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Donor liver natural killer cells
ameliorate liver allograft

rejection via inducing apoptosis of
alloreactive CD8" T cells generating
CD4*CD25" regulatory T cells

Jiandong Yu¥23:8, Jiayan Wu?**#®, Tianzhu Long®, Lihong Lv®, Zhiping Chen'?, Zeyu Lin%?,
Hongquan Zhu’, Guolin Li%2*“ & Yunle Wan%2"*

The roles of donor liver natural killer (NK) cells in allogeneic liver transplantation remains controversial.
Herein, we investigated the effects of liver NK cells on liver allograft tolerance by using liver NK cells
and allogeneic spleen T cell co-culture in vitro experiments and the rat orthotopic liver transplantation
model. CD8* T cells exhibited higher apoptotic rate and up-regulated expression of CD95 molecules
when co-cultured with allogeneic liver NK cells in vitro, indicating that liver NK cells might induce

the apoptosis of CD8* T cells via CD95 in vitro. The rat liver transplant model showed that recipients
with donor liver NK cell immunity, had better survival, less damage, and higher apoptotic rate of
intrahepatic infiltrating lymphocytes in liver grafts, as well as higher level of peripheral CD4*CD25*T
cells and lower level of peripheral CD3*CD8* T cells. These findings indicate that donor liver NK cells can
ameliorate allograft rejection via inducing the CD95-mediated apoptosis of alloreactive CD8* T cells
and the generating of CD4*CD25* regulatory T cells.

Keywords Liver NK cells, Liver transplantation, Inmunoregulation, CD4*CD25*T lymphocytes, Allograft
rejection
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LTx allogeneic liver transplantation

KIRs killer immunoglobulin-like receptors
PI Propidium Iodide

WBI whole body gamma-irradiation

MST mean survival time

NKs  purified donor type liver NK cells
ALP alkaline phosphatase

ALT alanine aminotransferase

AST aspartate aminotransferase
RAI rejection activity index

Tregs regulatory T cells

FAS Fas receptor-related molecule
OLT orthotopic liver transplantation
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The human liver contains a significant population of lymphocytes, consisting of various types such as memory T
(TRM) cells, natural killer T (NKT) cells, natural killer (NK) cells, innate lymphoid cells (ILCs), and y8T cells’.
These lymphocytes present in the liver differ significantly from those found in the peripheral blood. In the liver,
the CD8*/CD4" ratio is notably higher compared to peripheral blood**. Among the liver-resident lymphocytes,
NK cells are the predominant subset, accounting for 30-40% of all lymphocytes, while they make up only 2-18%
of lymphocytes in the peripheral blood*. These hepatic NK cells were initially identified as “pit cells” due to their
appearance as large granular lymphocytes and possess potent cytolytic function®. It is widely acknowledged that
hepatic NK cells exhibit distinctive features compared to peripheral NK cells, including differences in surface
marker expression, cytokine profiles, and cytotoxic potentialS’s. However, research on the roles of donor-derived
hepatic NK cells in liver transplantation remains limited. Determining whether these donor-derived hepatic NK
cells contribute to liver tolerance or allograft rejection has proven challenging’.

Recent studies have demonstrated that donor-derived hepatic NK cells can be detected in the recipient’s
peripheral circulation approximately two weeks after liver transplantation®. This finding suggests that these NK
cells have the ability to migrate from the transplanted liver into the recipient’s peripheral circulation and survive
in the new environment. In a previous study conducted on a rat model, it was reported that donor-derived
hepatic NK cells did not have any impact on liver transplant tolerance or allograft rejection®. But our previous
research shows that while donor-derived hepatic NK cells do not contribute to liver tolerance, they can actually
alleviate acute allograft rejection in rat liver transplantation'®. The underlying mechanisms by how the donor-
derived hepatic NK cells ameliorated liver allograft rejection remain obscure.

T cells are pivotal immune effector cells in the adaptive immune system, and their role is crucial in liver
transplantation. During liver transplantation, recipient T cells are responsible for identifying and recognizing the
non-self donor alloantigens. This recognition triggers the proliferation and activation of T cells within lymphoid
tissue. Once activated, these T cells become key drivers of hepatic rejection through multiple mechanisms. They
can directly cause damage through T-cell mediated cytotoxicity, leading to tissue injury. Additionally, activated T
cells secrete cytokines that further contribute to the inflammatory response, and they recruit other inflammatory
cells that can contribute to tissue destruction'!. Therefore, the activated T cells play a central role in orchestrating
the process of hepatic rejection in liver transplantation.

It is widely recognized that natural killer (NK) cells serve as modulators of T cell immunity by regulating
the activation and differentiation of T cells. NK cells have the ability to interact with T cells through direct
cell-to-cell contact and the secretion of soluble factors'?!3. NK cells can promote T cell activation by providing
co-stimulatory signals or by releasing cytokines that enhance T cell proliferation and effector functions. They
can also contribute to the formation of immunological synapses between NK cells and T cells, facilitating
communication and T cell activation'*. On the other hand, NK cells can exert regulatory functions by suppressing
excessive T cell activation and dampening immune responses. They can inhibit T cell proliferation and cytokine
production through the release of inhibitory factors or by direct cytotoxicity towards activated T cells'®. The
intricate interplay between NK cells and T cells highlights the important role of NK cells in modulating the
adaptive immune response, but little is known about whether donor-derived hepatic NK cells have effects on
the recipient’s alloreactive T lymphocytes. Recently, Cuff et al. has provided important insights into the behavior
of donor-derived hepatic NK cells in liver allografts'®. our study aims to investigate the specific roles of donor-
derived hepatic NK cells in liver allograft tolerance or rejection. We have utilized cell co-culture experiments
and a rat liver transplantation model to gain a better understanding of the mechanisms underlying liver allograft
tolerance. By studying the interactions between donor-derived hepatic NK cells and other immune cells, we
hope to elucidate their impact on the immune response and shed light on the complex processes involved in liver
allograft tolerance. The study is reported in accordance with ARRIVE guidelines.

Materials and methods

Ethical approval and animal

All experimental protocols were approved by the Ethics Committee of the Sixth Affiliated Hospital of Sun Yat-
sen University(Approval number: IACUC-2022081501).

The study was performed according to the international, national and institutional rules considering animal
experiments, clinical studies and biodiversity rights.

For the orthotopic liver transplantation (OLT) model in this study, male brown Norway (BN; RT1n) rats
and Lewis (LEW; RT1l) rats weighing 180-220 g were purchased from Beijing Vital-River Laboratory Animal
Technology Company. The rats were housed in a specific pathogen-free facility located in the Laboratory Animal
Center of Sun Yat-Sen University. The animal care and experimental procedures were conducted in accordance
with the guidelines approved by the Science and Technology Animal Care and Use Committee of Sun Yat-Sen
University, under the protocol number SYXK (Guangdong) 2007-0081.

All surgical procedures were performed with the rats under sodium pentobarbital anesthesia to ensure
minimal suffering. Every effort was made to minimize the discomfort and distress experienced by the animals
throughout the experiment.

The BN and LEW rats were randomly divided into three groups based on the treatments administered to
the donor or recipient. Each experimental group was further subdivided into four subgroups. These subgroups
corresponded to different observation time points, namely post-transplant day 1, 3, 7, and the recipients’ natural
survival time. This division allowed for the evaluation of the study parameters at different stages following
transplantation. Rats were euthanized by CO2 asphyxiation after reaching 100 days of follow-up.

Preparation of hepatic NK cells and allogenic spleen T cell subsets
Hepatic NK cells were isolated as previously described!”. Briefly, the livers of BN rats were perfused with a
warm digestive mixture consisting of 0.05% collagenase IV and 500 U/ml DNase I (Sigma, St. Louis, MO,

Scientific Reports |

(2025) 15:23499 | https://doi.org/10.1038/s41598-025-06456-1 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

USA) through the portal vein. The liver tissue was then mashed using a 100 pum cell strainer, resulting in a cell
suspension containing both hepatic parenchymal cells and nonparenchymal cells (NPCs). The parenchymal
cells were separated by low-speed centrifugation at 300 rpm for 10 min. Subsequently, Ficoll density gradient
centrifugation at 1500 rpm for 25 min was performed to eliminate erythrocytes, granulocytes, and cell debris.
The mononuclear cells recovered from the interface of the Ficoll-Paque gradient were enriched in hepatic NK
cells. To further purify the hepatic mononuclear cells, a Dynabeads FlowComp™ Flexi system (Invitrogen,
Waltham, MA, USA) was utilized. Ultimately, CD3"NKR-P1* hepatic NK cells with a purity of >90% were
obtained and resuspended.

For the isolation of T cells, the spleen was mashed through a 100 pm cell strainer. Similar to the process
described above, Ficoll density gradient centrifugation was performed to remove erythrocytes, granulocytes, and
cell debris. The resulting mononuclear cells, enriched in T cells, were purified using the Dynabeads FlowComp™
Flexi system. Ultimately, purified CD4* and CD8* T lymphocytes were obtained and resuspended. Both CD4*
and CD8" T cell populations had a purity of 290%. The viability of the isolated cells was assessed using the
trypan blue dye exclusion test, ensuring a trypan blue exclusion rate of >95%.

Lymphocytes co-culture
The purified BN rat hepatic NK cells and purified Lewis rat spleen CD4" T/CD8"* T cells were mixed in a 1:1
ratio. As controls, an equal number of CD4*/CD8" T cells were cultured alone. No cytokines were added to
stimulate lymphocyte proliferation during the experiment. The co-cultures and control T cell cultures were
maintained for specific time points of 6 h, 12 h, and 24 h.

After the designated co-culture period, the resulting CD4*/CD8" T lymphocytes and their culture supernatant
were collected for further analysis in subsequent experiments. This process was repeated three times to ensure
reliable and reproducible results.

Detection of T cell apoptosis

The resultant T cell subsets (CD4" and CD8") were collected and fixed with 70% pre-cooled ethanol at 4 'C
overnight. Subsequently, the fixed T cell subsets were incubated with annexin V-Alexa Fluor 647 and propidium
iodide (PI) at 4 °C for 15 min. Annexin V binds to phosphatidylserine, which is exposed on the outer membrane
of apoptotic cells, while PI stains the DNA of cells with compromised membrane integrity.

The apoptosis of the CD4*/CD8" T lymphocytes was then detected using the Beckman Coulter Epics Altra
flow cytometer (Brea, CA, USA). The flow cytometry data were collected and processed using the FlowJo
fluorescent-activated cell sorting (FACS) analysis software (Version 10.8.1, Tree Star, Inc., Ashland, OR, USA).
For the analysis of T cell apoptosis, a two-color dot plot of annexin V~Alexa Fluor 647 and PI was generated.
Both PI*/annexin V* and PI-/annexin V* T cells were considered apoptotic T cells.

Before the apoptotic detection, the CD4*/CD8" T cells and hepatic NK cells were distinguished by using a
fluorescein isothiocyanate (FITC)-conjugated CD4/CD8 probe. This allowed for the separation and identification
of the different cell populations during analysis using the FACS Calibur system.

Detection of CD95 expression
After fixation with 70% pre-cooled ethanol at 4 C overnight, the cells were washed and incubated with
phycoerythrin (PE)-conjugated CD95 mouse anti-rat monoclonal antibody (Becton Dickinson Company,
Franklin Lakes, NJ, USA) for 45 min at 4°C. The CD95 expression on the T cell subsets was detected using the
FACS Calibur system (Beckman Coulter, Epics Altra, Brea, CA, USA). The flow cytometry data were collected
and processed using the FlowJo FACS analysis software (Tree Star, Inc., Ashland, OR, USA).

To minimize non-specific binding, all samples were incubated with an Fc-blocking antibody before staining.
This step helped prevent the binding of antibodies to Fc receptors on the cells, reducing background staining and
improving the specificity of the CD95 detection.

Depletion of donor liver leukocytes

To deplete hepatic leukocytes in the donor rats, they were subjected to whole-body irradiation (WBI) using a
°C0 source at 0.6 Gy/min to deplete the hepatic leukocytes as previous described!’. The donor rats were placed
in a translucent-ventilation plastic box and exposed to a total radiation dose of 10 Gy. The irradiation was
administered at a rate of 0.6 Gy/min. This procedure has been previously described in the literature.

Following WBI, the levels of peripheral leukocytes in the donor rats were monitored. If the leukocyte levels
were reduced by 99%, indicating successful depletion of hepatic leukocytes, the liver would be considered
suitable for transplantation into the appropriate recipients. This monitoring step ensures that the desired level of
leukocyte depletion is achieved before proceeding with the liver transplantation procedure.

Orthotopic liver transplantation (OLT) and post-transplant transfusion of purified donor-type
liver NK cells (;,NKs)
OLT was performed with a modified two-cuff technique as previous described'®. The liver allograft combinations
were randomly divided into 3 groups based on the donor or recipient treatments as shows in Table 1: A, BN-
LEW; B, BN(WBI)-LEW; C, BN(WBI)-LEW (,,NKs transfusion). At least 6 pairs of rats were used for each time
point, including post-transplant day 1, 3, 7(6-8 pairs of rats per subgroup), and the recipients’ natural survival
time(8-12 pairs of rats per subgroup). For the tolerant recipients, post-transplant day 100 was considered the
natural survival time.

After the grafting of the irradiated liver, once full restoration of blood perfusion in the liver graft was

confirmed, ;NK (donor-derived hepatic NK cell) suspensions containing 3 x 10° NK cells were transfused into

Scientific Reports |

(2025) 15:23499 | https://doi.org/10.1038/s41598-025-06456-1 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Liver allograft combination | Group | n Treatment
A 24-32 | Without depletion of donor liver leukocytes and ; NKs transfusion
BN-LEW . - . X
(Tolerant model) B 24-32 | Depletion of donor liver leukocytes via WBI before transplantation
C 24-32 | Depletion of donor liver leukocytes plus ;NKs transfusion into recipient after LTx.

Table 1. Animal experiment design. WBI, whole-body gamma-irradiation; ,,NKs, purified donor type liver
NK cells; LTx, allogeneic liver transplantation.

the recipient through the portal vein. This transfusion aimed to introduce the donor-derived hepatic NK cells
into the recipient’s liver and assess their effects on liver allograft tolerance or rejection.

Liver allograft function measurement

Serum markers related to liver function such as alkaline phosphatase (ALP), bilirubin, alanine aminotransferase
(ALT), and aspartate aminotransferase (AST), were measured using an automatic biochemical analyzer
(Beckman Coulter, Epics Altra, Brea, CA, USA).

Phenotypic analysis of recipients’ peripheral T cells

Blood samples obtained from the recipients were incubated with the mouse anti-rat monoclonal antibodies,
FITC-CD3, peridinin-chlorophyll-protein complex (PerCP)-CD3, FITC-CD4, PE-CD4, PE-CD8, PE-CD25
(eBioscience and Becton Dickinson Company, USA) for 45 min at 4°C, respectively. The phenotypic analysis of
T cells in the blood samples was performed using the FACS Calibur system from Beckman Coulter (Epics Altra,
Brea, CA, USA). The acquired data were then processed using the FlowJo FACS analysis software developed by
Tree Star, Inc. (Ashland, OR, USA). All samples were incubated with an Fc-blocking antibody before staining.

cytokine analysis of the culture supernatant and the liver graft extracts

The liver extracts were treated with a protease inhibitor cocktail according to the manufacturer’s instructions
(Sigma, St. Louis, MO, USA). The concentrations of Interleukin-2 (IL-2), Interleukin-2 (IL-4), and Interleukin-10
(IL-10) in the culture supernatant and IL-2, Interferon gamma (IFN-y), IL-4, and IL-10 levels in the recipients’
liver graft extracts were measured using enzyme-linked immunosorbent assay (ELISA) immunoassay kits
(Invitrogen, Waltham, MA, USA) and a microplate reader (450 nm, Thermo Scientific, Waltham, MA, USA).

histopathological analysis of liver grafts

The liver graft specimens were first fixed with a 10% formalin solution to preserve their structure and components.
After fixation, the specimens underwent a series of steps, including dehydration, paraffin embedding, sectioning,
and staining with hematoxylin and eosin (H&E). All liver grafts harvested on days 1, 3, and 7 after transplantation
were evaluated semi-quantitatively by three pathologists who were blinded to the experiment. The liver allograft
acute rejection was graded according to the criteria of the Banff score!®.

Terminal deoxynucleotide transferase-mediated dUTP-biotin Nick end labelling method
(TUNEL)

The apoptosis of infiltrating lymphocytes was detected using TUNEL according to the instructions of Roche’s
TUNEL Kit (In Situ Cell Death Detection Kit, POD, Basel, Switzerland). Briefly, the paraffin-embedded liver
tissue from the liver allografts was sectioned into 5-pm thickness, dewaxed, fixed, and underwent antigen repair.
The liver allograft sections were stained with the TUNEL reaction mixture. T cell apoptosis was analyzed using
TUNEL positive staining of infiltrating lymphocytes in the portal of the liver graft.

Immunohistochemistry

The paraffin-embedded tissue from liver allografts was sectioned into 5-um thickness. After dewaxing,
hydrazination, and antigen repair, the tissue sections were incubated with mouse anti-rat CD95 monoclonal
antibody for 2 h at 37 °C. After washing, sections were incubated with the goat anti-mouse secondary antibody
labelled with streptavidin/horseradish peroxide (S-A/HRP) at 37 °C for 30 min. 3,3-diaminobenzidine (DAB)
was used for visualization. The CD95 expression of T lymphocytes was analyzed using CD95 positive staining of
infiltrating lymphocytes in the portal area of the liver graft.

Statistical analysis

All the collected data were subjected to statistical analysis using IBM SPSS Statistics 22.0 software (IBM, Armonk,
NY, USA), R version 3.6.2 (www.r-project.org) and R software (version 4.1.3; https://www.r-project.org/). For
the survival analysis, which involved data from long-term survival subgroups, the Kaplan-Meier method was
used to estimate overall survival of recipient rats in each group and log-rank test were utilized to compare
survival differences in different groups. The chi-square test and analysis of variance (ANOVA) were employed
for appropriate data analysis. A p-value of less than 0.05 was considered statistically significant, indicating a
significant difference or association. The data are presented as the mean *standard deviation (SD), providing
information on both the average value and the variability of the data.
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Results

Liver NK cells promote apoptosis of allogeneic spleen CD8* T cells via CD95 in vitro

To examine the impact of hepatic NK cells on allogeneic spleen T cells, we conducted in vitro co-culture
experiments by combining hepatic NK cells with allogeneic spleen CD4* and CD8" T cells separately. FACS
results revealed notable findings. Specifically, the apoptosis rate of CD4* T cells in the liver NK cell co-culture
group was significantly lower compared to the control group after 24 h (Fig. 1A). Conversely, the apoptosis rate
of CD8" T cells in the liver NK cell co-culture group was significantly higher than that observed in the control
group after 24 h (Fig. 1B). These results suggest that hepatic NK cells have a beneficial effect on the survival of
allogeneic spleen CD4" T cells while inducing apoptosis in allogeneic spleen CD8" T cells.

To investigate the mechanism by which hepatic NK cells induce apoptosis in CD8" T cells, we focused on
the CD95 protein, which is a well-known death receptor®. We utilized flow cytometry to assess the expression
level of CD95 in allogeneic CD8* T cells in the presence of hepatic NK cells. Notably, the results showed that
hepatic NK cells significantly increased the expression of CD95 in allogeneic CD8" T cells (Fig. 1C). However,
no significant effect on CD95 expression was observed in allogeneic CD4* T cells afer co-cultured with hepatic
NK cells (Fig. 1D). Taken together, these data indicate that hepatic NK cells induce apoptosis in allogeneic spleen
CD8* T cells through the CD95-mediated pathway in the in vitro experimental setting.

Liver NK cells alter cytokine secretion in co-culture media

To further investigate the immunomodulatory role of hepatic NK cells on T cells, we measured the levels of IL-2,
IL-4, and IL-10 in the culture supernatant using ELISA. IL-2 is a key cellular immune inducer?!, while IL-4 and
IL-10 are known cellular immunosuppressive factors?>?>, Our results demonstrated that the presence of hepatic
NK cells in the co-culture significantly decreased the levels of IL-2 in the culture supernatant compared to the
control group (Fig. 2A). Conversely, the levels of IL-4 and IL-10 were significantly higher in the co-culture group
compared to the control group (Fig. 2B). These findings suggest that the co-culture of hepatic NK cells with T
cells induced the expression of immunosuppressive factors (IL-4 and IL-10) while decreasing the expression of
the cellular immune inducer (IL-2).

Donor liver NK cells ameliorate allograft rejection in vivo

To further explore the effects of NK cells on liver allograft tolerance or rejection, OLT model was employed.
LEW recipients received BN rat liver grafts and were randomly divided into three groups: Group A, Group B,
and Group C. In Group B and Group C, the donor liver leukocytes were depleted through WBI. LEW recipients
in Group C were additionally infused with , NKs. The survival outcomes of the recipient rats in each group
are summarized in Table 2. Kaplan-Meier curves for survival of recipient rats in each group are showed in
Fig. 3A. The results showed that LEW recipients in Group A had significantly prolonged survival, with recipients
surviving over 100 days after allogeneic liver transplantation (LTx). This survival time was significantly longer
compared to both Group B and Group C. In Group B, where donor liver leukocytes were depleted, the recipients
had a shortened survival time. However, in Group C, where aNKs cells were infused into recipients whose
transplanted livers underwent leukocyte depletion, the survival time was significantly prolonged compared to
Group B. These findings suggest that the depletion of donor liver leukocytes significantly shortened the survival
time of the recipients after liver transplantation. On the other hand, the.

infusion of ; NK cells, which are donor liver NK cells, had a beneficial effect on prolonging.

the recipients’ lifespan after liver transplantation.

Next, we detected the serum levels of ALP, bilirubin, AST, and ALT to test the liver function in recipients. The
results showed that in the group where donor liver leukocytes were depleted (Group B), the serum levels of ALP,
bilirubin, AST, and ALT were significantly higher compared to the non-treatment group (Group A). However,
in Group C, where ; NK cells were infused into recipients whose transplanted livers underwent leukocyte
depletion, the elevated levels of ALP and bilirubin were significantly reduced compared to Group B (Fig. 3B and
C). Furthermore, the serum levels of AST and ALT in Group C were comparable to the control group (Group
A) (Fig. 3D and E). This suggests that the infusion of ; NK cells attenuated hepatocellular damage in the liver
transplant recipients, as evidenced by the normalization of AST and ALT levels.

On day 7 post-transplantation, the histological analysis of liver grafts revealed that moderate allograft rejection
was rarely observed in Group A, the non-treatment group. However, in the group where donor liver leukocytes
were depleted (Group B), moderate to severe allograft rejection was frequently detected (Fig. 3F). Interestingly,
in Group C, the inflammation caused by acute rejection in the liver grafts was significantly ameliorated. The
assessment of allograft rejection was further evaluated using the Banff rejection activity index (RAI), which
considers three components: venous endothelial inflammation, bile duct damage, and portal inflammation®.
On day 7 post-transplantation, the RAI score in Group A was comparable to that in Group C, while it was
highest in Group B (Fig. 3G). These findings, supported by the hematoxylin-eosin images and RAI score, suggest
that the infusion of donor liver NK cells (Group C) ameliorated the allograft rejection, as evidenced by reduced
inflammation compared to the leukocyte-depleted group (Group B).

Donor liver NK cells change T lymphocyte populations in peripheral blood

CD25 (IL-2 receptor alpha-chain) marks a population of CD4" T cells that suppress allograft rejection after
liver transplantation®. Here, we examined the proportion of CD4*CD25" and CD8" in T lymphocytes (CD3"*)
in peripheral blood to assess the immune response in different groups. In group B, proportion of CD4"CD25*
T cells was significantly decreased compared to control. However, in Group C, where , NKs were infused, the
proportion of CD4*CD25" T cells in peripheral blood was restored to levels similar to the control group (Fig. 4A
and B). Interestingly, the proportion of CD4*CD25* T cells reached its peak on day 3 post-transplantation.
The peripheral proportion of CD8" T cell levels did not show significant changes on day 1 and day 3 post-
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Fig. 1. Determination of apoptosis and CD95 expression in CD4* and CD8" T cells co-culture with NK cells.
(A and B) Representative flow cytometry plots using Annexin V-FITC/PI staining for apoptosis in in CD4" (A)
and CD8" (B) T cells. (C and D) Flow analyses of CD95 expression in CD4" (C) and CD8* (D) T cells. *: P<
0.5; two-tailed Student’s t-test.
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Subgroup | n | treatment recipients’ survival time (day) MST (day)
A 8 | Without depletion of donor liver leukocytes and ;NKs transfusion 100 x8 100
B 12 | Depletion of donor liver leukocytes via WBI before transplantation 14 x3,15,18 x2,38,56,72 x 2,100 x2 | 28*
C 12 | Depletion of donor liver leukocytes plus ; NKs transfusion after LTx. %351’20’47’56’60’ 60°

Table 2. Survival times of the natural survival recipients. MST, median survival time; WBI, whole-body
gamma-irradiation; uNKs, purified donor type liver NK cells; LTx, allogeneic liver transplantation. p<0.05
Compared to subgroup A and C; ®p<0.05 Compared to subgroup A

transplantation in all three groups (Fig. 4C and D). However, it was significantly decreased in control and
infusion of ;, NKs groups, while it remained high in group B. These findings suggest that the presence of donor
hepatic NK cells increased the peripheral proportion of CD4*CD25" T cells, which are known as suppressors of
allograft rejection. Additionally, donor hepatic NK cells decreased the peripheral proportion of CD8 +T cells,
which are considered the main mediators of allograft rejection.

Donor liver NK cells are associated with CD95-mediated apoptosis of intrahepatic infiltrating
lymphocytes

TUNEL assay was used to study whether impact of donor hepatic NK cells on the apoptosis of intrahepatic
infiltrating lymphocytes in liver grafts. The results showed that on day 1 post-transplantation, no observable
TUNEL signal was detected in the cells (Table 3). However, as the transplantation time progressed, the number
of TUNEL-positive cells gradually increased. On days 3 and 7 post-transplantation, the apoptosis rate of
intrahepatic infiltrating lymphocytes in Group B (donor liver leukocytes depletion group) was significantly
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Fig. 3. Liver function tests and histological analysis in the recipients’ serum. (A)Kaplan-Meier curves for
survival of recipient rats in each group. (B-E) The serum levels of ALP (B), bilirubin (C), ALT (D) and AST (E)
were measured by ELISA. *: P< 0.05. (F) Representative hematoxylin-eosin images of the liver grafts on day 7
post-transplantation liver (original magnification, x100). a-c: Representative liver sections of groups A, B and
C. (G) The Banff Score of acute liver allograft rejection for liver grafts on days 1, 3 and 7 post-transplantation
liver. 9 rats were used in each group. *: P< 0.5; two-tailed Students t-test.
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Fig. 4. The phenotypic analysis of peripheral T cell subsets of recipients. (A and B) Flow cytometry analyses
of percentage value of CD4*CD25" (A) and CD3*CD8* (B) T cells in peripheral blood. *: P< 0.5; two-tailed
Student’s t-test. 9 rats were used in each group.

liver allograft combination BN-LEW

Days after LTx | subgroup A | subgroup B | subgroup C
1 day -/+ -/+ -/+

3 days * ++ + ++

7 days * +++ +/++ ++/+++

Table 3. The semi-quantitative assessment of TUNEL staining of intrahepatic infiltrating nonnuclear
lymphocytes. LTx, allogeneic liver transplantation.*. Both P<0.05,subgroup B vs subgroups A&C. 9 rats were
used in each group.

lower compared to Group A (control) and Group C (infusion of ;,NKs) (Table 3; Fig. 5A). Interestingly, the
infusion of ; NKs increased the apoptosis rate after the reconstruction of the biliary tract and portal vein. These
findings suggest that the presence of donor hepatic NK cells may be associated with the apoptosis of intrahepatic
infiltrating lymphocytes in the transplant liver.

To explore the mechanisms of how donor liver NK cells mediated apoptosis of intrahepatic infiltrating
lymphocytes, CD95 protein expression was examined using immunohistochemistry. On day 1 after liver
transplantation, no observable CD95 positive staining was detected. However, the CD95 protein expression
pattern was similar to the TUNEL staining results, indicating a correlation between CD95 expression and
apoptosis (Table 4; Fig. 5B). The expression of CD95 protein in group B (donor liver leukocytes depletion group)
was significantly lower compared to groups A (control) and C (infusion of ,,NKs). These findings suggest that

dtl
the presence of donor hepatic NK cells is associated with upregulation of CD95 expression in intrahepatic
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Fig. 5. Determination of apoptosis and CD95 expression in the liver grafts. (A) TUNLE staining of liver grafts
sections. The cells staining brown were judged as being TUNEL (+). (B) Immunohistochemistry images of
CD95 protein expression in liver grafts sections. (original magnification, x200). 9 rats were used in each group.

1 day -/+ -/+ -/+
3 days * ++ + ++
7 days * +++ +/++ +++

Table 4. The semi-quantitative assessment of CD95 molecule staining of intrahepatic infiltrating nonnuclear
lymphocytes. LTx, allogeneic liver transplantation.*. Both P<0.05,subgroup B vs subgroups A&C. 9 rats were
used in each group.

infiltrating lymphocytes, indicating a potential role for donor hepatic NK cells in CD95-mediated apoptosis of
these cells during liver transplantation.

Donor liver NK cells alter cytokine expression in recipients’ liver grafts extracts

Considering that NK cells co-culture with CD4* or CD8* T cells altered the cytokines levels in culture media,
ELISA was applied to detect levels of cytokines (IL-2, IFN-y, IL-4, and IL-10) in the recipients’ liver graft extracts.
The results revealed that levels of IL-2 and IFN-y in the liver grafts of group A (control) and group C (infusion
of ;,NKs) were significantly lower compared to group B (donor liver leukocytes depletion group). Conversely,
levels of IL-4 and IL-10 were significantly higher in group A and group C compared to group B (Fig. 6). These
findings indicate that the absence of donor liver NK cells is associated with abnormal levels of IL-2, IFN-y, IL-4,
and IL-10 in the liver grafts, suggesting a role for donor liver NK cells in modulating the cytokine milieu during
liver transplantation.

Discussion

Liver allograft rejection is indeed a common occurrence after liver transplantation. It primarily results from
an acute immune response mounted by the recipient’s immune system against the transplanted liver. The
process involves the recognition of alloantigens present in the donor liver by recipient T cells. This recognition
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Fig. 6. Examination of cytokines in recipients’ liver grafts extracts. ELISA analysis of IL-2, IFN-y, IL-4 and IL-
10 levels in the liver graft extracts in group A, B, and C. *: P< 0.5; two-tailed Student’s t-test.

triggers the proliferation and activation of T cells, which, in turn, drive the rejection process through various
mechanisms!!. Direct T-cell mediated damage is one of the pathways by which hepatic rejection occurs. Activated
T cells directly attack the donor liver cells, leading to tissue damage and destruction. Additionally, T cells secrete
cytokines that contribute to the immune response and recruitment of tissue-destructive inflammatory cells, such
as macrophages and neutrophils. These inflammatory cells further amplify the immune response and contribute
to tissue damage!""*. Hepatic NK cells are a significant component of the liver leukocyte population and have
distinct characteristics compared to NK cells found in peripheral blood. They are known to exhibit a more
tolerogenic phenotype and have been implicated in immune regulation and tolerance induction in the liver.
Hepatic NK cells have been shown to have immunoregulatory functions, including the ability to suppress T-cell
responses and promote the expansion of regulatory T cells?®. However, the roles of donor-derived hepatic NK
cells in liver allograft tolerance and rejection are still unclear.

In this study, we found that the infusion of VK cells, administered via the portal vein, led to a significant
prolongation of survival in recipients who had undergone liver transplantation without lymphocytes. This
finding suggests that donor hepatic NK cells possess immunoregulatory properties that can impact the outcome
of liver transplantation. Previous studies have reported the occurrence of donor chimerism, where donor-derived
cells are present in the recipient’s body, particularly in the NK cell subset, following liver transplantation®2”-25,
This observation further supports the notion that hepatic NK cells play a role in the immunoregulation of the
transplant process. These chimeric NK cells, derived from the donor and present in the recipient following
liver transplantation, exhibit unique properties that distinguish them from conventional NK cells. They are
characterized by a high activation state, indicating their readiness to engage in immune responses. Additionally,
chimeric NK cells are known to possess an abundance of cytolytic enzymes, which are instrumental in their
ability to directly eliminate target cells. Moreover, these chimeric NK cells display a distinct pattern of interleukin
expression®. Due to their missing-self recognition pattern and high activation state in the graft, donor hepatic
NK cell might have the potential to play a significant role in responding to alloantigens from the recipient®?”:5,
Therefore, we aimed to investigate the role of donor hepatic NK cells as immunoregulators in the early stages of
liver transplantation.

In our liver transplantation rat model, we made an interesting observation regarding the role of donor liver
leukocytes, specifically hepatic NK cells, in liver function and allograft tolerance. Depletion of donor liver
leukocytes had a detrimental effect on liver function, as indicated by higher levels of ALP, bilirubin, AST, and
ALT. However, when ;,NKs were infused into the recipients, there was a notable improvement in liver function
after transplantation. Histopathological examination further supported these findings, showing that , NKs
infusion attenuated the infiltration of mononuclear lymphocytes and preserved the integrity of hepatic lobules
in the liver grafts depleted of donor leukocytes. This suggests that.

the donor liver NK cell population plays a crucial role in suppressing the recipient’s immune.
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response, particularly in the early stages following liver transplantation. It is important to note that over time,
as the recipients undergo allograft remodeling and the donor liver NK cells undergo apoptosis, the immunological
impact of donor liver NK cells on recipients may gradually diminish or even disappear. Nevertheless, our results
highlight the significant contribution of donor liver NK cells in modulating the immune response and promoting
favorable outcomes in liver transplantation.

NK cells are known to play a crucial role in regulating T cell immunity by activating T cells through the
production of cytokines that promote T cell differentiation'>!3. However, there is limited research on the effects
of donor-derived hepatic NK cells on the recipient’s alloreactive T lymphocytes. In our study, we observed
that donor hepatic NK cells induced apoptosis in alloreactive CD8" T cells while supporting the survival of
CD4* T cells. In addition to the cytotoxic effector function, activated CD8" T cells could produce multiple
proinflammatory cytokines including IFN-y. IFN-y is known to have immunostimulatory effects and can
increase the expression of alloantigens in the graft liver?.

CD95 is an important transduction molecule of the exogenous apoptosis signal pathway. The apoptosis of
intrahepatic infiltrating lymphocytes in the liver grafts of transplant recipients is influenced by both the levels
of cytokines, such as IL-2, and the expression of CD95%%3%31 In vitro and In vivo experiments showed that
the NK cells induced the CD95 protein level in CD8" T cells, suggesting that donor liver NK cells promoted
CD95-mediated apoptosis of alloreactive CD8"* T cells. Activated T cells are CD95-sensitive, and the interaction
between CD95 ligand and CD95 molecule rapidly induces apoptosis of CD8" T cells®2.

Lymphokines, including IL-2, IL-4, and IL-10, are crucial immunomodulatory molecules involved in
regulating immune responses. Physiological levels of these cytokines play a significant role in the development
and differentiation of regulatory T cells (Tregs)****. We found that IL-2 level in culture supernatant and liver
graft was significantly decreased in the presence of liver NK cells in vitro and in vivo. When the T cells are
activated by alloantigen, they both produce and respond to IL-2, which could stimulate the proliferation of active
T cells®.

CD4*CD25" Tregs are a specialized subset of T cells that play a critical role in inducing and maintaining
immune tolerance, including in the context of liver allograft transplantation®*”. We found that who received
liver transplants with donor liver NK cells had a significantly higher percentage of peripheral CD4*CD25* T
cells compared to those without donor liver NK cells. Additionally, we discovered that CD4*CD25* T cells were
significantly up-regulated in the recipient’s liver graft transfused with ;, NKs. When CD4*CD25" T cells were
depleted in the recipient, it led to liver rejection accompanied by the induction of CD8" T cells. This suggests that
CD4*CD25* T cells in the recipient are essential for liver tolerance*®-%. IL-4 enhances the expression of FOXP3
or membrane IL-2Ralpha (CD25) on Tregs*!. Therefore, a high level of IL-4 in the serum is beneficial for the
differentiation of CD4*CD25" T lymphocytes into Tregs. Another important factor, IL-10, acts as an inhibitor of
cellular immunity during liver transplantation and is associated with the upregulation of CD4*CD25* Tregs*>%3.

It has been noted that liver grafts have low expression of MHC II molecules but high expression of MHC I
molecules, which indicates that CD3*CD8* T cells may become activated following liver transplantation'!. In
our study, we observed a significant reduction in the proportion of peripheral CD3*CD8* T cells in recipients
who received liver transplants with donor hepatic NK cells, specifically on the seventh day after transplantation.
Interestingly, in liver allografts of rhesus monkeys that experienced rejection, there was a significant increase in
CD3*and CD8* T cells. These findings suggest that CD3* and CD8" T cells could potentially serve as indicators
for acute rejection after transplantation*.

In summary, our study demonstrated that the presence of donor hepatic NK cells had a beneficial effect on
liver allograft injury. This effect was mediated by the modulation of lymphocyte infiltration and inflammatory
cytokines. We observed that the presence of donor hepatic NK cells was associated with the apoptosis of recipient’s
alloreactive CD8* T cells and the generation of recipient’s CD4*CD25" Tregs. These mechanisms facilitated the
redistribution of T cell subsets in the recipient, ultimately leading to the amelioration of liver allograft rejection.
In short, this study was to discover the role of donor liver NK cells in the immune regulation of allogeneic rat
liver transplantation and its possible mechanism, providing new ideas for exploring the mechanism of donor-
recipient interaction in human liver transplantation. Besides, immune-suppressive drugs employed to prevent
graft rejection in humans whether can inhibit NK cell function need further research.

However, there are several limitations in this study. The data of our study was basic on the spontaneous
tolerance model of allogeneic rat liver transplantation in a specific strain combination, whether there is
consistency in other rat strain combinations of allogeneic liver transplantation needs further research. In
addition, the interaction between donor liver NK cells and other donor-derived immune cells was isolated after
donor WBI, and it was difficult to completely restore the immune regulation process of donor liver NK cells in
allograft liver transplantation. Donor liver is considered a complex organism, and the interaction between donor
NK cells and other liver immune cells is also difficult to isolate. To fully understand the role and mechanism of
donor NK cells in allograft liver transplantation, more in-depth studies are needed.

Data availability
The datasets used and analysed during the current study available from the corresponding author on reasonable
request.
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