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INTRODUCTION

Portal hypertension (PHT) adversely affects the prog-
nosis of various liver disease. PHT negatively impacts 
the prognosis for patients with hepatocellular carcinoma 

(HCC) undergoing partial hepatectomy,[1–3] transarterial 
chemoembolization (TACE),[4] and awaiting liver trans-
plantation for HCC.[5] Pre-operative portal vein embo-
lization sometimes increased the size of tumors in the 
remnant liver lobes as a result of the potential tumor 
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Abstract
The effects of acute portal hypertension (PHT), which is reported as poor 
prognostic factors in patients with hepatocellular carcinoma, are not well 
known on the liver immune system, including natural killer (NK) cells. The 
aim of this study, therefore, was to investigate how acute PHT influences 
the functions and characteristics of liver-resident NK (lr-NK) cells using an 
acute PHT mouse model. Acute PHT decreased the number of tumor ne-
crosis factor–related apoptosis-inducing ligand (TRAIL+) lr-NK cells by about 
20% and attenuated cytotoxic activity against the Hepa1-6 cell line by about 
40%. Among various cytokine, only interleukin-33 (IL-33), which inhibits NK 
activity, significantly increased after portal vein ligation (PVL). Because lr-NK 
cells highly expressed ST2/IL-33R, IL-33 co-culture significantly suppressed 
TRAIL expression on lr-NK cells by about 50%, and IL-33 administration 
markedly decreased TRAIL expression and cytotoxic activity of lr-NK cells. 
Furthermore, the TRAIL+ NK cells population was maintained by anti-IL33 
antibody or following portosystemic shunt procedure even after PVL. Finally, 
we demonstrated that IL-33 decreased TRAIL expression in lr-NK cells via 
AKT–forkhead box O (FoxO) and mitogen-activated protein kinase (MAPK) 
signaling. Conclusion: This work demonstrates that PHT suppresses the 
TRAIL+ lr-NK cell population and antitumor activities in the liver. Additionally, 
Akt-FoxO and MAPK signaling pathways attenuate the TRAIL expression in 
lt-NK cells via IL-33 receptor in mice.
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growth–stimulating environment provided by acute 
PHT.[6] The relative increase in hepatic arterial blood 
flow and increased secretion of inflammatory cytokines 
into the liver are associated with tumor growth.[7,8] At 
present, the relationship between acute PHT and in-
trahepatic immunity, and its role in tumor progression, 
have not been elucidated. Natural killer (NK) cells are 
a particularly important cell population that play a key 
role in the innate immune response, possessing both 
cytotoxic and cytokine-producing effector functions 
that act as the first line of defense against diseases.[9] 
In terms of intrahepatic immunity, immature NK cells 
are found at a higher proportion in the liver, produc-
ing higher amounts of cytokines and tumor necrosis 
factor–related apoptosis-inducing ligand (TRAIL).[10–12] 
Particularly, DX5− liver-resident (lr)-NK cells, which 
comprise a large portion of immature NK cells, express 
TRAIL and exert strong cytotoxicity against hepatoma 
cells via the TRAIL–TRAIL receptor pathway.[13–17] We 
have reported that partial hepatectomy and hepatic ir-
radiation reduced TRAIL expression in lr-NK cells and 
decreased their antitumor activity.[17,18] However, the 
mechanism by which the TRAIL expression in lr-NK 
cells is down-regulated has not been fully elucidated.

IL-33 is a tissue-derived nuclear cytokine from the 
IL-1 family abundantly expressed in endothelial cells, 
epithelial cells, and fibroblast-like cells, both during 
homeostasis and inflammation.[19] The IL-33/ST2 com-
plex mediates signals via the cytoplasmic domain toll 
receptor interleukin 1 to IL1RAcP, leading to activation 
of transcription factors such as nuclear factor kappa 
B via tumor necrosis factor receptor–associated fac-
tor 6, interleukin 1 receptor associated kinase-1/4 and 
mitogen-activated protein kinases (MAPK), extracel-
lular signal-regulated kinase 1/2, Jun amino terminal 
kinase, p38, and phosphoinositide 3-kinase (PI3K)/
AKT signaling.[20,21] In addition, Akt–forkhead box O1 
(FoxO1) signaling, observed further downstream, is 
associated with immature lr-NK cells expressing high 
amounts of TRAIL.[12] However, despite recent prog-
ress in this field, we still know very little about the in-
terleukin-33 (IL-33)–induced mechanism to mediate 
a reduction in the TRAIL expression on lr-NK cells. 
Therefore, we hypothesize that the damage inflicted on 
hepatocyte or liver endothelial cells by PHT increases 
the amount of released IL-33, which decreases TRAIL 
expression in lr-NK cells.

To test this hypothesis, we examined the impact of 
acute PHT on the activities of lr-NK cells using an acute 
PTH mouse model with portal vein ligation (PVL) and 
portosystemic shunt (PSS) mouse model that could at-
tenuate acute PHT. Furthermore, our data revealed that 
IL-33/IL-33R signaling pathways are associated with 
the TRAIL expression in lr-NK cells.

METHODS

Animal experiments

C57BL/6J (B6) female mice that were 8–12 weeks old 
were purchased from CLEA Japan, Inc. Mice were 
housed in the animal facility of Hiroshima University, 
Japan, in a pathogen-free microenvironment. The 
study was performed in strict accordance with the 
Guide for the Care and Use of Laboratory Animals and 
the local committee for animal experiments. The exper-
imental protocol was approved by the Ethics Review 
Committee for Animal Experimentation of the Graduate 
School of Biomedical Sciences, Hiroshima University 
(Permit No. A20-97).

Development of the animal model

Mice were divided into three groups: the sham group as 
the control group, the ligation group subjected to right 
PVL as the PHT group, and the PSS + ligation group 
subjected to PSS procedure 4 weeks before right PVL 
as a decompression group. This PVL model imitated 
acute PHT, such as under physiological conditions, 
after balloon-occluded retrograde transvenous oblit-
eration or massive liver resection, and small for size 
syndrome of liver transplantation. Under anesthesia, 
the ligation mice were laparotomized at the midline of 
the abdomen, and the right portal vein was separated 
from the common bile duct and the right hepatic ar-
tery and ligated securely, using 7–0 silk. Portions of 
the hepatic parenchyma, ranging from 25% to 35% 
of the total liver mass, were ligated in this manner 
(Figure S1A). On the contrary, portions of the hepatic 
parenchyma, ranging from 65% to 75% of the total 
liver mass, demonstrated increased portal flow and 
were correlated with high PHT. The PSS procedure 
was performed as described by several studies.[22,23] 
In the PSS model, a 0.5-cm incision in the left subcos-
tal arch was created. A subcostal pouch was made 
in the subcutaneous tissue. The mouse spleen was 
pulled out and buried in this subcostal pouch. Then, 
the peritoneum was closed. Four weeks before PVL, 
the mouse spleen was placed into the subcutaneous 
pouch to induce PSS. PSS can prevent PHT even 
after PVL (Figure S1B).

Detailed methods for estimation of the portal vein 
pressure, isolation of lymphocytes, flow cytometric 
analysis, quantitative real-time polymerase chain reac-
tion (PCR), NK cell isolation, cytotoxicity assay, histo-
logical analysis of liver tissue sections, and ingenuity 
pathway analysis (IPA) can be found in the Supporting 
Materials.
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Hepatoma cell line

The mouse hepatoma cell line Hepa1-6 (derived from 
H-2b mice) was purchased from RIKENCell Bank. 
Hepa 1–6 cells express surface death receptor 5 but 
lack Decoy receptors (DcR1, DcR2).[12]

Histological evaluation of metastatic 
growth in the liver

To induce tumors in vivo, Hepa1-6 tumor cells in 
0.2 ml of medium 199 (Sigma-Aldrich), at a concentra-
tion of 107 cells/ml, were injected into the spleen.[18] 
After the spleen was identified, Hepa1-6 tumor cells 
were slowly injected. The mice were sacrificed 7 days 
after tumor cell injection, and the liver was removed 
and fixed overnight in 10% formalin. For studies using 
a BZ-8000 microscope (Keyence), 4-μm tissue sec-
tions of the liver were stained with hematoxylin and 
eosin (HE). The relative areas occupied by the tu-
mors were calculated as the percentage of the total 
scanned liver area.

Isolation of lymphocytes

Full details are outlined in the Supporting Materials. 
Liver lymphocytes were prepared according to a previ-
ously described method.[16]

Quantitative real-time PCR

Full details are outlined in the Supporting Materials. 
The PCR primers used for the gene analysis are listed 
in Table S1. All liver samples were collected from the 
left lobe.

Cytotoxicity assay

Full details are outlined in the Supporting Materials. Cell 
cytotoxicity was assessed as previously described.[17,18]

Statistical analysis

Unpaired Student's t tests and the nonparametric 
Mann–Whitney U test were performed to compare dif-
ferences between the two independent groups; p < 0.05 
was considered statistically significant. Values are ex-
pressed as mean ± SD. JMP 14 software (SAS Institute 
Inc.) was used for all calculations.

RESULTS

TRAIL+ NK cells decreased in the liver 
with acute PHT

First, we developed an acute PHT model by 30% PVL in 
mice to analyze the effect of increased portal pressure 
on intrahepatic immunity. The average portal vein pres-
sure was 86.5 ± 8.9 mmH2O before the right portal vein 
clump. After the clump, the average portal vein pressure 
was significantly increased to 114.0 ± 2.9 mmH2O (n = 4, 
p < 0.01). Three days after PVL, the vascular endothelial 
cells of the interlobular veins of the portal branch were 
damaged within the Glisson's capsules (Figure  1A). 
Next, we assessed the influence of acute PHT on lr-
NK cells using the PVL model. Both proportion of NK 
cells and activation markers including TRAIL on NK 
cells significantly decreased following PVL (Figure 1B–
D), whereas CD69 and NKp46 expressions remained 
unchanged (Figure 1D). In addition, the cytotoxicity of 
lr-NK cells also significantly decreased in the acute PHT 
group compared with that of the sham group (Figure 1E).

To elucidate the relationship between the volume of 
the remnant liver and NK cell function, we also analyzed 
the NK function after the 70% PVL. Significant sup-
pression of TRAIL-expressing NK cells was observed 
after 70% PVL (Figure S2A,B), whereas CD69 expres-
sion of NK cells remained unchanged (Figure  S2B). 
These results indicated that a smaller volume of the 
remnant liver decreased the antitumor activity in con-
junction with the increased portal pressure. The 70% 
PVL models had a very poor prognosis; therefore, we 
used a 30% PVL model for subsequent experiments.

IL-33 was detected as a key cytokine 
related to the decreased activity of lr-NK 
cells in the acute PHT model

We next analyzed the microarray of liver tissue to deter-
mine the inflammatory state in the liver caused by PVL. 
According to fold changes (>2) in microarray data sets 
for liver tissues obtained from the sham and the PHT 
model, the messenger RNA (mRNA) expressions of 
Spp1 (fold change = 3.15) related to the chemotaxis of 
NK cells[24] and IL-33 (fold change = 2.66) associated 
with the differentiation and maintenance of function in 
NK cells[19] were dynamically up-regulated (Figure 2A). 
Next, we comprehensively analyzed the expression of 
several inflammatory cytokines in the remnant lobes 
of the acute PHT model. IL-1α, IL-33, and interferon β 
(IFN-β) levels were significantly increased in the rem-
nant lobes of the acute PHT model (Figure 2B). To con-
firm the functional role of IL-1α, IL-33, and IFN-β in lr-NK 
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cells, liver mononuclear cells (LMNCs) were co-cultured 
with IL-1α, IL-33, or/and IFN-β in vitro. TRAIL expres-
sion on lr-NK cells cultured in the presence of IL-33 de-
creased over time compared to those cultured without 
IL-33 (as a control) (Figure 2C,D). To assess the effect 
of these cytokines on lr-NK cell activation, we incubated 
the LMNCs with IL-1α, IL-33 or IFN-β, separately and all 
together, for 4 h, and analyzed the expression of TRAIL 
and CD69 in the lr-NK cells. IL-33 was the only cytokine 
that down-regulated the TRAIL expression.

IL-33 decreased the antitumor activity of 
liver-resident NK cells

IL-33 is abundantly expressed in the endothelial cells dur-
ing inflammation.[19] Therefore, we hypothesized that the 
damage of hepatocytes or liver endothelial cells attributed 
to acute PHT increases the amount of IL-33, which de-
creases the TRAIL expression in lr-NK cells. We analyzed 
changes in the intrahepatic IL-33 levels before and after 
PVL. First, the mRNA expression of IL-33 significantly 
increased in the liver tissue 3 days after PVL (p < 0.05; 
Figure  3A). Furthermore, immunostaining revealed that 
IL-33 was highly expressed on damaged endothelial cells 
and hepatocytes in the PHT group (Figure 3B). Next, we 
investigated the IL-33 receptor (ST2) on lr-NK cells. Lr-
NK cells, especially immature Dx5− NK cells, strongly 
expressed the IL-33 receptor (Figure 3C). To confirm the 
functional role of IL-33 in lr-NK cells in vitro, isolated lr-NK 
cells were cultured in the presence of IL-33 in vitro. TRAIL 
expression on lr-NK cells significantly decreased after 
4 h of culture with IL-33 (100 ng/ml). Especially, the ratio 
of mature Dx5+ NK cells that demonstrated less TRAIL 
expression was significantly increased after culturing in 
the presence of IL-33 (Figure 3D). In addition, IL-33 de-
creased the cytotoxicity of LMNCs (Figure 3E).

To confirm the functional role of IL-33 in lr-NK cells 
in vivo, recombinant mouse IL-33 (rIL-33) was adminis-
tered to mice. TRAIL, CD69, and Dx5 expressions of lr-
NK cells were evaluated 4 h after administration through 
flow cytometric analysis. The expressions of TRAIL and 
CD69 significantly decreased in the rIL-33-treated mice 
compared with control mice. Furthermore, the population 
of mature Dx5+ NK cells significantly increased in the rIL-
33-treated mice (Figure 3F). In addition, the cytotoxicity 
of isolated lr-NK cells also decreased in the rIL-33-treated 

mice (Figure 3G). As an alternative, oncostatin M (OSM) 
was used as an inducer of IL-33 expression in the mouse 
liver endothelial cells.[25] IL-33 mRNA expression in-
creased in the OSM-treated mice (Figure S3A). TRAIL+ 
and CD69+ expression of lr-NK cells decreased in mice 
4 h after OSM administration (Figure S3B). To analyze 
the influence of acute PHT on the antitumor activity of 
lr-NK cells, we used the PSS mouse to prevent acute 
PHT.[22,23] Although the mRNA expression of IL-33 sig-
nificantly increased after ligation alone, PSS prevented 
the increase of IL-33 mRNA expression even after liga-
tion (Figure 3H). The expressions of TRAIL and CD69 in 
lr-NK cells were maintained in PSS + ligation mice com-
pared with that in the ligation mice (Figure 3I).

Inhibition of IL-33 maintained the 
antitumor activity of liver-resident 
NK cells

To clarify the influence of IL-33 on the antitumor activity 
of lr-NK cells, anti-mouse IL-33 antibody was adminis-
tered to mice 1 day before PVL. The concentration of 
IL-33 in the remnant lobes 3 days after PVL significantly 
decreased in the anti-IL33-treated ligation model com-
pared with the control ligation model (Figure  4A). The 
expressions of TRAIL and CD69 in lr-NK cells were im-
proved in the anti-IL-33-treated ligation model. The pop-
ulation of DX5+ NK cells did not significantly increase in 
the anti-IL-33-treated ligation model (Figure 4B). In addi-
tion, the cytotoxicity of NK cells did not decrease against 
hepatic tumors in the anti-IL-33-treated mice even after 
PVL (Figure 4C). Seven days after tumor injection, the 
relative areas occupied by the tumors decreased in the 
anti-IL-33-treated ligation model significantly (Figure 4D).

Candidate genes approach identified the 
TRAIL pathway in liver-resident NK cells

To provide additional insight into the relevant genes af-
fecting TRAIL expression on NK cells, the activation z 
score depicts the amplitude of the difference between 
TRAIL+ and TRAIL− NK cell subsets. The upstream 
regulator analysis (URA) predicted that various path-
ways were differentially activated between TRAIL+ ver-
sus TRAIL− NK cell subsets (Figure 5A). We detected 

F I G U R E  1   Portal hypertension (PHT) model after right portal ligation. (A) Representative histopathological findings of liver specimens 
around Grisson's capsules (stained with hematoxylin and eosin [HE]). Specimens are shown from the sham group (left) and PHT group 
after the portal vein ligation (PVL) (right). (B) Liver mononuclear cells were detected by the parameters; forward scattering (FSC) and side 
scattering (SSC). Liver mononuclear cells were stained with anti–natural killer 1.1 (NK1.1), anti–T cell receptor β (TCRβ), and propidium 
iodide. NK1.1+TCRβ− NK cells were then gated for the analysis of other markers. (C) The proportions of NK cells identified NK1.1+TCRβ− 
liver-resident NK (lr-NK) cells, shown before and after the ligation (sham, n = 5; ligation, n = 10). (D) The representative histogram of tumor 
necrosis factor–related apoptosis-inducing ligand (TRAIL), CD69, and NKp46 expressions in hepatic NK cells before and after PVL. The 
proportions of TRAIL, CD69, and NKp46 positive cells among NK1.1+TCRβ− lr-NK cells are shown before and after PVL (sham, n = 5; 
ligation, n = 10). (E) To evaluate the antitumor activity of lr-NK cells, the cytotoxicity of lr-NK cells in the sham group and the ligation group is 
shown. Data are expressed as means ± SD (6 mice per group). Statistical differences were detected by using paired t-test or Wilcoxon test 
when appropriate. *p < 0.05; **p < 0.01.
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F I G U R E  2   Interleukin-33 (IL-33) was detected as a factor contributing to decreased TRAIL expression on lr-NK cells after PVL. (A) 
Predicted functional cytokine genes were associated with PHT. Tοp 40 genes with the highest positive and negative correlation genes of 
cytokine were selected; the heat map is shown. (B) Various cytokines levels were evaluated between the sham model and the PHT model 
(sham, n = 5; ligation, n = 10). (C,D) Liver mononuclear cells (LMNCs) were co-cultured with recombinant mouse IL-1α, IL-33, and interferon 
β (IFN-β; 0, 10, and 100 ng/ml) (4 mice per group). TRAIL and CD69 expressions in lr-NK cells were evaluated with time (4 h) via flow 
cytometric analysis. Statistical differences were detected by paired t-test or Wilcoxon test when appropriate. *p < 0.05; **p < 0.01.
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F I G U R E  3   IL-33 decreased TRAIL expression of lr-NK cells in vitro and in vivo. (A) Relative fold change in messenger RNA (mRNA) 
expression of IL-33 after 6 h, day 1, day 3, and day 7 compared with that observed at 0 h as a control in the ligation group (4–5 mice per 
group); data are expressed as means ± SD. (B) Expression of IL-33 in the liver tissues of the sham and the PHT groups. Immunolocalization 
of IL-33 was performed using primary antibody rat immunoglobulin G (IgG) anti-mouse IL-33 in sections of the sham models and the ligation 
models (day 3); scalebar in small micrographs indicates 100 μm. (C) IL-33 receptor (ST2) expression of Dx5− lr-NK cells and Dx5+ lr-NK 
cells in mice are shown in flow cytometric analysis. (D) Isolated lr-NK cells were co-cultured with rIL-33 (100 ng/ml) for 4 h. (isolated from 10 
mice). TRAIL, CD69, and Dx5 expressions of hepatic NK cells were decreased following co-culturing with IL-33 after 4 h, as shown in flow 
cytometric analysis. (E) The cytotoxicity of LMNCs is shown. lr-NK cells co-cultured with rIL-33 (100 ng/ml) had lower cytotoxicity compared 
with that observed with phosphate buffered saline (PBS) (IL-33 0 ng/ml as a control). Data are expressed as means ± SD (3 mice per group). 
(F) Recombinant mouse IL-33 (rIL-33) (400 ng/200 μl) or PBS (200 μl as a control) was administered to B6 mice. TRAIL, CD69, and Dx5 
expressions of hepatic NK cells were evaluated 4 h after injection via flow cytometric analysis. (G) The cytotoxicity of isolated lr-NK cells 
is shown. IL-33 injection decreased the cytotoxicity of lr-NK cells. Data are expressed as means ± SD (4 mice per group). (H) Relative fold 
change in the mRNA expression of IL-33 observed at day 3 in ligation model, portosystemic shunt (PSS) + sham model, and PSS + ligation 
model compared with B6 mice (control) (4–5 mice per group). (I) Representative histograms of TRAIL expression in NK1.1 + TCRβ− lr-NK 
cells in PSS + sham model and PSS + ligation model. The proportions of TRAIL+ and CD69+ cells among NK1.1+TCRβ− lr-NK cells are 
shown in the sham model, the ligation model, PSS+ sham model, and PSS+ ligation model (5–6 mice per group). Statistical differences 
were detected by paired t-test or Wilcoxon test when appropriate. *p < 0.05; **p < 0.01.
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F I G U R E  3  (Continued)

F I G U R E  4   Anti-IL-33 antibody maintained TRAIL expression in hepatic NK cells in the ligation model. (A) The concentration of IL-33 in 
the remnant lobes of the anti-IL-33-treated ligation model compared with that observed in PBS-treated ligation models (5 mice per group). 
(B) Representative histograms of TRAIL expression in NK1.1+TCRβ− lr-NK cells in PBS-treated sham mice, PBS-treated ligation mice, anti-
IL-33-treated sham mice, and anti-IL-33-treated ligation mice. The proportions of TRAIL+, CD69+, and Dx5+ cells among NK1.1+TCRβ− lr-NK 
cells are shown in PBS-treated sham mice, PBS-treated ligation mice, anti-IL-33-treated sham mice, and anti-IL-33-treated ligation mice 
(5 mice per group). (C) The cytotoxicity of LMNCs is shown. The cytotoxicity of LMNCs in anti-IL-33-treated ligation mice did not decrease. 
Data are expressed as means ± SD (4 mice per group). (D) Representative histopathological findings of liver specimens after tumor injection 
(stained with HE). Scalebar in small micrographs indicate 100 μm. Specimens are shown from PBS-treated ligation mice (left) and anti-IL-33-
treated ligation mice (right) (4 mice per group). Statistical differences were detected by Wilcoxon test when appropriate. *p < 0.05; **p < 0.01.
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14 predictive activated genes and 17 predictive inhib-
ited genes associated with the expression of TRAIL 
in the positive cell population. As common genes 
observed in these microarray results and IL-33/ST2 
downstream signals reported in the previous study, we 
focused on two genes, Foxo1[26,27] and MAPK1,[20,28] 
whose expression was induced by IL-33. Akt-FoxO and 
MAPK signaling pathways in lr-NK cells were analyzed 
through quantitative real-time PCR 1 h after culturing 
in the presence of IL-33 (Figure  5B). Consistent with 
the stimulation of IL-33 in lr-NK cells, mRNA expres-
sion of phosphoinositide-dependent protein kinase 1, 
Tbx-21 (T-bet), and EOMES in lr-NK cells increased 
significantly 1 h after culturing with IL-33. In contrast, 
mRNA expression of FoxO1 in lr-NK cells decreased 
significantly 1 h after culturing with IL-33. The mRNA 
expression of TNFSF10, the primary gene associ-
ated with TRAIL expression, demonstrated significant 
decrease (p-value < 0.05). In addition, mRNA expres-
sion of MAPK1 increased (p-value = 0.08). Akt-FoxO 
and MAPK signaling in lr-NK cells are summarized in 
Figure 6.

DISCUSSION

In this study, we proved that acute PHT damaged liver 
tissues and increased the amount of released IL-33 in 
the liver. IL-33 decreased the proportion of TRAIL+ NK 
cells in the liver and cytotoxicity of lr-NK cells. PSS, 
which reduced acute PHT and IL-33 down-regulation, 
canceled these attenuations. Akt-FoxO and MAPK 
signaling negatively impacted TRAIL expression in lr-
NK cells through IL-33/ST2.

First, we observed that acute PHT decreased TRAIL 
expression in lr-NK cells, depending on the amount of 
the remnant liver. We observed that both the proportion 
of NK cells and TRAIL expression rate were reduced 
after PVL. The absolute number of NK cells in all liver 
lymphocytes in the remnant liver was also reduced. As 
both the number and TRAIL expression of NK cells in 
the liver were reduced by acute PHT, there were no 
compensatory changes due to migration from outside 
the liver associated with inflammation.

We also proved that the damage of hepatocytes or 
liver endothelial cells attributed to acute PHT increases 
the amount of IL-33 released, which decreased the 
TRAIL expression in lr-NK cells. Our results showed that 
lr-NK cells, especially immature Dx5− NK cells, strongly 
expressed ST2, which is the receptor of IL-33. IL-33 
is normally released by damaged or necrotic barrier 

cells.[29–31] In contrast, after performing the PSS proce-
dure to prevent acute PHT, the damage associated with 
acute PHT was reduced, and the expression of IL-33 
decreased in the liver tissues. The down-regulation of 
IL-33 performed using PSS or anti-IL-33 antibody main-
tained the TRAIL expression in lr-NK cells successfully 
even after PVL. These results indicated that the effects 
of acute PHT on intrahepatic immunity mediated via 
IL-33/ST2 signaling, especially lr-NK cells. Hence, the 
substantial reduction in the TRAIL+ NK cell population 
in the liver after acute PHT can be explained by TRAIL+ 
NK cell instability via IL-33/ST2 signaling.

The proportion of TRAIL+ NK cells in lr-NK cells 
decreased by stimulation with IL-33. A similar re-
sult was observed by stimulation with OSM, which is 
an inducer of IL-33.[25] The major targets of IL-33 are 
tissue-resident immune cells, including NK cells.[19] 
In mice, the expression of endothelial IL-33 appears 
to be restricted to the adipose tissue, liver, and repro-
ductive tract of females.[32] The function of IL-33 can 
vary depending on the expressing organs. Therefore, 
the effect of IL-33 on NK cells is controversial. IL-33 
is reported to activate both human[33] and mouse[34] 
NK cells. IL-33 also increases the cytotoxic activity of 
spleen NK cells.[35] However, several studies have re-
ported that IL-33 plays different roles in NK cells within 
the tumor microenvironment, depending on the levels 
of IL-33 and expressing tissue.[36–39] IL-33 decreases 
the number of lr-NK cells and the cytotoxic activity of 
NK cells.[38–40] The IL-33 also decreases frequencies 
of tumoricidal NK cells.[41] We hypothesized that the 
role of IL-33 on NK cells was dependent on the differ-
ent maturation pathways of NK cells in the tissues. In 
the liver, which contains immature Dx5− NK cells, IL-
33 decreased the TRAIL expression of lr-NK cells and 
increased the population of mature Dx5+ TRAIL− NK 
cells. Our results support the negative function of IL-33 
in lr-NK cells.

In this study, IL-33 increased the expression of T-bet 
and EOMES in lr-NK cells. The transcription factor T-
bet determines the developmental stability in immature 
NK cells with constitutive expression of TRAIL.[42] In ad-
dition, the process of maturation, in which the expres-
sion of TRAIL is reduced and that of the integrin DX5 
is induced, requires the transcription factor EOMES.[42] 
Activation of PI3K-AKT inactivates Foxo transcription 
factors.[26,27] In addition, AKT signaling suppresses the 
expression of FoxO targets involved in the induction of 
the expression of TRAIL and FASL.[43–45] NK cells in 
mice model are known to express Foxo1, and to a lesser 
extent Foxo3.[46] Foxo1 inhibits Tbx21 expression via 

F I G U R E  5   Upstream regulator analysis of differential expression genes between TRAIL positive and negative NK cells. (A) Fourteen 
predictive activated genes and 17 predictive inhibited genes associated with the expression of TRAIL in the positive cell population. (B) 
Akt–forkhead box O (FoxO) and mitogen-activated protein kinase (MAPK) signaling in lr-NK cells were analyzed using quantitative real-time 
polymerase chain reaction (PCR) 1 h after co-culturing with IL-33 (n = 4 mice). Statistical differences were detected by Wilcoxon test when 
appropriate. *p < 0.05.
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direct association with the Tbx21 promoter and acts as 
a negative checkpoint in NK cell maturation.[46,47] IL-
33 also activates p38 MAPK signaling in NK cells.[20,28] 
In the IPA-based URA, FoxO1 and MAPK1 were de-
tected as predictive inhibited genes of TRAIL+ NK cells. 
However, the reduction of Tbx21 and EOMES levels 
increased the populations of immature lr-NK cells, 
demonstrating high TRAIL expression via increased 
FoxO1.[12] Our results also indicated that mRNA expres-
sion of FoxO1 in lr-NK cells decreased after culturing 
with IL-33. The inconsistent result may be attributed to 
the peculiarities of lr-NK cells, which were not reflected 
in the database. On the contrary, mRNA expression of 
MAPK-1, which was detected as an inhibitory gene of 
TRAIL+ NK cells, increased after stimulation of IL-33. 
The mRNA expression of MAPK1was induced by IL-33 
in support of the IPA results. These results supported 
strongly that Akt-FoxO and MAPK signaling pathways 
negatively impacted the TRAIL expression in lr-NK 
cells via IL-33/ST2.

There are, however, some limitations to the present 
study. First, the expressions of EOMES and T-bet, de-
pending on the maturity of lr-NK cells, are known to 
be likely different between mice and humans. These 
issues should be assessed in future human studies. 
Second, the role of other immune cells expressing the 
IL-33 receptor, such as regulatory T cells and innate 
lymphoid cell type 2 cells, was not evaluated in detail. 
Third, intestinal congestion caused by acute PVL and 

the production of intestinal-derived inflammatory cells 
and inflammatory cytokines can also affect the intra-
hepatic immunity. Although these indirect mechanisms 
should be responsible for suppressing the activity of 
lr-NK cells, our results indicated a direct mechanism 
in which IL-33 suppresses the activity of lr-NK cells. 
These indirect mechanisms should be assessed in fu-
ture studies.

Finally, these results will have important impli-
cations for the future treatment of HCC and under-
score the damage that acute PHT can exert on the 
immune system. The mechanism by which IL-33 
suppressed the antitumor activity of lr-NK cells can 
explain the negative effects of acute PHT in various 
liver diseases. The blockade of IL-33 during hepa-
tectomy for cholangiocarcinoma in mice model in-
hibited tumor progression.[48] Anti-IL-33 treatments 
in humans are focused on allergy and/or asthma. 
Etokimab, an anti-IL-33 biologics, has previously 
demonstrated a good safety profile and favorable 
pharmacodynamic properties in many clinical stud-
ies.[49] Our results in the mice model indicate the 
need for further verifications in humans to prove the 
usefulness of the anti-IL-33 treatments among pa-
tients with HCC or acute PHT.
We found that acute PHT decreased the antitumor ac-
tivity of lr-NK cells. Overall, these findings indicated that 
Akt-FoxO and MAPK signaling pathways negatively im-
pact the TRAIL expression in lr-NK cells via the IL-33 
receptor in mice.

AUTH O R CO NTR I BUT I O N S
Data analysis and manuscript draft: Yuki Imaoka, Koki 
Sato, and Masahiro Ohira. Investigation: Yuki Imaoka, 
Koki Sato, Masahiro Ohira, Kouki Imaoka, Ryosuke 
Nakano, and Takuya Yano. Study design: Masahiro 
Ohira, Yuka Tanaka, and Hideki Ohdan.

ACK N OW LE DG M E NT
This work was performed in part at the Analysis Center 
of Life Science, the Research Facilities for Laboratory 
Animal Science, and the Natural Science Center 
for Basic Research and Development (N-BARD) of 
Hiroshima University.

CO N FLI CT O F I NT E R EST
Nothing to report.

O RCI D
Yuki Imaoka   https://orcid.org/0000-0003-0882-5341 
Masahiro Ohira   https://orcid.org/0000-0002-5433-5303 

R E FE R E N C E S
	 1.	 Liu J, Zhang H, Xia Y, Yang T, Gao Y, Li J, et al. Impact of clin-

ically significant portal hypertension on outcomes after partial 
hepatectomy for hepatocellular carcinoma: a systematic review 
and meta-analysis. HPB (Oxford). 2019;21:1–13.

F I G U R E  6   Summary of IL-33/IL-33R signaling in lr-NK cells. 
Akt-FoxO and MAPK signaling in lr-NK cells are summarized 
according to the results of quantitative real-time PCR. IRAK4, 
interleukin 1 receptor associated kinase; MyD88, myeloid 
differentiation factor 88; PDK1, phosphoinositide-dependent 
protein kinase 1; PI3K, phosphoinositide 3-kinase; TNFSF10, TNF 
superfamily menber 10.

https://orcid.org/0000-0003-0882-5341
https://orcid.org/0000-0003-0882-5341
https://orcid.org/0000-0002-5433-5303
https://orcid.org/0000-0002-5433-5303


      |  2563HEPATOLOGY COMMUNICATIONS

	 2.	 Hidaka M, Takatsuki M, Soyama A, Tanaka T, Muraoka I, Hara 
T, et al. Intraoperative portal venous pressure and long-term 
outcome after curative resection for hepatocellular carcinoma. 
Br J Surg. 2012;99:1284–9.

	 3.	 Allard MA, Adam R, Bucur PO, Termos S, Cunha AS, Bismuth 
H, et al. Posthepatectomy portal vein pressure predicts liver 
failure and mortality after major liver resection on noncirrhotic 
liver. Ann Surg. 2013;258:822–9; discussion 829–830.

	 4.	 Choi JW, Chung JW, Lee DH, Kim HC, Hur S, Lee M, et al. 
Portal hypertension is associated with poor outcome of tran-
sarterial chemoembolization in patients with hepatocellular 
carcinoma. Eur Radiol. 2018;28:2184–93.

	 5.	 Faitot F, Allard MA, Pittau G, Ciacio O, Adam R, Castaing D, 
et al. Impact of clinically evident portal hypertension on the 
course of hepatocellular carcinoma in patients listed for liver 
transplantation. Hepatology. 2015;62:179–87.

	 6.	 de Graaf W, van den Esschert JW, van Lienden KP, van 
Gulik TM. Induction of tumor growth after preoperative por-
tal vein embolization: is it a real problem? Ann Surg Oncol. 
2009;16:423–30.

	 7.	 Kollmar O, Corsten M, Scheuer C, Vollmar B, Schilling MK, 
Menger MD. Portal branch ligation induces a hepatic arte-
rial buffer response, microvascular remodeling, normox-
ygenation, and cell proliferation in portal blood-deprived 
liver tissue. Am J Physiol Gastrointest Liver Physiol. 
2007;292:G1534–42.

	 8.	 Mueller L, Goettsche J, Abdulgawad A, Vashist YK, Meyer 
J, Wilms C, et al. Tumor growth-promoting cellular host re-
sponse during liver atrophy after portal occlusion. Liver Int. 
2005;25:994–1001.

	 9.	 Trinchieri G. Biology of natural killer cells. Adv Immunol. 
1989;47:187–376.

	10.	 Jacobs R, Hintzen G, Kemper A, Beul K, Kempf S, Behrens 
G, et al. CD56bright cells differ in their KIR repertoire and 
cytotoxic features from CD56dim NK cells. Eur J Immunol. 
2001;31:3121–7.

	11.	 Krueger PD, Lassen MG, Qiao H, Hahn YS. Regulation of 
NK cell repertoire and function in the liver. Crit Rev Immunol. 
2011;31:43–52.

	12.	 Saparbay J, Tanaka Y, Tanimine N, Ohira M, Ohdan H. 
Everolimus enhances TRAIL-mediated anti-tumor activ-
ity of liver resident natural killer cells in mice. Transpl Int. 
2020;33:229–43.

	13.	 Ishiyama K, Ohdan H, Ohira M, Mitsuta H, Arihiro K, Asahara 
T. Difference in cytotoxicity against hepatocellular carcinoma 
between liver and periphery natural killer cells in humans. 
Hepatology. 2006;43:362–72.

	14.	 Ohira M, Ishiyama K, Tanaka Y, Doskali M, Igarashi Y, Tashiro 
H, et al. Adoptive immunotherapy with liver allograft-derived 
lymphocytes induces anti-HCV activity after liver trans-
plantation in humans and humanized mice. J Clin Invest. 
2009;119:3226–35.

	15.	 Takeda K, Hayakawa Y, Smyth MJ, Kayagaki N, Yamaguchi N, 
Kakuta S, et al. Involvement of tumor necrosis factor-related 
apoptosis-inducing ligand in surveillance of tumor metastasis 
by liver natural killer cells. Nat Med. 2001;7:94–100.

	16.	 Ochi M, Ohdan H, Mitsuta H, Onoe T, Tokita D, Hara H, et al. 
Liver NK cells expressing TRAIL are toxic against self hepato-
cytes in mice. Hepatology. 2004;39:1321–31.

	17.	 Ohira M, Ohdan H, Mitsuta H, Ishiyama K, Tanaka Y, Igarashi 
Y, et al. Adoptive transfer of TRAIL-expressing natural killer 
cells prevents recurrence of hepatocellular carcinoma after 
partial hepatectomy. Transplantation. 2006;82:1712–9.

	18.	 Nakano R, Ohira M, Yano T, Imaoka Y, Tanaka Y, Ohdan H. 
Hepatic irradiation persistently eliminates liver resident NK 
cells. PLoS One. 2018;13:e0198904.

	19.	 Cayrol C, Girard JP. Interleukin-33 (IL-33): A nuclear cytokine 
from the IL-1 family. Immunol Rev. 2018;281:154–68.

	20.	 Hueber AJ, Alves-Filho JC, Asquith DL, Michels C, Millar NL, 
Reilly JH, et al. IL-33 induces skin inflammation with mast cell 
and neutrophil activation. Eur J Immunol. 2011;41:2229–37.

	21.	 Pinto SM, Subbannayya Y, Rex DAB, Raju R, Chatterjee O, 
Advani J, et al. A network map of IL-33 signaling pathway. J Cell 
Commun Signal. 2018;12:615–24.

	22.	 Hashimoto S, Onoe T, Banshodani M, Taguchi K, Tanaka Y, 
Ohdan H. Postoperative portal hypertension enhances alloim-
mune responses after living-donor liver transplantation in pa-
tients and in a mouse model. J Immunol. 2019;203:1392–403.

	23.	 Matsumoto T, Efron PA, Tsujimoto H, Tschoeke SK, Ungaro 
R, Fujita S, et al. Splenic transposition is superior to caudal 
shunt as a model of murine total hepatic ischemia. Lab Invest. 
2005;85:90–8.

	24.	 Zhang ZX, Shek K, Wang S, Huang X, Lau A, Yin Z, et al. 
Osteopontin expressed in tubular epithelial cells regulates NK 
cell-mediated kidney ischemia reperfusion injury. J Immunol. 
2010;185:967–73.

	25.	 Arshad MI, Guihard P, Danger Y, Noel G, Le Seyec J, Boutet 
MA, et al. Oncostatin M induces IL-33 expression in liver endo-
thelial cells in mice and expands ST2+CD4+ lymphocytes. Am 
J Physiol Gastrointest Liver Physiol. 2015;309:G542–53.

	26.	 Calnan DR, Brunet A. The FoxO code. Oncogene. 
2008;27:2276–88.

	27.	 Brunet A, Bonni A, Zigmond MJ, Lin MZ, Juo P, Hu LS, et al. 
Akt promotes cell survival by phosphorylating and inhibiting a 
Forkhead transcription factor. Cell. 1999;96:857–68.

	28.	 Ochayon DE, Ali A, Alarcon PC, Krishnamurthy D, Kottyan 
LC, Borchers MT, et al. IL-33 promotes type 1 cytokine ex-
pression via p38 MAPK in human NK cells. J Leukoc Biol. 
2020;107:663–71.

	29.	 Milovanovic M, Volarevic V, Radosavljevic G, Jovanovic I, 
Pejnovic N, Arsenijevic N, et al. IL-33/ST2 axis in inflammation 
and immunopathology. Immunol Res. 2012;52:89–99.

	30.	 Cayrol C, Girard J-P. IL-33: an alarmin cytokine with crucial 
roles in innate immunity, inflammation and allergy. Curr Opin 
Immunol. 2014;31:31–7.

	31.	 Arshad MI, Piquet-Pellorce C, Samson M. IL-33 and HMGB1 
alarmins: sensors of cellular death and their involvement in liver 
pathology. Liver Int. 2012;32:1200–10.

	32.	 Pichery M, Mirey E, Mercier P, Lefrancais E, Dujardin A, Ortega 
N, et al. Endogenous IL-33 is highly expressed in mouse epi-
thelial barrier tissues, lymphoid organs, brain, embryos, and 
inflamed tissues: in situ analysis using a novel Il-33-LacZ gene 
trap reporter strain. J Immunol. 2012;188:3488–95.

	33.	 Smithgall MD, Comeau MR, Yoon BR, Kaufman D, Armitage R, 
Smith DE. IL-33 amplifies both Th1- and Th2-type responses 
through its activity on human basophils, allergen-reactive Th2 
cells, iNKT and NK cells. Int Immunol. 2008;20:1019–30.

	34.	 Bourgeois E, Van LP, Samson M, Diem S, Barra A, Roga S, 
et al. The pro-Th2 cytokine IL-33 directly interacts with invari-
ant NKT and NK cells to induce IFN-gamma production. Eur J 
Immunol. 2009;39:1046–55.

	35.	 Gao K, Li X, Zhang L, Bai L, Dong W, Gao K, et al. Transgenic 
expression of IL-33 activates CD8(+) T cells and NK cells and 
inhibits tumor growth and metastasis in mice. Cancer Lett. 
2013;335:463–71.

	36.	 Afferni C, Buccione C, Andreone S, Galdiero MR, Varricchi G, 
Marone G, et al. The pleiotropic immunomodulatory functions 
of IL-33 and its implications in tumor immunity. Front Immunol. 
2018;9:2601.

	37.	 Jovanovic I, Radosavljevic G, Mitrovic M, Juranic VL, McKenzie 
AN, Arsenijevic N, et al. ST2 deletion enhances innate and 
acquired immunity to murine mammary carcinoma. Eur J 
Immunol. 2011;41:1902–12.

	38.	 Jovanovic IP, Pejnovic NN, Radosavljevic GD, Pantic JM, 
Milovanovic MZ, Arsenijevic NN, et al. Interleukin-33/ST2 axis 
promotes breast cancer growth and metastases by facilitating 



2564  |      ACUTE PORTAL HYPERTENSION DECREASES LIVER NK ACTIVITIES

intratumoral accumulation of immunosuppressive and innate 
lymphoid cells. Int J Cancer. 2014;134:1669–82.

	39.	 Jin Z, Lei L, Lin D, Liu Y, Song Y, Gong H, et al. IL-33 released 
in the liver inhibits tumor growth via promotion of CD4(+) 
and CD8(+) T cell responses in hepatocellular carcinoma. J 
Immunol. 2018;201:3770–9.

	40.	 Amôr NG, de Oliveira CE, Gasparoto TH, Vilas Boas VG, Perri 
G, Kaneno R, et al. ST2/IL-33 signaling promotes malignant 
development of experimental squamous cell carcinoma by de-
creasing NK cells cytotoxicity and modulating the intratumoral 
cell infiltrate. Oncotarget. 2018;9:30894–904.

	41.	 Wang W, Wu J, Ji M, Wu C. Exogenous interleukin-33 pro-
motes hepatocellular carcinoma growth by remodelling the tu-
mour microenvironment. J Transl Med. 2020;18:477.

	42.	 Gordon SM, Chaix J, Rupp LJ, Wu J, Madera S, Sun JC, et al. 
The transcription factors T-bet and Eomes control key check-
points of natural killer cell maturation. Immunity. 2012;36:55–67.

	43.	 Manning BD, Toker A. AKT/PKB signaling: navigating the net-
work. Cell. 2017;169:381–405.

	44.	 Modur V, Nagarajan R, Evers BM, Milbrandt J. FOXO proteins 
regulate tumor necrosis factor-related apoptosis inducing li-
gand expression. Implications for PTEN mutation in prostate 
cancer. J Biol Chem. 2002;277:47928–37.

	45.	 Zhang X, Tang N, Hadden TJ, Rishi AK. Akt, FoxO and regula-
tion of apoptosis. Biochim Biophys Acta. 2011;1813:1978–86.

	46.	 Deng Y, Kerdiles Y, Chu J, Yuan S, Wang Y, Chen X, et al. 
Transcription factor Foxo1 is a negative regulator of natural 
killer cell maturation and function. Immunity. 2015;42:457–70.

	47.	 Huang P, Wang F, Yang Y, Lai W, Meng M, Wu S, et al. 
Hematopoietic-specific deletion of Foxo1 promotes NK 
cell specification and proliferation. Front Immunol. 
2019;10:1016.

	48.	 Nagaoka S, Yamada D, Eguchi H, Yokota Y, Iwagami Y, Asaoka 
T, et al. The blockade of interleukin-33 released by hepatec-
tomy would be a promising treatment option for cholangiocarci-
noma. Cancer Sci. 2021;112:347–58.

	49.	 Chinthrajah S, Cao S, Liu C, Lyu SC, Sindher SB, Long A, et al. 
Phase 2a randomized, placebo-controlled study of anti-IL-33 in 
peanut allergy. JCI Insight. 2019;4:e131347.

SU PPO RT I NG I N FO R M AT I O N
Additional supporting information may be found in the 
online version of the article at the publisher’s website.

How to cite this article: Imaoka Y, Sato K, Ohira 
M, Imaoka K, Yano T, Nakano R, et al. Acute 
portal hypertension using portal vein ligation 
abrogates TRAIL expression of liver-resident NK 
cells. Hepatol Commun. 2022;6:2551–2564. 
https://doi.org/10.1002/hep4.2017

https://doi.org/10.1002/hep4.2017

	Acute portal hypertension using portal vein ligation abrogates TRAIL expression of liver-­resident NK cells
	Abstract
	INTRODUCTION
	METHODS
	Animal experiments
	Development of the animal model
	Hepatoma cell line
	Histological evaluation of metastatic growth in the liver
	Isolation of lymphocytes
	Quantitative real-­time PCR
	Cytotoxicity assay
	Statistical analysis

	RESULTS
	TRAIL+ NK cells decreased in the liver with acute PHT
	IL-­33 was detected as a key cytokine related to the decreased activity of lr-­NK cells in the acute PHT model
	IL-­33 decreased the antitumor activity of liver-­resident NK cells
	Inhibition of IL-­33 maintained the antitumor activity of liver-­resident NK cells
	Candidate genes approach identified the TRAIL pathway in liver-­resident NK cells

	DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENT
	CONFLICT OF INTEREST
	REFERENCES


