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Abstract

Hepatic irradiation for the treatment of hepatobiliary malignancies often indirectly damages
liver tissue and promotes the development of liver fibrosis. However, little is known concern-
ing the effects of hepatic irradiation on the liver immune system, including natural killer (NK)
cells. The aim of this study was therefore to investigate how hepatic irradiation influences
the functions and characteristics of liver resident NK cells. An established murine hepatic
irradiation model was used to examine the specific effects of hepatic irradiation on immune
cell populations and metastasis. This analysis demonstrated that hepatic irradiation
decreased the number of liver resident NK cells (DX5 TRAIL*), but did not affect the total
NK number or proportions of NK cells in the liver or spleen. This effect was correlated with
the hepatic irradiation dose. Surprisingly, the liver resident NK population had not recovered
by two months after hepatic irradiation. We also found that hepatic irradiation limited the
cytotoxic effects of liver-derived lymphocytes against a mouse hepatoma cell line and pro-
moted hepatic metastases in an in vivo model, although adoptive transfer of activated NK
cells could alleviate metastatic growth. Finally, we demonstrated that hepatic irradiation dis-
rupted the development of liver-resident NK cells, even after the adoptive transfer of precur-
sor cells from the bone marrow, liver, and spleen, suggesting that irradiation had altered the
developmental environment of the liver. In summary, our data demonstrated that hepatic
irradiation abolished the DX5 TRAIL" liver-resident NK cell population and dampened anti-
tumor activities in the liver for at least two months. Additionally, hepatic irradiation prevented
differentiation of precursor cells into liver-resident NK cells.

Introduction

Hepatobiliary malignancies are a challenging medical issue due to high incidence rates and rela-
tively aggressive behavior. Although surgical resection is the standard method of treatment,
some patients are inoperable at the point of presentation. To counter this, use of radiation ther-
apy, including stereotactic body radiation therapy and hypofractionated proton therapy, has
gradually increased and continues to improve [1]. However, the liver is often incidentally
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irradiated during radiation therapy for tumors [2]. Subsequent damage to tissues ultimately cul-
minates in fibrosis due to the release of various pro-fibrogenic cytokines, including platelet-
derived growth factor (PDGF) and TGF-p [3]. Radiation can also affect the immune environ-
ment. For example, radiation treatment leads to a marked increase in CXCL16 secretion by
breast tissue, promoting the recruitment of effector T cells to sites of inflammation in mice [4].
The direct lymphocyte response to radiation exposure is highly variable and natural killer T
(NKT) and regulatory T cells are both relatively radio-resistant compared to other lymphocyte
populations in humans [5, 6]. However, the effect of hepatic irradiation on liver resident natural
killer (IrNK) cells remains unclear. Therefore, we intended to analyze the effect of hepatic irradi-
ation on the phenotype, function, and development of liver resident NK cells in this study.

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 a first line of defense against disease [7]. The liver contains a relatively large number of
NK cells that are phenotypically and functionally distinct from other circulating NK cells (c(NK
cells) in humans [8, 9]. For example, IrNK cells can be defined as DX5"CD49a " TRAIL" CD69*
and CXCR6" in mice [10]. They have crucial functions in defending against viral infections
[11, 12], tumors [8, 13, 14], and possess memory-like properties [15].

Despite the relative importance of IrNK cells, their response to irradiation is unclear. To
examine this in more detail, the present study investigated the influence of hepatic irradiation
on the function and phenotypes of IrNK cells using a mouse hepatic irradiation model. We
also assessed whether liver irradiation affected the differentiation of NK cells in the liver. Our
data demonstrate that hepatic irradiation specifically eliminated the IrNK cell population for at
least two months and that this deficit was not restored by adoptive transfer of precursor cells.
We also found that hepatic irradiation limited the cytotoxic properties of liver-derived lym-
phocytes and affected the progression of metastases in vivo. However, adoptive transfer of acti-
vated NK cells was able to limit the rate of metastasis. These data will have important
implications for the future treatment of hepatobiliary malignancies with irradiation and
underscore the damage that such treatments can have on the immune system.

Materials and methods

Mice

C57BL/6] (B6) (H-2b) mice were purchased from CLEA Japan, Inc. (Osaka, Japan). RAG-2y
(c) knockout (C57BL/6] x C57BL/10SgSnAi[KO]yc[KO]Rag-2) mice were obtained from
Taconic Farms (Hudson, NY, USA). The mice were housed in the animal facility of Hiroshima
University, Japan, in a pathogen-free microenvironment. Both male and female mice were
used between 8 and 12 weeks of age. Mice were euthanized by cervical dislocation after isoflur-
ane inhalation, when indicated. All efforts were made to minimize the suffering of animals for
the duration of their lives and during sacrifice.

Ethics statement

This study was performed in strict accordance with the Guide for the Care and Use of Labora-
tory Animals and the local committee for animal experiments. The experimental protocol was
approved by the Ethics Review Committee for Animal Experimentation of the Graduate
School of Biomedical Sciences, Hiroshima University (Permit Number: A17-60). All animal
experiments were performed according to the guidelines set out by the US National Institutes
of Health (1996). This work was performed in part at the Research Facilities for Laboratory
Animal Science, Natural Science Center for Basic Research and Development (N-BARD),
Hiroshima University, Japan.
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Hepatic irradiation

Whole-liver irradiation was performed as previously described [16, 17]. Briefly, before irradia-
tion, each animal was anesthetized by intraperitoneal injection of xylazine (5 mg/kg body
weight) and ketamine (100 mg/kg body weight) and the abdomen was surgically opened. A
3-mm-thick high-density tungsten sheet (density: 12, Nippon Tungsten Co. Ltd, Fukuoka,
Japan) was placed behind the liver to shield the gastrointestinal tract before irradiation of
supine-positioned mice. Whole-liver irradiation was delivered by a single anterior beam using
a 320 MGC Philips orthovoltage unit operating at 320 kVP, 10 mA, and 0.5-mm copper filtra-
tion (Phillips, Amsterdam, Netherlands). The dose rate was 320 cGy/min to the midline at a
2-cm depth within the jig at a 35-cm source-to-surface distance. The blood samples were
obtained from the caudal vein for measurement of aspartate aminotransferase (AST) and ala-
nine aminotransferase (ALT) levels as markers of liver damage; all blood tests were performed
at FUJIFILM Monolith Co., Ltd. (Tokyo, Japan). For the histological evaluation of the liver, 4-
um tissue sections were stained with hematoxylin and eosin (HE). Mice were sacrificed 2, 4, 6,
or 8 weeks post irradiation for investigation.

Isolation of lymphocytes

Lymphocytes were isolated from the liver, spleen, and bone marrow (BM) of untreated and
irradiated mice under anesthesia. Liver lymphocytes were prepared as previously described
[18]. Briefly, after injection of 1 mL of phosphate-buffered saline (PBS) supplemented with
10% heparin into the portal vein, the liver was resected and perfused with 50 mL of PBS sup-
plemented with 0.1% ethylenediaminetetraacetic acid (EDTA). Blood cells were harvested
from the liver perfusate by centrifugation and erythrocytes were removed using an ammonijum
chloride potassium lysing buffer. The isolated spleen isolated was mechanically dissociated,
and then erythrocytes were lysed using an ammonium chloride potassium lysing buffer. We
obtained BM cells by flushing femurs and then lysing erythrocytes using the ammonium chlo-
ride potassium lysing buffer.

Flow cytometric analysis

Flow cytometric analyses were performed using a FACSCanto II cytometer (BD Biosciences,
Mountain View, CA, USA) or the LSRFortessa X-20 system (BD Biosciences, Mountain View,
CA, USA). For phenotyping of NK cell surface markers, liver, spleen and BM lymphocytes
were stained with anti-NK1.1 (PK136), anti-CD69 (H1.2F3), and anti-CD3(145-2C11), (both
BD Biosciences, Mountain View, CA, USA), anti-TCRp chain (H57-597), anti-TRAIL
(CD253) and anti-TCRy3 chain (GL3) mAbs (both BioLegend, San Diego, CA, USA). Nonspe-
cific FcyR binding of labeled mAbs was blocked using an anti-CD16/32 mAb (2.4G2; BD Phar-
Mingen, Hamburg, Germany). Dead cells were excluded from the analysis by forward scatter
and propidium iodide (PI; Sigma-Aldrich, St. Louis, MO, USA), or 7-amino-actinomycin D
(7-AAD; BD Biosciences, Mountain View, CA, USA) staining.

Hepatoma cell line

The mouse hepatoma cell line Hepal-6 (derived from H-2b mice) was purchased from RIKEN
Cell Bank (Tsukuba, Japan).

Cytotoxicity assays

Cell cytotoxicity was assessed as previously described [13]. Briefly, Hepal-6 cells were
labeled with Na,[*'Cr]O, for use as target cells and then incubated with effector cells in
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round-bottomed 96-well plates for 4 h at 37°C. The percent cytotoxicity, as indicated by
>!Cr release, was calculated using the equation percent cytotoxicity = [(cpm of experimental
release — cpm of spontaneous release)] / [(cpm of maximum release — cpm of spontaneous
release)] x 100. All assays were performed in triplicate.

Induction of liver metastasis

To induce tumors in vivo, Hepal-6 tumor cells in 0.2 mL of medium 199 (Sigma-Aldrich,

St. Louis, MO, USA), at a concentration of 107 cells/mL, were injected into the spleen[19].
C57BL/6] (B6) (H-2b) mice were anesthetized by intraperitoneal injection of xylazine (5 mg/
kg body weight) and ketamine (100 mg/kg body weight), and the abdomen was surgically
opened. After the spleen was identified, Hepal-6 tumor cells were slowly injected.

Isolation of NK cells and adoptive transfer assays

Liver lymphocytes were obtained from wild type B6 mice that had received an intraperitoneal
injection of polyinosinic-polycytidylic acid (poly I:C; 150 ug/mouse) (Sigma-Aldrich,

St. Louis, MO, USA) 24 h prior to harvesting. Poly I:C activates NK cells primarily by inducing
the production of type I (a, B) IFN and IL-12 from a wide variety of cell types [20]. Liver NK
cells were then negatively separated using a mouse NK cell isolation kit IT (Miltenyi Biotec,
Bergisch Gladbach, Germany). The purity of isolated NK cells was assessed by flow cytometry.
The purity of the sorted cells was routinely 85%. Three days after injection of the tumor cells,
tumor-bearing mice were randomly assigned to either a group treated with 5 x 10> NK cells in
0.2 mL of medium 199 or a control group treated with only medium 199.

Histological evaluation of metastatic growth in the liver

The mice were sacrificed seven days after tumor cell injection, and the liver was removed and
fixed overnight in 10% formalin. For studies using a BZ-8000 microscope (Keyence, Osaka,
Japan), 4-um tissue sections of the liver were stained with HE. The relative areas occupied by
the tumors were calculated as the percentage of the total scanned liver area using a BZ-H1M3
image analyzer (Keyence).

Isolation of NK1.1" CD3" cells and transfer assays

To deplete NK1.1" cells, B6 mice were treated with intraperitoneal injections of anti-NK1.1
antibody (PK136) (200 ug/mouse) 3 d before the isolation of lymphocytes from the liver,
spleen, and BM. The anti-NK1.1 antibody (PK136) was prepared in the laboratory using proto-
cols described in a previous study [21]. Next, CD3" cells were purified using a magnetic cell
sorting system (Miltenyi Biotec, Bergisch Gladbach, Germany), according to the manufac-
turer’s instructions. For purification of CD3" cells, cell suspensions were incubated with a
FITC-labeled mAb specific for CD3e (BD PharMingen, Hamburg, Germany) and then with
an anti-FITC mAb coupled to super-paramagnetic microbeads (Miltenyi Biotec, Bergisch
Gladbach, Germany). Negative selection columns mounted in a magnetic stand were used to
deplete the CD3" cells. The purity of sorted cell populations was confirmed to be >90% using
post-sort flow cytometry. RAG-2y(c) knockout mice, either untreated or irradiated, intrave-
nously received purified NK1.1"CD3" liver lymphocytes, NK1.1 CD3" splenic lymphocytes,
or NK1.1"CD3™ BM lymphocytes.
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Statistical analysis

Unpaired Student’s t-tests, the nonparametric Mann-Whitney U test, and ANOV A were per-
formed to compare differences between the two independent groups. p < 0.05 was considered
statistically significant. Values are expressed as the mean + standard deviation (SD). JMP 11
software (SAS Institute Inc., Cary, NC, USA) was used for all calculations.

Results
Hepatic irradiation did not affect intra-hepatic lymphocytes

We established a murine hepatic irradiation model based on previously published reports that
assessed the effects of whole liver irradiation in rats [17, 22]. S1A Fig summarizes the AST and
ALT plasma levels in each group of mice. After hepatic irradiation, AST and ALT plasma levels
tended to increase. However, microscopy and HE staining showed no significant changes for 8
weeks after hepatic irradiation (S1B Fig). The NK cell population was examined in mice with
hepatic irradiation, using single-fraction doses of 5 Gy, 10 Gy, or 20 Gy. We observed that the
overall numbers and proportions of total NK, NK1*-like T cells [23], and T cells in the livers
and spleens of the mice did not change in the two months after hepatic irradiation when com-
pared to the baseline before hepatic irradiation (Fig 1A and 1B). To analyze the influence of
contamination of 8T cells contained in the TCRB'NK1.1" population, we checked the pres-
ence of YOT cells in liver NK cells. We could detect only 1.8 + 0.3% 3T cells among whole liver
NK cells and 1.7 £ 0.2% y8T cells among IrNK cells (S2 Fig).

The reduction in DX5 TRAIL" IrNK cells after irradiation persisted for
two months after irradiation

We next compared the expression of various surface markers on hepatic NK cells, showing
that the proportion of IrNK cells (defined as DX5 TRAIL") significantly decreased in the mice
exposed to 10 Gy or 20 Gy when compared to the sham-operation group. LrNK cells were
maintained in mice irradiated with 5 Gy. This showed that hepatic irradiation specifically
decreased the amount of DX5 TRAIL" IrNK cells in a dose-dependent manner (Fig 2A and
2B). In contrast, the frequency of DX5 TRAIL'NK cells significantly increased in mice exposed
to 10 Gy or 20 Gy when compared to the sham-operated group (S3 Fig). Further, the pheno-
type of splenic NK cells did not change in either group (Fig 2C). Taken together, these data
suggest that hepatic irradiation strongly affected the maintenance of DX5 TRAIL" IrNK cells.

Hepatic irradiation dampened the cytotoxic activity of hepatic NK cells
against hepatoma cells

We previously reported that partial hepatectomy decreased the expression of TRAIL in IrNK
cells and decreased their cytotoxic potential [13]. We therefore examined the cytotoxic activity
of liver-derived lymphocytes in mice after hepatic irradiation. As shown in Fig 3, freshly iso-
lated liver lymphocytes possessed potent cytotoxicity against TRAIL-sensitive hepatoma
Hepal-6 cells. However, liver lymphocytes isolated from mice that had received hepatic irradi-
ation one or two months prior were unable to mediate cytotoxicity (Fig 3). Next, we examined
the cytotoxic activity of isolated NK cells among liver lymphocytes after hepatic irradiation.
Freshly isolated liver NK cells possessed potent cytotoxicity against Hepal-6 cells. However,
isolated liver NK cells that had received hepatic irradiation one month prior were unable to
mediate cytotoxicity (54 Fig).
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Fig 1. Time course analysis of liver and splenic lymphocytes. Liver and splenic lymphocytes were isolated from control or hepatic
irradiated B6 mice. (A) Liver and splenic lymphocytes were stained with anti-NK1.1, anti-TCRp, and PI. Representative flow panels show
the percentages of NK1.1"TCRB™ NK cells, NK1.1"TCRB* NK1*-like T cells, and NK1.1"TCRB" T cells among the live lymphocyte
population in the liver. (B) The overall proportions of NK cells, NK1"-like T cells, and T cells among the live lymphocyte population in the
liver and spleen did not change in the 2 months after hepatic irradiation (n = 4). Data are expressed as the mean + SD. Statistical differences
were assessed using the nonparametric Mann-Whitney U test.

https://doi.org/10.1371/journal.pone.0198904.9001

Adoptive transfer of IrNK cells inhibited liver metastasis in hepatic-
irradiated mice

We next analyzed whether the reduced activity of liver NK cells after hepatic irradiation also
promoted the proliferation of hepatoma cells in vivo. As shown in Fig 4A, additional liver
tumors were detected after hepatic irradiation in mice. Conversely, fewer liver tumors were
detected in control mice that were not irradiated. To further analyze the anti-tumor effects of
IrNK cells, we investigated whether adoptive transfer of IrNK cells could reconstitute these
defensive activities after hepatic irradiation in mice. Three days after administering Hepal-6
cells to hepatic-irradiated mice, we intravenously administered NK cells extracted from the liv-
ers of syngeneic mice. Mice receiving liver NK cells showed significantly less metastasis one
week after inoculation (Fig 4A and 4B).

Hepatic irradiation inhibited the development of precursors to IrNK cells
in the liver

As our data suggest that hepatic irradiation plays a negative role in the maintenance of

DX5 TRAIL" IrNK cells in the liver, we next assessed if there was an effect on their develop-
ment. However, the identities of the precursors of IrNK cells are controversial, with both the
liver [15] and BM [24] previously reported to be the source of these cells. To investigate the
precursors of IrNK cells, we transferred purified non-T, non-NK, and non- NK1*-like T cell
precursors (CD3"NK1.1" cells) from liver lymphocytes, splenic lymphocytes, and bone mar-
row cells to RAG-2y(c) knockout mice (S5 and 5A Figs). Surprisingly, DX5 TRAIL* NK cells
were generated in the recipient liver one month after transfer into each of the groups (Fig 5B).
This demonstrated that the precursors of the hepatic DX5 TRAIL" IrNK cell subset exist in the
liver, spleen, and BM. The discovery that the precursors of hepatic NK cells were present in the
spleen and BM, in addition to the liver, and that hepatic irradiation abolished the DX5 TRAIL"
NK cell population associated with the liver environment, suggested that hepatic irradiation
may alter NK cell development. To investigate this possibility, we transferred purified non-T,
non-NK, and non- NK1"-like T cells precursors (CD3"NK1.1~ cells) from liver lymphocytes,
splenic lymphocytes, or BM cells to RAG-2y(c) knockout mice that had received hepatic irra-
diation one week prior to the experiment. Although the precursor cells from liver, spleen, and
BM were adoptively transferred to hepatic irradiated mice, DX5 TRAIL" IrNK cells were still
not generated in the recipient liver up to one month after transfer (Fig 5C and 5D). These
results suggest that hepatic irradiation abolished the precursor cells in the liver and altered the
environment in which IrNK cells differentiated.

Discussion

In this study, we show that hepatic irradiation specifically eliminated the DX5 TRAIL" IrNK
cell population. This situation was maintained for at least two months after the hepatic irradia-
tion procedure. Using a hepatoma cell line, we found that hepatic irradiation also reduced the
cytotoxic activity of NK cells in the liver, promoting tumor growth. Furthermore, adoptive
transfer of precursor cells could not restore the DX5 TRAIL" IrNK cell population in the liver
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Fig 2. Hepatic irradiation decreases the proportion of DX5 TRAIL" IrNK cells for up to two months. (A) The liver and splenic lymphocytes were
stained with anti-NK1.1, anti-TCR, and PI. NK1.1"TCRB™ NK cells were then gated for the analysis of other markers. NK cells were divided into

DX5 TRAIL" IrNK cells and DX5"TRAIL™ cNK cells. (B) After hepatic irradiation, the IrNK cell population was significantly decreased, whereas the cNK
cell population did not change, in livers irradiated with 10 Gy or 20 Gy when compared to sham-operation mice (n = 4). (C) The populations of

DX5 TRAIL" IrNK cells and DX5" TRAIL™ cNK cells in the spleen did not change after hepatic irradiation in the 5 Gy, 10 Gy, and 20 Gy groups (n = 4).
Data are expressed as the mean + SD. Statistical differences were assessed using the nonparametric Mann-Whitney U test (*p < 0.05).

https://doi.org/10.1371/journal.pone.0198904.9002

lost after hepatic irradiation. Our data suggest that hepatic irradiation changes the develop-
mental environment of the liver, preventing precursor cell differentiation into IrNK cells.

The effects of irradiation on the immune system have been demonstrated in several tissues.
For example, partial irradiation of rat lungs increased the expression of TNF, IL-6, and TGF-f
[25]. Local radiotherapy also promotes the generation of tumor-specific effector T cells via
dendritic cell activation [26]. In a hepatic irradiation rat model, the expression of alpha smooth
muscle actin (a-SMA) and transforming growth factor-beta (TGF-p) was also shown to
increase as a result of liver fibrosis [17]. In our current study, hepatic irradiation was found to
decrease only the amount of DX5 TRAIL" IrNK cells, and the numbers of conventional NK
cells, NK1*-like T cells, and T cells in the liver remained unchanged. Furthermore, the fre-
quency of DX5 TRAIL'NK cells significantly increased after hepatic irradiation. This
DX5 TRAIL’ population belongs to a more immature population named NK cell-committed
precursors [27]. To summarize these data, hepatic irradiation decreased the proportion of
IrNK cells, and as a result, the amount of immature NK precursor cells increased in the liver.

One months after hepatic irradiation Two months after hepatic irradiation
30 S~ 30 ~
x control * control
25 A 25 A
> 20 A === hepatic = 20 A === hepatic
i g irradiation i g irradiation
g 15 A s 15 4
e 5
5 )
= 10 - s 10 - Ls
- - =
5 A 5 A
0 0
80:1 40:1 20:1 10:1 5:1 80:1 40:1 20:1 10:1 5:1
E: T ratio E: T ratio

Fig 3. Hepatic irradiation decreases the cytotoxic activities of liver lymphocytes. The cytotoxicity of liver lymphocytes after hepatic irradiation using
single-fraction doses of 10 Gy was decreased at both one (left) and two (right) months after irradiation. Freshly isolated liver lymphocytes after sham
operation were used as the control. Data are expressed as the mean + SD. (n = 4 mice per group). Statistical differences were assessed using ANOVA

(*p < 0.05).
https://doi.org/10.1371/journal.pone.0198904.9003

PLOS ONE | https://doi.org/10.1371/journal.pone.0198904 June 13,2018 9/16


https://doi.org/10.1371/journal.pone.0198904.g002
https://doi.org/10.1371/journal.pone.0198904.g003
https://doi.org/10.1371/journal.pone.0198904

o @
@ : PLOS | ONE Hepatic irradiation eliminates liver resident NK cells

A

control hepatic irradiation hepatic irradiation +
NK inoculation

Relative area occupied by
Metastatic tumors(%o)

control hepatic irradiation hepatic irradiation +
NKinoculation

Fig 4. Hepatic irradiation increases hepatic metastasis and adoptive transfer of activated NK cells inhibits this effect. (A) Representative histopathological findings
of liver specimens (stained with H&E). Specimens are shown from the control group (left), hepatic irradiated group (middle), and the group that received irradiation
followed by NK cell transplantation (right). Arrows indicate metastatic tumors. (B) Seven days before splenic injection of Hepal-6, mice underwent hepatic irradiation
using single-fraction doses of 10 Gy or did not undergo hepatic irradiation as the control group and were injected with tumor cells on Day 0. On Day 3, the hepatic
irradiation + NK inoculation group (n = 5) received an intravenous injection of 5 x 10° liver NK cells, whereas control group (n = 5) and the hepatic irradiation group
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(n = 7) received medium alone. The proliferation of hepatoma cells was promoted but the adoptive transfer of activated liver NK cells inhibited liver metastasis. Data
are represented as the mean + SD. Statistical differences were assessed using unpaired Student’s ¢-test (* p < 0.05 for control vs. hepatic irradiation; ** p < 0.05 for
hepatic irradiation vs. hepatic irradiation + NK inoculation mice).

https://doi.org/10.1371/journal.pone.0198904.9004

In addition, previous reports have shown that NK cell accumulation is dependent on certain
cytokines and chemokines, such as IFN-y and CXCR3 ligands [28], and our own recent find-
ings suggest that CXCL9 mRNA levels are significantly decreased in the liver after hepatec-
tomy [29]. Together with our present data, these studies suggest that the microenvironment
change elicited by irradiation affects only IrNK cells.

LrNK cells are defined as being DX57, with elevated levels of TRAIL, and are capable of
inducing cell death in TRAIL-sensitive target cells [15, 30, 31]. Recently, different transcrip-
tional networks have been shown to control the development of IrNK cells and conventional
NK cells, suggesting that IrNK cells are distinct from conventional NK cells that develop from
BM progenitors [32-34]. Indeed, it has been shown that the transcription factor T-bet is
required for early development of IrNK cells but has only a moderate effect on conventional
NK cell development. In contrast, IrNK cells express eomesodermin (Eomes) at low levels
compared to conventional NK cells. Eomes is important for conventional NK cell development
but does not impact IrNK cells [33, 35]. We have previously shown that IrNK cells play impor-
tant roles in anti-tumor immunity in the liver, especially after a hepatectomy [8, 13]. It has
been reported that after adoptive transfer, IrNK cells migrate only to the liver [15].We have
already reported that injected hepatic NK cells could migrate into the liver via the
CXCL9-CXCR3 pathway and could attack tumor cells in the liver [13, 29]. Our results show
that hepatic irradiation promoted tumor growth, and adoptive transfer of liver NK cells inhib-
ited tumor growth in mice that underwent hepatic irradiation. Our observation that hepatic
irradiation completely removed the IrNK cell population implies that such irradiation weakens
anti-tumor immunity in the liver.

There are, however, some limitations to the present study. First, the observation period was
short and limited to two months after irradiation. Therefore, the long-term effect of hepatic
irradiation on IrNK cells remains unknown. However, the dampening of NK cell-mediated
immunity in the liver likely affects tumor growth shortly after hepatic irradiation, limiting the
impact of using a short timescale. We therefore believe that the phenomenon we have observed
is important in clinical situations. Second, the underlying mechanisms of hepatic irradiation
on IrNK cells remain unclear and we could not identify any specific mechanism in the study.
This was because many cytokines and chemokines change in the liver following hepatic irradi-
ation, making relationships difficult to ascertain. Third, whole liver irradiation is not a general
treatment. Local hepatic irradiation is focused on where the tumor masses are. Such local irra-
diation might not be associated with persistent elimination of IrNK cells. Rather, local irradia-
tion could reduce the size of tumors, thereby enhancing the killing of tumor cells by NK cells
surrounding the irradiated area. Fourth, the frequency of NK cells that migrated into the liver
was very small. The transferred fraction did not contain NK1.17 cells because this population
was depleted using monoclonal antibodies. Hepatic irradiation significantly decreased the
number of IrNK cells and increased the frequency of immature NK precursors. These results
indicate that hepatic irradiation could suppress differentiation from immature NK precursors
to IrNK cells in the liver. Additionally, there has been no evidence indicating that IrNK cells
are particularly sensitive to radiation. Furthermore, the sensitivity and proportion of the liver
lymphocyte fraction in the liver is likely different between mice and humans. These issues
should be assessed in future studies.
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Fig 5. DX5 TRAIL" NK cells were generated from non-T, non-NK precursors (CD3"NK1.1™ cells) isolated from liver lymphocytes,
splenic lymphocytes, and BM cells in control mice, but not from mice that received liver irradiation. (A) Liver lymphocytes of RAG-
2y(c) knockout mice were stained with anti-NK1.1, anti-TCRB, and PL. Representative flow panels show the percentages of NK1.1*"TCRp
— fractionation among the live lymphocyte population in the liver. (B) Representative flow cytometry plots of DX5 TRAIL" IrNK cells
isolated from the liver in CD3"NK1.1" liver lymphocyte-administered (upper), CD3"NK1.1" splenic lymphocyte-administered (middle),
and CD3"NK1.1” BM lymphocyte-administered (lower) mice, gated on the total NK1.1" TCRB" cell population (n = 5). (C)
Representative flow cytometry plots of DX5 TRAIL" IrNK cells isolated from the liver in CD3"NK1.1~ liver lymphocyte-administered
(upper), CD3"NK1.1" splenic lymphocyte-administered (middle), and CD3"NK1.1~ BM lymphocyte-administered (lower) mice that
received hepatic irradiation, gated on the total NK1.1* TCRB™ cell population (n = 5). (D) The proportion of DX5 TRAIL* NK cells in
control mice was significantly higher than that in mice with hepatic irradiation in the CD3™NK1.1" liver lymphocyte-administered group
(left), CD3"NK1.1" splenic lymphocyte-administered group (middle), and CD3"NK1.1~ BM lymphocyte-administered group (right).
Data are presented as the mean + SD. Statistical differences were assessed using unpaired Student’s ¢-test (* p < 0.05 for control vs.
hepatic irradiation mice).

https://doi.org/10.1371/journal.pone.0198904.9005

In conclusion, hepatic irradiation eliminated the DX5 TRAIL" IrNK cell population, and
this situation was maintained for at least two months after irradiation. Furthermore, precursor
cells failed to differentiate into IrNK cells after hepatic irradiation. These data highlight the
effects of such treatment on immune cells in the liver and suggest possible new avenues of
research that may contribute to improving the outcome for patients with hepatobiliary
malignancies.

Supporting information

S1 Fig. Time course analysis of blood test for liver function and pathological changes in
liver. (A) After hepatic irradiation, AST and ALT plasma levels in mice that received hepatic
irradiation tended to be higher compared to those of sham-operated mice for up to two
months. (n = 4). Data are expressed as the mean + SD. Statistical differences were assessed
using the nonparametric Mann-Whitney U test. (*p < 0.05). (B) Representative histopatholog-
ical findings of liver specimens (stained with H&E). Specimens are shown from pre-irradiation
mice (left), 4 weeks after hepatic irradiation (middle), and 8 weeks after hepatic irradiation
(right).

(TIF)

S2 Fig. voT cells in liver NK cell analysis. Liver lymphocytes were isolated from B6 mice. (A)
Liver lymphocytes were stained with anti-NK1.1, anti- TCRB and 7-AAD. NK1.1" TCRB'NK
cells were then gated for the analysis of other markers. We defined y8T cells as CD3 "TCRy&"
cells. Representative flow panels show the percentages of YT cells among liver NK cells. (B)
DX5 TRAIL" IrNK were then gated for the analysis of y8T cells. Representative flow panels
show the percentages of y8T cells among IrNK cells (n = 3). Data are expressed as the

mean * SD.

(TIF)

S3 Fig. Hepatic irradiation increases the proportion of DX5 TRAIL™ NK cells for up to two
months. After hepatic irradiation, DX5 "TRAIL™ NK cell population was significantly increased
in livers irradiated with 10 Gy or 20 Gy when compared to those of sham-operated mice

(n = 4). Data are expressed as the mean + SD. Statistical differences were assessed using the
nonparametric Mann-Whitney U test (*p < 0.05).

(TIF)

$4 Fig. Hepatic irradiation decreases the cytotoxic activities of liver NK cells. The cytotox-
icity of isolated NK cells in liver lymphocytes after hepatic irradiation using single-fraction
doses of 10 Gy was decreased at one month after irradiation. Freshly isolated liver NK cells
after sham operation were used as the control. Data are expressed as the mean + SD. (n = 15
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mice per group). Statistical differences were assessed using ANOVA (*p < 0.05).
(TIF)

S5 Fig. Phenotype of transferred cells. Representative flow cytometry plots of CD3 and
NKI.1 depleted liver lymphocytes extracted from wild-type B6 mice (left), CD3 and NK1.1
depleted splenic lymphocytes extracted from wild-type B6 mice (middle), and CD3 and NK1.1
depleted BM lymphocytes extracted from wild-type B6 mice (right). Representative flow panels
show the percentages of NK1.1"TCRB™ NK cells.

(TIF)

Acknowledgments

This work was performed in part at the Research Facilities for Laboratory Animal Science and
the Analysis Center of Life Science, Natural Science Center for Basic Research and Develop-
ment, Hiroshima University, Hiroshima, Japan, and we thank the staff for their assistance.

Author Contributions

Conceptualization: Hideki Ohdan.

Data curation: Ryosuke Nakano, Takuya Yano, Yuki Imaoka.
Funding acquisition: Masahiro Ohira, Hideki Ohdan.
Investigation: Ryosuke Nakano.

Project administration: Masahiro Ohira.

Supervision: Yuka Tanaka, Hideki Ohdan.

Writing - original draft: Ryosuke Nakano.

Writing - review & editing: Masahiro Ohira, Hideki Ohdan.

References

1. Lischalk JW, Repka MC, Unger K. Radiation therapy for hepatobiliary malignancies. J Gastrointest
Oncol. 2017; 8(2): 279-292. Epub 2017/05/10. https://doi.org/10.21037/jgo.2016.08.02 PMID:
28480067; PubMed Central PMCID: PMCPMC5401861.

2. PanCC, Kavanagh BD, Dawson LA, Li XA, Das SK, Miften M, et al. Radiation-associated liver injury. Int
J Radiat Oncol Biol Phys. 2010; 76(3 Suppl): S94—100. https://doi.org/10.1016/}.ijrobp.2009.06.092
PMID: 20171524; PubMed Central PMCID: PMCPMC4388033.

3. Schaue D, Kachikwu EL, McBride WH. Cytokines in radiobiological responses: a review.Radiat Res.
2012; 178(6): 505-523. https://doi.org/10.1667/RR3031.1 PMID: 23106210; PubMed Central PMCID:
PMCPMC3723384.

4. Matsumura S, Wang B, Kawashima N, Braunstein S, Badura M, Cameron TO, et al. Radiation-induced
CXCL16 release by breast cancer cells attracts effector T cells. J Immunol. 2008; 181(5): 3099-3107.
PMID: 18713980; PubMed Central PMCID: PMCPMC2587101.

5. Kobayashi K, Tanaka Y, Horiguchi S, Yamamoto S, Toshinori N, Sugimoto A, et al. The effect of radio-
therapy on NKT cells in patients with advanced head and neck cancer. Cancer Immunol Immunother.
2010; 59(10): 1503—-1509. https://doi.org/10.1007/s00262-010-0877-2 PMID: 20582589.

6. PersaE, Balogh A, Safrany G, Lumniczky K. The effect of ionizing radiation on regulatory T cells in
health and disease. Cancer Lett. 2015; 368(2): 252—261. Epub 2015/03/11. https://doi.org/10.1016/j.
canlet.2015.03.003 PMID: 25754816.

7. Trinchieri G. Biology of natural killer cells. Adv Immunol. 1989; 47: 187-376. PMID: 2683611

8. Ishiyama K, Ohdan H, Ohira M, Mitsuta H, Arihiro K, Asahara T. Difference in cytotoxicity against hepa-
tocellular carcinoma between liver and periphery natural killer cells in humans. Hepatology. 2006; 43
(2): 362-372. Epub 2006/01/28. https://doi.org/10.1002/hep.21035 PMID: 16440347.

PLOS ONE | https://doi.org/10.1371/journal.pone.0198904 June 13,2018 14/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0198904.s005
https://doi.org/10.21037/jgo.2016.08.02
http://www.ncbi.nlm.nih.gov/pubmed/28480067
https://doi.org/10.1016/j.ijrobp.2009.06.092
http://www.ncbi.nlm.nih.gov/pubmed/20171524
https://doi.org/10.1667/RR3031.1
http://www.ncbi.nlm.nih.gov/pubmed/23106210
http://www.ncbi.nlm.nih.gov/pubmed/18713980
https://doi.org/10.1007/s00262-010-0877-2
http://www.ncbi.nlm.nih.gov/pubmed/20582589
https://doi.org/10.1016/j.canlet.2015.03.003
https://doi.org/10.1016/j.canlet.2015.03.003
http://www.ncbi.nlm.nih.gov/pubmed/25754816
http://www.ncbi.nlm.nih.gov/pubmed/2683611
https://doi.org/10.1002/hep.21035
http://www.ncbi.nlm.nih.gov/pubmed/16440347
https://doi.org/10.1371/journal.pone.0198904

@° PLOS | ONE

Hepatic irradiation eliminates liver resident NK cells

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

Moroso V, Metselaar HJ, Mancham S, Tilanus HW, Eissens D, van der Meer A, et al. Liver grafts con-
tain a unique subset of natural killer cells that are transferred into the recipient after liver transplantation.
Liver Transpl. 2010; 16(7): 895-908. Epub 2010/06/29. https://doi.org/10.1002/1t.22080 PMID:
20583081

Male V. Liver-Resident NK Cells: the human factor. Trends Immunol. 2017; 38(5): 307—-309. https://doi.
org/10.1016/.it.2017.02.008 PMID: 28318877

Bonorino P, Ramzan M, Camous X, Dufeu-Duchesne T, Thelu MA, Sturm N, et al. Fine characterization
of intrahepatic NK cells expressing natural killer receptors in chronic hepatitis B and C. J Hepatol. 2009;
51(8): 458-467. Epub 2009/07/15. doi: S0168-8278(09)00385-7 [pii] https://doi.org/10.1016/j.jhep.
2009.05.030 PMID: 19596474.

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 transplantation in humans and

humanized mice. J Clin Invest. 2009; 119(11): 3226-3235. Epub 2009/10/07. https://doi.org/10.1172/
JCI38374 PMID: 19805910; PubMed Central PMCID: PMCPMC2769186.

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 hepatec-
tomy. Transplantation. 2006; 82(12): 1712—-1719. Epub 2007/01/02. https://doi.org/10.1097/01.tp.
0000250935.41034.2d PMID: 17198265.

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(1): 94—100. https://doi.org/10.1038/83416 PMID: 11135622.

Peng H, Jiang X, Chen Y, Sojka DK, Wei H, Gao X, et al. Liver-resident NK cells confer adaptive immu-
nity in skin-contact inflammation. J Clin Invest. 2013; 123(4): 1444—1456. Epub 2013/03/26. https://doi.
org/10.1172/JC166381 PMID: 23524967; PubMed Central PMCID: PMC3613925.

Guha C, Sharma A, Gupta S, Alfieri A, Gorla GR, Gagandeep S, et al. Amelioration of radiation-induced
liver damage in partially hepatectomized rats by hepatocyte transplantation. Cancer Res. 1999; 59(23):
5871-5874. Epub 1999/12/22. PMID: 10606225.

Imaeda M, Ishikawa H, Yoshida Y, Takahashi T, Ohkubo Y, Musha A, et al. Long-term pathological and
immunohistochemical features in the liver after intraoperative whole-liver irradiation in rats. J Radiat
Res. 2014; 55(4): 665—673. hitps://doi.org/10.1093/jrr/rru005 PMID: 24566720; PubMed Central
PMCID: PMCPMC4099997.

Bouwens L, Remels L, Baekeland M, Van Bossuyt H, Wisse E. Large granular lymphocytes or "pit cells"
from rat liver: isolation, ultrastructural characterization and natural killer activity. Eur J Immunol. 1987;
17(1): 37—42. https://doi.org/10.1002/€ji.1830170107 PMID: 3816934.

Gauttier V, Judor JP, Le Guen V, Cany J, Ferry N, Conchon S. Agonistic anti-CD137 antibody treatment
leads to antitumor response in mice with liver cancer. Int J Cancer. 2014; 135(12): 2857-2867. https:/
doi.org/10.1002/ijc.28943 PMID: 24789574.

Djeu JY, Heinbaugh JA, Holden HT, Herberman RB. Augmentation of mouse natural killer cell activity
by interferon and interferon inducers. J Immunol. 1979; 122(1): 175-181. Epub 1979/01/01. PMID:
310826.

Koo GC, Dumont FJ, Tutt M, Hackett J Jr., Kumar V. The NK-1.1(-) mouse: a model to study differentia-
tion of murine NK cells. J Immunol. 1986; 137(12): 3742-3747. Epub 1986/12/15. PMID: 3782794.

Guha C, Sharma A, Gupta S, Alfieri A, Gorla GR, Gagandeep S, et al. Amelioration of radiation-induced
liver damage in partially hepatectomized rats by hepatocyte transplantation. Cancer research. 1999; 59
(23): 5871-5874. PMID: 10606225

Gombert JM, Herbelin A, Tancrede-Bohin E, Dy M, Carnaud C, Bach JF. Early quantitative and func-
tional deficiency of NK1+-like thymocytes in the NOD mouse. Eur J Immunol. 1996; 26(12): 2989—2998.
Epub 1996/12/01. https://doi.org/10.1002/eji. 1830261226 PMID: 8977295.

Cuff AO, Robertson FP, Stegmann KA, Pallett LJ, Maini MK, Davidson BR, et al. Eomeshi NK cells in
human liver are long-lived and do not recirculate but can be replenished from the circulation. J Immunol.
2016; 197(11): 4283-4291. Epub 2016/11/01. https://doi.org/10.4049/jimmunol. 1601424 PMID:
27798170; PubMed Central PMCID: PMCPMC5114885.

Formenti SC, Demaria S. Systemic effects of local radiotherapy. Lancet Oncol. 2009; 10(7): 718-726.
https://doi.org/10.1016/S1470-2045(09)70082-8 PMID: 19573801; PubMed Central PMCID:
PMCPMC2782943.

Gupta A, Probst HC, Vuong V, Landshammer A, Muth S, Yagita H, et al. Radiotherapy promotes tumor-
specific effector CD8+ T cells via dendritic cell activation. J Immunol. 2012; 189(2): 558-566. Epub
2012/06/12. https://doi.org/10.4049/jimmunol. 1200563 PMID: 22685313.

PLOS ONE | https://doi.org/10.1371/journal.pone.0198904 June 13,2018 15/16


https://doi.org/10.1002/lt.22080
http://www.ncbi.nlm.nih.gov/pubmed/20583081
https://doi.org/10.1016/j.it.2017.02.008
https://doi.org/10.1016/j.it.2017.02.008
http://www.ncbi.nlm.nih.gov/pubmed/28318877
https://doi.org/10.1016/j.jhep.2009.05.030
https://doi.org/10.1016/j.jhep.2009.05.030
http://www.ncbi.nlm.nih.gov/pubmed/19596474
https://doi.org/10.1172/JCI38374
https://doi.org/10.1172/JCI38374
http://www.ncbi.nlm.nih.gov/pubmed/19805910
https://doi.org/10.1097/01.tp.0000250935.41034.2d
https://doi.org/10.1097/01.tp.0000250935.41034.2d
http://www.ncbi.nlm.nih.gov/pubmed/17198265
https://doi.org/10.1038/83416
http://www.ncbi.nlm.nih.gov/pubmed/11135622
https://doi.org/10.1172/JCI66381
https://doi.org/10.1172/JCI66381
http://www.ncbi.nlm.nih.gov/pubmed/23524967
http://www.ncbi.nlm.nih.gov/pubmed/10606225
https://doi.org/10.1093/jrr/rru005
http://www.ncbi.nlm.nih.gov/pubmed/24566720
https://doi.org/10.1002/eji.1830170107
http://www.ncbi.nlm.nih.gov/pubmed/3816934
https://doi.org/10.1002/ijc.28943
https://doi.org/10.1002/ijc.28943
http://www.ncbi.nlm.nih.gov/pubmed/24789574
http://www.ncbi.nlm.nih.gov/pubmed/310826
http://www.ncbi.nlm.nih.gov/pubmed/3782794
http://www.ncbi.nlm.nih.gov/pubmed/10606225
https://doi.org/10.1002/eji.1830261226
http://www.ncbi.nlm.nih.gov/pubmed/8977295
https://doi.org/10.4049/jimmunol.1601424
http://www.ncbi.nlm.nih.gov/pubmed/27798170
https://doi.org/10.1016/S1470-2045(09)70082-8
http://www.ncbi.nlm.nih.gov/pubmed/19573801
https://doi.org/10.4049/jimmunol.1200563
http://www.ncbi.nlm.nih.gov/pubmed/22685313
https://doi.org/10.1371/journal.pone.0198904

@° PLOS | ONE

Hepatic irradiation eliminates liver resident NK cells

27.

28.

29.

30.

31.

32.

33.

34.

35.

Vosshenrich CA, Di Santo JP. Developmental programming of natural killer and innate lymphoid cells.
Curr Opin Immunol. 2013; 25(2): 130—138. Epub 2013/03/16. https://doi.org/10.1016/j.coi.2013.02.002
PMID: 23490162.

Wendel M, Galani IE, Suri-Payer E, Cerwenka A. Natural killer cell accumulation in tumors is dependent
on IFN-gamma and CXCR3 ligands. Cancer Res. 2008; 68(20): 8437-8445. https://doi.org/10.1158/
0008-5472.CAN-08-1440 PMID: 18922917.

Yano T, Ohira M, Nakano R, Tanaka Y, Ohdan H. Hepatectomy leads to loss of TRAIL-expressing liver
NK cells via downregulation of the CXCL9-CXCRS3 axis in mice. PLoS One. 2017; 12(10): e0186997.
Epub 2017/11/01. https://doi.org/10.1371/journal.pone.0186997 PMID: 29088306.

Takeda K, Cretney E, Hayakawa Y, Ota T, Akiba H, Ogasawara K, et al. TRAIL identifies immature nat-
ural killer cells in newborn mice and adult mouse liver. Blood. 2005; 105(5): 2082—2089. https://doi.org/
10.1182/blood-2004-08-3262 PMID: 15536146.

Huntington ND, Vosshenrich CA, Di Santo JP. Developmental pathways that generate natural-killer-cell
diversity in mice and humans. Nat Rev Immunol. 2007; 7(9): 703-714. https://doi.org/10.1038/nri2154
PMID: 17717540.

Sojka DK, Plougastel-Douglas B, Yang L, Pak-Wittel MA, Artyomov MN, Ivanova Y, et al. Tissue-resi-
dent natural killer (NK) cells are cell lineages distinct from thymic and conventional splenic NK cells.
eLife. 2014; 3: e01659. Epub 2014/04/10. https://doi.org/10.7554/eLife.01659 PMID: 24714492;
PubMed Central PMCID: PMC3975579.

Daussy C, Faure F, Mayol K, Viel S, Gasteiger G, Charrier E, et al. T-bet and Eomes instruct the devel-
opment of two distinct natural killer cell lineages in the liver and in the bone marrow. J Exp Med. 2014;
211(3): 563-577. Epub 2014/02/12. https://doi.org/10.1084/jem.20131560 PMID: 24516120; PubMed
Central PMCID: PMC3949572.

Crotta S, Gkioka A, Male V, Duarte JH, Davidson S, Nisoli |, et al. The transcription factor E4BP4 is not
required for extramedullary pathways of NK cell development. J Immunol. 2014; 192(6): 2677-2688.
Epub 2014/02/19. https://doi.org/10.4049/jimmunol.1302765 PMID: 24534532; PubMed Central
PMCID: PMC3948112.

Tang L, PengH, Zhou J, Chen Y, Wei H, Sun R, et al. Differential phenotypic and functional properties
of liver-resident NK cells and mucosal ILC1s. J Autoimmun. 2015. Epub 2015/10/02. https://doi.org/10.
1016/j.jaut.2015.09.004 PMID: 26422992.

PLOS ONE | https://doi.org/10.1371/journal.pone.0198904 June 13,2018 16/16


https://doi.org/10.1016/j.coi.2013.02.002
http://www.ncbi.nlm.nih.gov/pubmed/23490162
https://doi.org/10.1158/0008-5472.CAN-08-1440
https://doi.org/10.1158/0008-5472.CAN-08-1440
http://www.ncbi.nlm.nih.gov/pubmed/18922917
https://doi.org/10.1371/journal.pone.0186997
http://www.ncbi.nlm.nih.gov/pubmed/29088306
https://doi.org/10.1182/blood-2004-08-3262
https://doi.org/10.1182/blood-2004-08-3262
http://www.ncbi.nlm.nih.gov/pubmed/15536146
https://doi.org/10.1038/nri2154
http://www.ncbi.nlm.nih.gov/pubmed/17717540
https://doi.org/10.7554/eLife.01659
http://www.ncbi.nlm.nih.gov/pubmed/24714492
https://doi.org/10.1084/jem.20131560
http://www.ncbi.nlm.nih.gov/pubmed/24516120
https://doi.org/10.4049/jimmunol.1302765
http://www.ncbi.nlm.nih.gov/pubmed/24534532
https://doi.org/10.1016/j.jaut.2015.09.004
https://doi.org/10.1016/j.jaut.2015.09.004
http://www.ncbi.nlm.nih.gov/pubmed/26422992
https://doi.org/10.1371/journal.pone.0198904

