PE Rat Anti-Mouse CD45,
FITC Hamster Anti-Mouse CD3e, APC Mouse Anti-Mouse
NK-1.1 for 30 min at 4 °C. Cells were then fixed and per-
meablized withFixation/Permeabilization Kit (BD Bioscience,
Franklin Lakes, USA) following instructions, and stained with
intracellular PE-Cyanine7 Granzyme B Monoclonal Antibody
(Invitrogen, CA, USA) for 30 min at 4 °C. After washed twice
with PBS, cells were analyzed using a BD Cantoll flow cytometer
(BD Bioscience, Franklin Lakes, USA). The obtained data were
analyzed using FlowJo software (Version 10.8.1).

2.9.  Nanoparticle delivery system

Herein, we developed a liver-targeted lipid nanoparticle system
that effectively delivers aNK1.1?°'. Generally, a thin lipid film
was obtained by dissolving neutral-charged helper lipids DOPC
(Avanti, AL, USA) and cationic lipid DOTAP (Avanti, AL, USA)
at a molar ratio of 3:1 in chloroform, followed by the evaporation
of the solvent. The HEPES buffer (pH = 7.4) was then supple-
mented and gently stirred for 3 h at room temperature, followed by
10 min of sonication. Subsequently, the «aNKI.1 solution
(4.69 mg/mL) was added dropwise to the lipid solution and stirred
for another 2 h at room temperature. Finally, DSPE-PEG-Gal was
added to the above mixture and stirred for 15 min to obtain
G-LNP/aNK1.1 at 50 °C. Consequently, the sizes and zeta
potentials of the G-LNP/aNKI1.1 were measured by Zetasizer
Nano-ZS (Malvern Instruments, Malvern, UK) at 25 °C, and the
optimized concentration of aNK1.1 was 125 pg/mL. For the
treatment study, mice were i.v. administered with G-LNP/aNK1.1
three times a week prior to surgery, while the control mice were
injected with an equal volume of PBS.

2.10.  Surface plasmon resonance (SPR) assays

The forementioned recombinant mouse GZMB protein, AEBSF,
and Vidarabine phosphate were separately diluted in sodium ac-
etate to a concentration of 50 pg/mL. Then, the protein was
immobilized on a CM5 sensor chip (Cytiva, #BR100530) using
the amine coupling kit (Cytiva, #BR100050) to a final concen-
tration of about 10,000 response units (RU)/flow cell. SPR mea-
surements were performed at 25 °C using a Biacore (Cytiva, 8K)
instrument. To determine the binding affinities, increasing con-
centrations of small molecules were injected onto the surface of
the chip for 150 s at a flow rate of 30 pL/min, followed by a
dissociation period of 300 s. Experimental data were collected and
analyzed using Biacore Insight Evaluation software (Cytiva,
Marlborough, MA, USA). The kinetic constant of binding was
calculated using a 1:1 Langmuir affinity model.

2.11.  Theoretical modelling and molecular dynamics (MD)
simulations

In the absence of an experimentally determined crystal structure
for mouse GZMB, AlphaFold2 was adopted to generate the pro-
tein 3D structure®?. Subsequently, the model underwent molecular
dynamics (MD) simulations for equilibration purposes. Small
molecular ligands were then computationally aligned within the
catalytic site of the stabilized enzyme via AutoDock Vina®.
Further MD simulations were conducted to scrutinize the stability
and behavior of the resultant complexes.

The MD simulation frameworks were meticulously assembled
and executed utilizing the GROMACS suite>*, with the resulting
trajectories subjected to rigorous analysis through the Visual
Molecular Dynamics (VMD) software?. The protein or complex
was solvated with a 150 mmol/L NaCl electrolyte. We applied the
CHARMMS36 force field*® for protein and ions, the TIP3P model
for water molecules. The force fields of small molecules were
generated using CGenFF?’. Simulations proceeded with a tem-
poral resolution of 2 fs. van der Waals interactions were smoothed
out between 0.10 and 0.12 nm, while long-range electrostatic
forces were calculated employing the particle-mesh Ewald tech-
nique with a grid spacing of 0.1 nm. The production simulations
were performed within the NPT ensemble, maintaining pressure at
1 bar via the isotropic Parrinello—Rahman barostat and tempera-
ture at 310 K through the Nose—Hoover thermostats.

2.12.  Liver biochemical measurement

The levels of alanine aminotransferase (ALT), aspartate amino-
transferase (AST), and total bilirubin (TBIL) in the serum or
plasma were assessed utilizing an automated biochemical analyzer
(Rayto, Shenzhen, China) in accordance with the provided
guidelines.

To ascertain the concentration of GZMB, both human and
mouse serum or plasma samples were employed, and the analysis
was conducted utilizing commercial enzyme-linked immunosor-
bent assay (ELISA) kits (Cloud-Clone Corp., Houston, TX, USA)
as per the manufacturer’s instructions.

2.13.  Histopathological and immunofluorescence analyses

The liver tissues were fixed with 4% paraformaldehyde fixing
solution, dried, immersed in paraffin, and divided (5 pm thick) to
determine the degree of liver necrosis. Consequently, hematoxylin
and eosin (H&E) were employed to stain the sections to assess the
degree of liver necrosis. Immunohistochemistry (IHC) was uti-
lized to assess GZMB (abcam, Cambridge, UK), NK1.1 (CD161)
(abcam, Cambridge, UK), and cleaved caspase 3 (C-CAS3,
ServiceBio, Wuhan, China). All sections were scanned by
Research Slide Scanner (Olympus, SLIDEVIEW VS200) under
bright field. Necrotic areas in random fields on each HE slide were
characterized by architecture loss, vacuolization, increased kar-
yolysis, and eosinophilia. Two expert pathologists independently
assessed the histological criteria for liver damage using the Suzuki
score (congestion, vacuolization, and necrosis), as previously
described®®. The percentage of positive areas in the representative
view of IHC slides was calculated with ImagelJ software (Version
1.8.0_172).

Liver sections for immunofluorescence (IF) analysis were
permeabilized using 0.2% Triton X-100 in PBS for 30 min at room
temperature, then blocked with 3% BSA for 30 min at room
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temperature, and incubated with primary antibodies against CD56,
GZMB, and NK1.1 (CD161) (abcam, Cambridge, UK). Sections
were washed with PBS and incubated with a mixture of appro-
priate secondary antibodies for 1 h at room temperature, 4',6-
diamidino-2-phenylindole (DAPI) was used to counterstain cell
nuclei. To evaluate cell apoptosis in the liver tissue slides, terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
staining (ServiceBio, Wuhan, China) was performed according to
the manufacturer’s instructions and a previous report>”. The digital
images of immunofluorescence were acquired with fluorescence
microscopy (Olympus, BX63). The percentage of positive areas in
the representative view of IF slides was calculated with Imagel
software (Version 1.8.0_172).

2.14.  Quantitative real-time PCR

Total RNA from cells or liver tissues was extracted using MolPure
RNA Kit (Yeasen, Shanghai, China) according to the manufac-
turer’s instructions and measured wusing a Nanodrop
(ThermoFisher, MA, USA). Reverse transcription of RNA was
performed on S1000 Thermal Cycler (Bio-Rad, Hercules, USA)
by using Hifair V one-step RT-gDNA digestion SuperMix (Yeasen,
Shanghai, China). Quantitative real-time PCR was performed on a
Light Cycler 480 (Roche, Basel, Switzerland) with Hieff SYBR
Green Master Mix (Yeasen, Shanghai, China). The primers used
were synthesized by Tsingke Biotech (Beijing, China) and listed
in Supporting Information Table S1.

2.15.  Western blot analysis

Total proteins from liver tissues were extracted using RIPA lysis
buffer supplemented with protease inhibitor, protein phosphory-
lase inhibitors, and PMSF (Fdbio, Hangzhou, China). The protein
concentration in the lysates was determined using a BCA protein
assay (Beyotime, Shanghai, China). Subsequently, the protein
supernatants were mixed with 5 x SDS loading buffer and de-
natured at 95 °C for 10 min. Protein samples were separated by
4%—20% sodium dodecyl sulfate polyacrylamide gel electro-
phoresis and then transferred onto polyvinylidene fluoride (PVDF)
membranes (Millipore, Billerica, MA, USA). The PVDF mem-
branes were blocked with 5% BSA for 1 h at room temperature
and incubated overnight at 4 °C with specific primary antibodies
against BAX (CST, MA, USA), BCL2 (abcam, Cambridge, UK),
C-CAS3 (CST, MA, USA), B-actin (ABclonal, Wuhan, China).
Following this, the membranes were washed with TBST and
incubated with an HRP-conjugated secondary antibody (anti-
rabbit or anti-mouse) for 1 h at room temperature. Visualization
was achieved using ECL detection kits (Fdbio, Hangzhou, China).
The images were captured using the ChemiDoc Touch Imaging
System (Bio-Rad, Hercules, CA, USA) and quantified using
ImagelJ software (Version 1.8.0_172).

2.16.  Statistical analysis

All data are presented as mean =+ standard error of mean (SEM).
The unpaired two-tailed Student’s z-test was employed to analyze
normally distributed data between two groups, while one-way
analysis of variance (ANOVA) was used to compare data among
multiple groups. All statistical analyses were performed using
GraphPad Prism Software (Version 8.0.1). The levels of signifi-
cance are denoted as follows: *P < 0.05, **P < 0.01,
#EP < 0.001, #F**P < 0.0001.

3. Results

3.1.  Single-cell RNA-seq data revealed a significant increase in
GZMB™" NK cells in human transplanted livers after reperfusion

To elucidate the specific infiltration pattern of NK cells in post-
transplant livers, three single-cell RNA-seq datasets of human LT
during the condition of cold preservation (CP) and portal reper-
fusion (PR) were accessed from our previous work (GSE171539
and GSE189539) and an additional dataset (HRA003896). The
UMAP plots unveil a total of 114,705 cells from 20 samples, and
14 cell types have been clarified (Fig. 1A). As expected, NK cells
were one of the main cell components in liver grafts before and
after transplantation (Fig. 1B and C). The expression of GZMB
and the distribution of GZMB™ NK cells among the total NK cell
population were acquired from the CP and PR groups, respectively
(Fig. 1D). Both the percentage of GZMB™ NK cells among total
NK cells and the expression of GZMB among total NK or immune
cells were significantly higher in the PR group compared to the CP
group, suggesting that GZMB™ NK cells may play a pivotal role
in mediating liver injury after transplantation (Fig. 1E and F,
Supporting Information Fig. S2A). Representative images of
immunofluorescence co-staining of NK cells and GZMB in
transplanted livers after portal reperfusion are depicted in Fig. 1G.
It is known that T cells may also upregulate their GZMB in order
to exert a cell-killing effect; however, the expression of GZMB
was significantly lower in T cells than that in NK cells (Fig. S2B
and S2C). These findings demonstrated a significant increase in
GZMB™ NK cells in human transplanted livers following portal
reperfusion during clinical LT, which may play a critical role in
inducing graft injury and affect post-transplant prognosis.

3.2, NK cells with high expression of GZMB were enriched in
recipients after LT

In human liver biopsies obtained from recipients, we observed the
infiltration of NK cells and the diffusion of GZMB in the ischemic
liver tissue after 2 h of portal perfusion (Fig. 1G). Notably,
GZMB™ cells exhibited a predominant colocalization with NK
cells, as revealed by multiple immunofluorescence staining.
Furthermore, we investigated the genetic expression of GZMB in
31 pairs of human livers and the relationship between circulating
GZMB levels and clinical outcomes in 35 recipients at our center
(Supporting Information Table S2). Liver tissue samples were
obtained on the back table (pre-LT) and 2 h after reperfusion of
the transplanted liver (post-LT), while peripheral blood samples
were collected right before abdominal closure. The intrahepatic
expression of the GZMB gene was significantly increased after
transplantation (Fig. 1H). Interestingly, recipients with higher
circulating levels of GZMB were at a higher risk of experiencing
severe liver injury, as evidenced by elevated levels of serum TBIL
(R* = 0.5604, P < 0.0001) and AST (R* = 0.2674, P = 0.0015)
on the third day after LT (Fig. 1I and Supporting Information
Table S3). However, no significant correlation was observed be-
tween GZMB and ALT (R*> = 0.09905, P = 0.0656).

3.3.  GZMB-expressing NK cells were recruited in the ischemic
liver tissue in the murine hepatic IRI model

Next, we employed an experimental model of hepatic IRI in
C57BL/6 mice. Following the surgery, cell suspensions of diges-
ted livers were subjected to flow cytometry analysis. NK cells
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Figure1 GZMB " NK cells are significantly associated with graft injury in clinical LT samples and the murine hepatic IRT model. (A) UMAP
plots displaying a total of 114,705 cells clarified as 14 cell types from 20 samples involving 3 datasets. (B) Cell distribution during the condition
of cold preservation (CP) and portal reperfusion (PR). (C) NK cell abundance during the CP and PR phases. (D) Expression of GZMB and the
distribution of GZMBNK cells among NK cells obtained from the three datasets. (E, F) Comparison of GZMB*NK cells percent and GZMB
expression between the CP and PR groups in the three datasets, wherein the Wilcoxon test was applied to compare the difference, respectively. (G)
Representative immunofluorescence co-staining of NK cells and GZMB in human liver samples collected before and after LT (scale
bar = 50 pm). (H) Relative gene expression of GZMB to GAPDH in human liver before and after transplantation (n = 31). (I) Correlation
analysis between the recipient serum level of GZMB and three-day-post-transplant ALT, AST, and TBIL (n = 35). Pearson’s correlation was
applied to calculate the correlation coefficient between the parameters and corresponding P-values. (J) Flow cytometry analysis of NK cells and
GZMB™ NK cells among total immune cells in mouse liver from Sham or IRI group (n = 7). (K) Relative mRNA expression of Gzmb to G-actin
in mouse liver (n = 6). (L) Representative IHC staining of GZMB protein in liver sections (scale bar = 100 um). (M) Representative images of
immunofluorescence co-staining of ROS, NK1.1, and GZMB in mouse liver after IRI (left scale bar = 40 pm, right scale bar = 10 um, arrow
heads indicate co-localization). CP, cold preservation; PR, portal reperfusion; GZMB, granzyme B; NK, natural killer; IRI, ischemia reperfusion
injury; ROS, reactive oxygen species. Data are represented as mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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(CD457CD37NK1.1%) accumulated within the injured liver
tissues as early as 6 h after IRI (Fig. 1J). Flow cytometry
further confirmed the augmented proportion of
CD45TCD3 " NKI1.1"GZMB™ cells (GZMB™ NK cells) among
the total CD45™ cells and total NK cells at this specific time point
following hepatic IRI (Fig. 1J). Notably, the proportion of
GZMB™ NK cells among total NK cells in livers peaked at 6 h
after reperfusion (Supporting Information Fig. S3). The local
activation and degranulation of recruited NK cells were substan-
tiated by the detection of GZMB at both mRNA (Fig. 1K) and
protein levels (Fig. 1L). GZMB and NK cells co-localized in re-
gions enriched with reactive oxygen species (ROS), indicating a
potentially detrimental role of NK cells in promoting hepatic IRI
(Fig. 1M). Furthermore, the presence of GZMB around NK cells
suggested active degranulation of NK cells within the infarcted
liver tissues. Collectively, these findings demonstrate the recruit-
ment and activation of NK cells within the ischemic liver tissue in
a mouse model of hepatic IRI.

3.4.  Systemic NK cell depletion significantly reduced
intrahepatic GZMB and ameliorated mouse hepatic IRI

To ascertain the role of NK cells during hepatic IRI, we first
systemically depleted NK cells using an in vivo NKI.1-specific
monoclonal antibody (aNK1.1) in mice one week before hepatic
IRI (Fig. 2A). The depletion of NK cells did not affect the survival
and body weight of mice (Fig. 2B). Flow cytometry analysis
confirmed the effective depletion of NK cells in both liver and
peripheral blood (Fig. 2C). It is worth noting that systemic NK
depletion resulted in a substantial reduction in the population of
CD45" GZMB™ cells (GZMB™ cells) in liver (Fig. 2D) compared
to what was previously observed in the IRI group (Supportign
Information Fig. S4), indicating that NK cells were the main
source of GZMB during the early phase of hepatic IRI. Systemic
NK cell depletion also significantly decreased intrahepatic
GZMB, as confirmed by both immunofluorescence and ELISA
detection in liver tissues, and notably reduced the co-
localization with NK cells (Fig. 2E and F). Systemic NK deple-
tion resulted in lower aminotransferase (ALT) and aspartate
aminotransferase (AST) after hepatic IRI, indicating reduced he-
patocyte injury or even death (Fig. 2G). Infarct size and Suzuki
score, assessed by congestion, vacuole degeneration, and necrosis,
were also significantly diminished (Fig. 2H). Moreover, systemic
NK depletion significantly reduced mRNA levels of Gzmb and
pro-inflammatory genes //-13, Tnf-o, and tissue injury-related
gene Mmp9 in the liver (Fig. 2I). The consequent reduction of
C-CAS3 at the protein level indicated that the improvement in
liver function induced by systemic NK cell depletion was asso-
ciated with the prevention of hepatocyte apoptosis (Fig. 2J). In
summary, these findings demonstrate that systemic depletion of
NK cells leads to a significant reduction in intrahepatic GZMB,
thereby protecting hepatocytes from severe inflammation and le-
thal apoptosis, ultimately resulting in improved liver function
following hepatic IRI.

3.5.  Liver-targeted NK cell depletion improved liver function
without interfering with NK cells in peripheral blood and other
organs

As previously documented, systemic depletion of NK cells is a
contentious approach to mitigate hepatic IRI'**°. Furthermore,
the systemic depletion of NK cells may also impact other organs,

thereby potentially disrupting immune responses and leading to
tissue damage, particularly in the lungs, where NK cells play a
crucial protective role during homeostasis®'*2.

Herein, we have constructed a lipid-based nanoparticle to
encapsulate «NK1.1 along with long-circulating polyethylene
glycol (PEG), facilitating targeted delivery to the liver (Fig. 3A).
The G-LNP/aNK1.1 exhibited an average size of 83 nm, with a
narrow size distribution (Fig. 3B). As anticipated, it showed a
positive zeta potential of 26.77 mV (Fig. 3C). Capitalizing on
the targeted effect, we implemented a reduced dosage of
50 pg/mouse/time for packing aNKI1.1 into the nanoparticles, as
opposed to the systemic depletion dosage of 100 pg/mouse/time.
Following three intravenous administrations of liver-targeted
NKI1.1 mAb nanoparticles (NK depletion) or an equivalent vol-
ume of PBS (NC), we executed the identical hepatic IRI procedure
in both groups of mice. Mouse body weights and survival
remained unaffected between the two groups (Fig. 3D). Flow
cytometry analysis revealed a significant decline in the intra-
hepatic proportion of total NK cells following depletion (Fig. 3E).
However, NK cells were not affected in the peripheral blood be-
tween the two groups (Fig. 3F). IHC staining of NK1.1 in liver and
other organ tissues confirmed a lower ratio of NK cell infiltration
in the liver, but no significant difference was observed among the
spleens, hearts, lungs, and kidneys (Fig. 3G). Consistently, both
IHC and ELISA measurements demonstrated markedly lower
levels of intra-hepatic GZMB in the NK depletion group (Fig. 3H
and I). Following hepatic IRI, a significantly lower level of plasma
ALT, AST, and TBIL was detected in the liver-targeted NK
depletion group, indicating reduced hepatocyte injury and
improved liver function (Fig. 3J). HE staining between the two
groups demonstrated more severe tissue injury in the NC group, as
assessed by higher Suzuki scores (Fig. 3H). A lower level of he-
patocyte apoptosis after liver-targeted NK depletion was demon-
strated after IRI (Fig. 3H and K). These results lead us to the
conclusion that liver-targeted NK cell depletion improves liver
function after hepatic IRI without interfering with NK cells in
peripheral blood and other organs. Moreover, it is possible to
achieve a comparatively protective effect with a reduced dosage of
anti-NK1.1 mAb.

3.6.  Gzmb-deficient NK cells failed to affect liver injury and
function after hepatic IRI

To further validate the role of NK cell-derived GZMB,
112rg™"Rag2™~ (B6RG) mice lacking T, B, and NK cells were
subjected to different treatments. They were either injected with
PBS (NC) or received adoptive transfer of NK cells isolated
from spleenocytes of C57BL/6 WT mice (WT-NK) or Gzmb-KO
mice (KO-NK) for 5 days of amplification in vivo, prior to he-
patic IRI (Fig. 4A). The genotyping of Gzmb-KO strains was
shown in Supporting Information Fig. S1. The purity of isolated
NK cells exceeded 90% (Supporting Information Fig. S5).
Initially, we confirmed that re-supplementation with either WT
or Gzmb-KO NK cells significantly increased the number of NK
cells in the spleens and livers of B6RG mice, compared to mice
injected with PBS alone. There was no significant difference
observed between the two groups receiving adoptive transfer
(Fig. 4B and C). However, GZMB expression was highly pro-
nounced in mice that received WT NK cells, but decreased after
the transfer of Gzmb-KO NK cells (Fig. 4C). Subsequently, we
examined the consequences of Gzmb deficiency in NK cells on
post-ischemic liver injury. The transfer of WT NK cells into
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Figure 2

Systemic NK depletion attenuates hepatic IRI in vivo. (A) Schematic image of experiments (n = 6). (B) Body weight record of the

mouse receiving NK1.1 mAb or control a week before hepatic IRI. (C) Flow cytometry analysis of NK cells among total CD45™ cells in liver and
blood, respectively. (D) Flow cytometry analysis of total GZMB™ cells among total CD45" cells in the liver. (E) Intra-hepatic tissue level of
GZMB measured by ELISA and relatively quantified by total protein concentration. (F) Representative immunofluorescence staining of NK1.1
and GZMB in liver (scale bar = 50 um). (G) Plasma level of ALT and AST. (H) Representative images of HE staining of mouse liver and analysis
of Suzuki score (scale bar = 100 um). (I) Relative mRNA expression of Gzmb, II-183, Tnf-o, and Mmp9 to B-actin in mouse liver. (J) Relative
protein level of BAX/BCL2 and cleaved caspase3 (C-CAS3) in mouse liver. GZMB, granzyme B; NK, natural killer; NC, negative control. Data
are represented as mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns, not significant.

B6RG mice aggravated liver function after hepatic IRI, in
comparison to the NC group. However, this detrimental effect
was reversed when Gzmb-KO NK cells were transferred
(Fig. 4D). Necrotic areas and Suzuki score of liver tissues were
significantly increased in the WT-NK group, but this pathogenic
effect was nullified after re-supplementation with Gzmb-KO NK
cells (Fig. 4C). After transferring Gzmb-KO NK cells, the levels
of Il-18, Tnf-a, and Mmp9 mRNA in the liver were notably
diminished following IRI, indicating a less severe inflammatory
response and tissue damage (Fig. 4E). The presence of intra-
hepatic apoptosis was confirmed through IHC staining and the

relative quantification of apoptosis-related proteins. Remarkably,
the adoptive transfer of Gzmb-KO NK cells provided significant
protection to the mouse liver against apoptosis when compared
to the transfer of WT NK cells (Fig. 4C and F). The above re-
sults underscore the pivotal role of NK cells in the initiation of
hepatic IRI, while emphasizing their inability to influence liver
function in the absence of GZMB.

In order to clarify the mechanism of GZMB inhibition reducing
hepatocyte apoptosis and pro-inflammatory responses, we per-
formed mouse hepatocyte hypoxia/reoxygenation (Hypoxia: 1%
0,, 5% CO,; Reoxygenation: 21% O,, 5% CO,) experiments to
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Figure 3  Nanoparticle delivery system, assisting liver-targeted NK depletion, attenuates hepatic IRI with increased efficiency. (A) Illustration
of the fabrication of «NK1.1 nanoparticles. (B) The optimized size distribution of the nanoparticles was determined by dynamic light scattering.
(C) The representative zeta potential of the nanoparticles was determined by dynamic light scattering. (D) Body weight record of a mouse
receiving liver-targeted NK depletion a week before hepatic IRL (1 = 8). (E) Flow cytometry analysis showing total NK cells among total CD45™"
cells in the liver between the two groups. (F) Flow cytometry analysis showing total NK cells among total CD45™ cells in blood between the two
groups. (G) Representative images of IHC for NK1.1 staining of mouse liver, spleen, heart, lung, and kidney from NC and liver-targeted NK
depletion group (scale bar = 100 pm). (H) Representative images of HE staining (scale bar = 100 pm), and IHC for GZMB and cleaved caspase3
(C-CAS3) (scale bar = 100 pm). (I) Intra-hepatic tissue level of GZMB measured by ELISA and relatively quantified by total protein con-
centration. (J) Plasma level of ALT, AST, and TBIL. (K) Representative images of immunofluorescence staining of TUNEL in liver (scale
bar = 100 pm). DOPC, 1,2-dioleoyl-sn-glycero-3-phosphocholine (C44Hg4sNOgP); DOTAP, 1,2-dioleoyl-3-trimethylammonium-propane (chlo-
ride salt) (C4,HgoNO,4Cl); LNP, liposome nanoparticles; PDI, polydispersity index; GZMB, granzyme B; NK, natural killer; NC, negative control.
Data are represented as mean = SEM. **P < 0.01; ***P < 0.001; ****P < 0.0001; ns, not significant.
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Figure 4  NK cells trigger hepatocyte apoptosis and deteriorate liver function through the production of GZMB. (A) Experimental process of NK
cells adoptive transfer and murine hepatic IRI model. (B) Absolute quantification of NK cells in spleens and livers after hepatic IRI from immu-
nodeficient or adoptively transferred mice (NC, n = 3; WT-NK, n = 5; KO-NK, n = 6). (C) Representative images of HE staining (scale
bar = 200 um, dashed lines delineate the necrotic areas) and IHC for NK1.1, GZMB, and cleaved caspase3 (C-CAS3) (NC,n = 5; WI-NK, n = 5;
KO-NK, n = 6) (scale bar = 100 pm). (D) Mouse plasma level of ALT and AST (Sham, n = 5;IRI, n = 7; NC, n = 5; WT-NK, n = 5; KO-NK,
n = 6). (E) Relative mRNA expression of 1I-183, Tnf-a and Mmp9 to (-actin in mouse liver (Sham, n = 5;IRI,n = 7; NC,n = 5; WI-NK, n = 5;
KO-NK, n = 6). (F) Relative protein level of BAX, BCL2, and C-CAS3 measured by Western blot (n = 3). GZMB, granzyme B; NK, natural killer;
IRI, ischemia reperfusion injury; NC, negative control; WT, wildtype; KO, knockout; /I-18, interleukin-18; Tnf-«, tumor necrosis factor a; Mmp?9,

metalloproteinase 9. Data are represented as mean = SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns, not significant.

investigate the underlying mechanisms of GZMB inducing hepa-
tocyte apoptosis, which supplemented the culture medium with
recombinant mouse GZMB protein (rmGZMB) when reoxygenat-
ing to simulate the GZMB released by NK cells during portal
reperfusion in liver transplantation (Supporting Information
Fig. S6A). As shown below, either low (10 nmol/L) or high
(100 nmol/L) concentration of rmGZMB could significantly induce
hepatocyte apoptosis (Fig. S6B). Furthermore, we performed RNA-
seq to investigate the majorly affected transcription between the NC
and GZMB-High groups (n = 3 each group). Compared with the
NC group, 271 significantly upregulated and 201 significantly

downregulated genes were identified in the GZMB-treating group
(Fig. S6C and S6D). GO analysis identified that the differently
expressed genes (DEGs) were mainly enriched in the regulation of
gene transcription, mitochondrial respiration, and extracellular
matrix, which have exerted critical roles in liver graft injury during
transplantation (Fig. S6E). Furthermore, GSEA analysis has
confirmed the down-regulation of these pathways after GZMB
treatment, as well as the activation of apoptotic signaling pathways
and innate immune response (Fig. S6F). Together, these results
revealed the underlying mechanisms of GZMB inducing apoptosis
and pro-inflammatory responses in liver IRI.
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3.7.  Global Gzmb deficiency reduced liver damage after IRI

Next, we examined the direct cytotoxic impact of GZMB on liver
injury following ischemia. The induction of hepatic IRI was car-
ried out in adult mice of the C57BL/6 wildtype (WT) and global
Gzmb-deficient (Gzmb-KO) strains. Intrahepatic Gzmb deficiency
was confirmed at the mRNA and protein levels before surgery
(Fig. 5A and B). A notable decrease in ALT and AST levels was
observed in Gzmb-KO mice compared to the WT group after
hepatic IRI (Fig. 5C). The gene expression of //-18, Tnf-c«, and
Mmp9 was significantly lower, indicating a milder degree of liver
injury in Gzmb-KO mice (Fig. 5D). Following hepatic IRI, infil-
tration of NK cells was observed in the injured liver of both WT
and Gzmb-KO mice (Supporting Information Fig. S7), but
significantly lower levels of GZMB were detected in Gzmb-KO
mice (Fig. 5E). The necrotic areas in liver tissues and the corre-
sponding Suzuki score of Gzmb-KO mice were lower than those of
WT mice (Fig. SE). Immunohistology staining of C-CAS3
(Fig. 5F) and immunofluorescence staining of TUNEL in liver
tissues (Fig. 5E) revealed a local reduction in hepatocyte
apoptosis. Notably, the co-localization of GZMB and TUNEL
indicated that the majority of hepatocyte apoptosis was caused
by the cytotoxicity of GZMB (Fig. 5E). Altogether, our findings
suggest that global Gzmb deficiency limits liver damage following
IRI in mice.

3.8.  GZMB inhibition reduced hepatocyte apoptosis and pro-
inflammatory responses in the murine hepatic IRI model

These findings have led us to consider inhibiting the direct cyto-
toxic role of GZMB in hepatic IRI. Initially, mice were adminis-
tered an irreversible serine protease inhibitor, AEBSF, via
peritoneal injection at a dose of 80 mg/kg body weight at different
time points prior to IRI (Fig. 6A and Supporting Information
Fig. S8). In order to confirm the selectivity and specificity of
AEBSF in inhibiting GZMB, surface plasmon resonance (SPR)
was performed to measure the interaction affinity of AEBSF with
mouse GZMB protein using Biacore, which was determined by
means of a CMS5 chip-coupled protein (Supporting Information
Fig. S9 and Supporting Information Table S4). The results
showed that the dissociation constant (Kp) between mouse GZMB
and AEBSF was 5.49E-06, indicating that the affinity of AEBSF
to the mouse GZMB protein is strong, since the reference value
of Kp between protein and small molecules is 1073—-107° mol/L,
and the smaller the value, the stronger the affinity. Therefore, the
selectivity and efficacy of AEBSF in inhibiting mouse GZMB
were reliable.

By comparing the serum levels of ALT and AST among
different groups, we observed that only injection 1 h before sur-
gery significantly reduces liver injury (Fig. 6B and Supporting
Information Fig. S8). GZMB was significantly decreased in both
serum and tissue levels after hepatic IRI (Fig. 6C). This inhibition
was further confirmed at the protein level by IHC staining of liver
tissues (Fig. 6D). HE staining revealed a substantial reduction in
necrotic tissue area and Suzuki score in mice pre-treated with
AEBSF (Fig. 6D). Surprisingly, the proportion of total NK cells
and GZMB " NK cells also declined in the IRI + AEBSF group,
potentially as a secondary effect of reduced liver injury, which
recruited and activated fewer NK cells in the liver (Supporting
Information Fig. S10). Of note, the mRNA levels of 1I-18, Tnf-«,
and Mmp9 were significantly lower in the injured liver of
IRI + AEBSF mice compared to the control group (Fig. 6E).

Furthermore, intrahepatic apoptosis was notably decreased after
pharmacological inhibition of GZMB (Fig. 6F and G). These
findings underscore the protective function of GZMB inhibition in
mitigating intrahepatic apoptosis and inflammation in hepatic IRI.

3.9.  GZMB inhibition improved liver function and reduced
hepatocyte apoptosis in rats after LT

Next, we sought to investigate whether GZMB inhibition could
also mitigate liver injury in rats after LT. To achieve this, AEBSF
was administered via peritoneal injection at a dose of 60 mg/kg to
6 recipient rats 6 h prior to transplantation (LT + AEBSF). In
contrast, another 12 rats received an equivalent volume of PBS
(Sham = 6 and LT + PBS = 6 recipients). Liver tissues and
blood samples were collected 24 h after LT (Fig. 6H). The serum
levels of ALT and AST in the post-transplantation period were
significantly lower in rats pre-treated with AEBSF (Fig. 6l),
indicating reduced liver injury, as confirmed by HE staining
(Fig. 6J). IHC staining of GZMB demonstrated effective inhibi-
tion, and the intra-hepatic level of apoptosis was markedly
decreased, as evidenced by a reduction in the positive areas of
C-CAS3 in the LT + AEBSF group (Fig. 6J). Together, these
results demonstrated that GZMB inhibition improved liver func-
tion and reduced hepatocyte apoptosis in rats following LT.

3.10. FDA-approved drugs screening for potential GZMB
inhibition to reduce hepatic IRI in vivo

Furthermore, we performed molecular dynamics simulations
based on FDA-approved drugs in order to screen for a potent and
clinically safe GZMB inhibitor. Mouse GZMB, as a serine pro-
tease, has a catalytic pocket to bind substrate and a conserved
serine residue inside the pocket (upper panel of Fig. 7A). A recent
work performed an extensive theoretical study to scan FDA-
approved drugs and their derivatives for finding inhibitors
against human GZMB, and several molecules as inhibitor candi-
dates were shown™. On the other hand, we also noted previous
publications have pointed out that, due to differences of some
critical residues between human and mouse GZMB, it is not self-
evident that an inhibitor against one GZMB can inhibit the other
one as well**. Therefore, molecular docking and dynamics sim-
ulations were carried out to predict interactions of mouse GZMB
with these candidates (i.e., tannic acid, mupirocin, cefpiramide,
xenazoic acid, and vidarabine phosphate).

Firstly, these candidates were, respectively, docked into the
pocket of mouse GZMB. In each docking, the top three poses of
the small molecule according to the ranking score were selected.
Then, each pose of these molecules in complex with mouse
GZMB was submitted to at most 1000 ns MD simulations. As a
result, only vidarabine phosphate (Vida, lower panel of Fig. 7A)
remained bound in mouse GZMB’s pocket during all simulations,
implying a strong interaction between them. Incidentally, vidar-
abine phosphate, which has an antiviral effect, is the mono-
phosphorylated molecule of the FDA-approved drug vidarabine®.

Further, a detailed analysis was conducted to study the mecha-
nism behind the strong binding. The curve in Fig. 7B is the distance
between Vida’s phosphate group and Ser203’s hydroxyl group in
the simulation trajectory. We plotted in Fig. 7C the electrostatic
potential surface of the protein. Our additional calculations (not
shown here) found that vidarabine cannot bind stably to the protein.
They together lead to the conclusion that the phosphate group plays
a critical role in the binding. At last, the interaction energy between
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Figure 5

Global Gzmb deficiency alleviates hepatic IRI. (A) Relative gene expression of Gzmb to $-actin in mouse liver tissues (n = 3). (B)

Relative protein expression of GZMB in mouse liver tissues (n = 6). (C) Mouse serum level of ALT and AST (n = 6). (D) Relative gene
expression of 1I-1(3, Tnf-o, and Mmp9 to (-actin in mouse liver tissues (n = 6). (E) Representative images of immunofluorescence staining of
GZMB and TUNEL in liver (scale bar = 100 pm) (n = 6). (F) Representative images of HE staining of mouse livers (scale bar = 100 um), and
IHC for C-CAS3 (scale bar = 100 um) (n = 6). GZMB, granzyme B; WT, wild type; KO, knockout. Data are represented as mean £+ SEM.

*P < 0.05; ##P < 0.01; ***P < 0.001.

vidarabine phosphate and mouse GZMB was calculated (Fig. 7D).
This quantitatively confirms that the electrostatic interaction plays a
dominant role in the binding. In order to confirm the selectivity and
specificity of Vida in inhibiting GZMB, SPR was also performed to
measure the interaction affinity (Supporting Information Fig. S9
and Supporting Information Table S4). The results showed that the
dissociation constant (Kp) between mouse GZMB and Vida was
2.38E-06, indicating that the affinity of Vida to the mouse GZMB
protein is strong, and the selectivity and efficacy were also reliable.

To assess the efficacy of vidarabine phosphate in mitigating
hepatic IRI, mice were randomly assigned to either the sham
or hepatic IRI groups (NC, hepatic IRI pre-treated with PBS; Vida,
hepatic IRI pre-treated with vidarabine phosphate; Cyta, hepatic IRI
treated with cytarabine to avoid interference from the antiviral

drug’s effects) (Fig. 7E). Following hepatic IRI, there was no sig-
nificant difference in the serum levels of GZMB among the three
groups (Fig. 7F), but a notable reduction in GZMB accumulation
was observed in the liver tissues of the Vida group (Fig. 7G and H).
Correspondingly, the levels of serum ALT and AST were signifi-
cantly lower in the Vida group compared to the other IRI groups,
indicating its potential in improving liver function post-hepatic IRI
(Fig. 7D). Mice pre-treated with vidarabine phosphate exhibited
significantly reduced liver injury, while no difference was observed
between the NC and Cyta groups (Fig. 7H). Furthermore, the
relative gene expression of [l-16, Tnf-a, and Mmp9 indicated a
milder inflammatory response associated with GZMB inhibition in
the Vida group following hepatic IRI (Fig. 7J). Intrahepatic
apoptosis was also decreased in the Vida group (Fig. 7H and K).
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Figure 6 AEBSF inhibits GZMB and improves liver function in both murine hepatic IRI and rat LT model (A) Schematic image of the ex-
periments (n = 6). (B) Mouse serum levels of ALT and AST. (C) Relative quantification of GZMB in serum and liver by ELISA. (D) Repre-
sentative images of HE staining (scale bar = 100 pum, dashed lines delineate the necrotic areas) and IHC for GZMB (scale bar = 100 pum) in
mouse liver. (E) Relative gene expression of /I-13, Tnf-a, and Mmp9 to B-actin in mouse liver tissues. (F) Representative images of immuno-
fluorescence staining of TUNEL in mouse liver (scale bar = 100 pm). (G) Relative protein level of BAX, BCL2, and cleaved caspase3 (C-CAS3)
measured by Western blot. (H) Schematic image of rat LT experimental process (n = 6). (I) Rat serum levels of ALT and AST. (J) Representative
images of HE staining (scale bar = 200 pm, dashed lines delineate the necrotic areas), and IHC for GZMB and C-CAS3 (scale bar = 100 um) in
rat livers. LT, liver transplantation; GZMB, granzyme B; C-CAS3, cleaved caspase3. Data are represented as mean + SEM. *P < 0.05;
*#*P < 0.01; ***P < 0.001; ns, not significant.

Collectively, these findings highlight the potential of vidarabine Moreover, we have also tried to apply Vida in the rat LT model,
phosphate as a therapeutic intervention for ameliorating graft injury expecting to improve graft function with this FDA-approved drug.
through the inhibition of GZMB during the process of LT. However, the pre-treatment of Vida did not reduce liver injury in
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Figure 7 FDA-approved vidarabine phosphate functions as a potent GZMB inhibitor to reduce hepatic IRI. (A) 3D structure of mouse GZMB
protein and small molecule Vida, wherein the active site Ser203 inside the catalytic pocket of mouse GZMB and Vida are both in stick repre-
sentations. (B) Time-dependent distance between the phosphate group of Vida and the hydroxyl group of Ser203. Inset: An MD simulation
snapshot of Vida in complex with mouse GZMB. (C) The contact potential surface of mouse GZMB, blue (red), represents positive (negative)
contact potential. (D) Time evolution of interaction energy between vidarabine phosphate and mouse GZMB. In all the stick representations in
(A—C), yellow indicates phosphorus atoms, red oxygen atoms, green carbon atoms, blue nitrogen atoms, and white hydrogen atoms. (E)
Schematic image of the experiments (Sham, Cyta, n = 5; NC, Vida, n = 6). (F) Quantification of GZMB in mouse serum and liver by ELISA. (G)
Intra-hepatic tissue level of GZMB measured by ELISA and relatively quantified by total protein concentration. (H) Representative images of IHC
for GZMB and cleaved caspase3 (C-CAS3) (scale bar = 100 um) and HE staining (scale bar = 100 um, dashed lines delineate the necrotic
areas). (I) Mouse serum levels of ALT and AST. (J) Relative mRNA expression of /I-1(, Tnf-a, and Mmp9 to ($-actin in mouse liver. (K) Relative
protein level of BAX, BCL2, and C-CAS3 measured by Western blot (n = 3). GZMB, granzyme B; NK, natural killer; IRI, ischemia reperfusion
injury; NC, negative control; Vida, vidarabine phosphate; Cyta, cytarabine; /I-1(, interleukin-18; Tnf-«, tumor necrosis factor a; Mmp9, met-
alloproteinase 9. Data are represented as mean = SEM. *P < 0.05; **P < 0.01; ns, not significant.

recipient rats compared to the control (Supporting Information be able to bind and inhibit rat GZMB protein since we previously
Fig. S11A and S11B). Intra-hepatic level of GZMB was also screened only in docking with mouse GZMB (Fig. S11B). Next, we
similar between the two groups, which indicated that Vida may not carried out theoretical studies (molecular docking and dynamics
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simulations) to investigate the interaction between rat GZMB pro-
tein and Vida, trying to recover the molecular mechanism behind
the different responses of mouse/rat GZMB proteins upon Vida
treatments. Fig. S11C and S11D display representative conforma-
tions of mouse/rat GZMB proteins when interacting with Vida
(Vida is not shown for visual clarity). The sequence from 220 to
230 of mouse protein is GYKDGSPPRAF, while the corresponding
sequence in the rat case is GQNDGSTPRAF. The different parts
between them are rendered in yellow. It can be found that in the
mouse case, this segment bends strongly to expose residue R200.
The exposed R200 plus R228 together form a positively charged
pocket to accommodate negatively charged Vida and therefore
tightly block the active site S203. In contrast, in the rat case, this
segment forms a loose loop, which buries R201 inside the protein.
This leads to Vida interacting with R229 only and binding to a
region relatively far from the active site S204. This difference is
explicitly shown through calculated distances between Vida and
active sites in the two cases (Fig. S11E). The theoretical results
presented here support our experimental finding that, compared
with mouse GZMB, Vida cannot interrupt the catalytic function that
is observed in the rat case. And also, Vida could not improve rat
liver function under these circumstances, which partially empha-
sized the critical role of GZMB in inducing liver graft injury.

4. Discussion

Hepatic IRI is a complex process including hypoxia-induced
damage and sterile inflammation mediated by immune homeo-
stasis imbalance®. Innate immune cells, including Kupffer cells
and neutrophils, have been reported as the first responders to
damage-related molecular patterns®”. In this study, single-cell
transcriptomics has pinpointed GZMB"' NK cells as notably
prevalent infiltrates in post-transplant human livers. Consistently,
Arias-Diaz et al.*® have also demonstrated a significant increase in
NK cell infiltration in rat hepatic IRI models. NK cells play a
critical role in anti-viral® and anti-tumor responses*’, but their role
in hepatic IRI remains unclear''. Previous studies have shown that
depletion of NK cells can significantly reduce the secretion levels
of liver inflammatory factors (TNF-«, IL-1b, IL-6, IL-8, and
CXCL-2) and reduce early neutrophil infiltration in hepatic
IRI***!. However, it has also been reported that NK cell depletion
may not affect liver function'**?, and RORyt(+) IL-22-producing
NK cells could even exert a protective role during hepatic IRI®.
Therefore, further investigation in NK cells should focus on
different subgroups with diverse biomarkers, which may function
adversely in the same process.

By combining “loss of function” using NK cell-depleting
treatment with anti-NK1.1 mAb and a “gain of function” strategy
based on NK cell supplementation in I12rg”" Rag2™"~ mice, we
demonstrated that NK cells promote deleterious post-IRI liver
injury in a GZMB-dependent manner. GZMB has been previously
identified as a major toxic protein in cancer and auto-immune
diseases like diabetes and cardiovascular diseases, such as
stroke****. Referring to cardiac transplantation, GZMB may pro-
mote inflammatory responses and allograft rejection, thus affecting
long-term graft survival®®. GZMB inhibition by serine protease
inhibitor-6 has been reported to reduce injury of renal tubular cells
and promote renal allograft survival*’. In the context of hepatic IRI,
GZMB was detected in the damaged area at early time points and
co-localized with infiltrating NK cells and TUNEL™" cells. Genetic
and pharmacological inhibition of GZMB has improved liver
function in both murine hepatic IRI and rat LT models.

It is worth noting that NK cells and their derived GZMB were
detected in human liver tissues after LT, and recipients with high
serum levels of GZMB within 2 h of liver reperfusion were asso-
ciated with an increased risk of post-transplant liver dysfunction.
Although T cells may also express GZMB to enhance the cyto-
toxicity, the single-cell sequencing data analysis has revealed that
GZMB expression was significantly higher in NK cells (Fig. S2).
Moreover, research from our team has recently shown that the
proportion of circulating NK cells may be related to EAD after
LT*%. Therefore, it is possible to speculate that serum levels of
GZMB could serve as a biomarker to identify patients who may
benefit from anti-NK-depleting antibodies in hepatic IRI.

However, depleting NK cells in patients as a clinical inter-
vention to prevent organ injury may raise safety concerns,
including pneumonia and infection**>'. Instead, switching to
strategies that inhibit GZMB in patients appears to be more
feasible. By referencing a screening project of FDA-approved
drugs to find potential inhibitors against human GZMB, we per-
formed molecular dynamic simulations between the candidates
and mouse GZMB, and identified vidarabine phosphate as the
most promising drug to inhibit mouse GZMB in vivo. Notably, we
did observe a protective role of vidarabine phosphate in mouse
hepatic IRI.

There are some limitations in our study. Firstly, gene-editing
animal models with conditional Gzmb-KO on NK cells are also
required to further investigate the role of NK-derived GZMB in
mediating hepatic IRI and liver graft injury. Furthermore, the
therapeutic effect of vidarabine phosphate requires large animal
LT models, discarded human liver grafts, and even prospective
clinical trials in the future.

5. Conclusions

NK cells play a deleterious role by producing GZMB in graft
injury in LT. Under the experimental mouse IRI or rat LT models,
systemic or liver-targeted NK depletion, as well as genetic or
pharmacological GZMB inhibition, could alleviate the graft
injury. Targeting NK cells and derived GZMB during LT suggests
potential therapeutic strategies to further improve post-transplant
outcomes.
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