
Abstract. Background/Aim: Perioperative intra-abdominal
infection has been reported as a risk factor for metastasis. The
aim of this study was to investigate the mechanism by which
peritonitis induces immunosuppression in the lung, which in
turn promotes lung metastasis. Materials and Methods:
C57BL/6 mice were intravenously administered B16F10
melanoma cells to induce lung metastasis and subsequently
subjected to cecal ligation and puncture (CLP) to induce
peritonitis or sham surgery. The number of lung metastatic
nodules was evaluated. Cell fractions in lungs and serum
cytokines after CLP were investigated. Results: CLP mice
showed an increased number of lung metastases compared to
sham-treated mice. The fraction and number of natural killer
(NK) cells in lungs of CLP mice were significantly reduced in
early post-CLP phase. Myeloid-derived suppressor cells
(MDSCs) in lungs were significantly decreased in CLP mice.
Serum IL-6 and TNF levels were significantly elevated in CLP
mice. Conclusion: Peritonitis promoted lung metastasis in a
murine model, which may be attributable to the impact of NK
cells and MDSCs in the lungs.

Perioperative intra-abdominal infection has been reported as a
risk factor for systemic metastasis in patients with certain types
of cancers (1-5). Some hypotheses have been proposed to
explain the underlying mechanism for this association. One of
the hypotheses is the typically severe inflammation associated
with postoperative intra-abdominal infection switches off
apoptosis, which shifts the balance in favor of tumor growth
(6). However, there is no clear consensus on the mechanism by
which postoperative infection leads to a poor prognosis.

The lung is the most frequent site of metastatic lesions in
the context of several types of cancers, such as colorectal
cancer, breast cancer and melanoma. Few studies have
reported the impact of peritonitis on lung metastasis in a
mouse model, although some experimental studies have
investigated the influence of peritonitis on growth of
subcutaneous tumors and liver metastasis (7, 8).

We hypothesized that peritonitis induces immunosuppression
in the lung, which in turn promotes lung metastasis.

Materials and Methods

Mice and cell lines. Pathogen-free female C57BL/6J mice (5–8
weeks old) were purchased from CLEA Japan (Tokyo, Japan). All
the mice were maintained under pathogen-free conditions and used
in accordance with the institutional guidelines of Kobe University
(approval number: P161002). The B16F10 murine melanoma cell
line was purchased from American Type Culture Collection
(Manassas, VA, USA) and were maintained in RPMI-1640 medium
supplemented with 10% (v/v) heat-inactivated fetal bovine serum,
2 mM glutamine, 100 U/ml penicillin, and 100 μg/ml streptomycin
(Sigma-Aldrich, St Lois, MO, USA) at 37˚C in 5% CO2. Cultured
cells tested negative for mycoplasma and viral contamination.

Mouse model. To induce a mice model to form lung metastasis,
mice were intravenously administered with 5×105 B16F10
melanoma cells. A model of peritonitis induced by cecal ligation
and puncture (CLP) was used. The following operation was
performed immediately after the injection of tumor cells. The mice
were anaesthetized with intraperitoneal injection of a combination
of medetomine hydrochloride, midazolam and butorphanol tartrate.
The cecum was exposed, ligatured at its external half and punctured
through with a 26-gauge needle. The incision was sutured in layers.
The control mice were subjected to sham surgery (only laparotomy).
The mice were administered intraperitoneal injection of meropenem
every 12 h for 3 days.

Lung mononuclear cell and splenocyte isolation. Excised lung
specimens were minced and suspended by using 1% collagenase type
I (Wako Pure Chemical Industries, Osaka, Japan) in HBSS
(ThermoFisher, Milan, Italy) at 37.0˚C for 60 min for lung
mononuclear cell (LMC) isolation. The cell suspension was passed
through a 100-μm cell strainer. The flow-through was suspended in
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33% Percoll solution and centrifuged at 2000 rpm for 20 min at room
temperature. The spleen specimens were minced and passed through
a 100-μm cell strainer. Red blood cells were lysed with lysis buffer
(155 mM NH4Cl in 10 mM Tris-HCl buffer, pH7.5, 25˚C) to obtain
lung mononuclear cells and splenocytes. The cells were stained with
the antibodies described below and used for flow cytometry.

Antibodies and flow cytometry. The following anti-mouse monoclonal
antibodies were purchased from BD Biosciences (San Jose, CA,
USA): anti-NK1.1; anti-CD11b; anti-CD11c; anti-Gr1; anti-Ly6C;
anti-Ly6G; anti-CD3; and anti-CD19. Anti-CD45, anti-NKG2D, anti-
KLRG1, and anti-Sca1 were purchased from BioLegend (San Diego,
CA, USA). Anti-CD69 was purchased from Thermo Fisher Scientific
(Rockford, IL, USA). Flow cytometric data were obtained using a
FACS Verse (Becton Dickinson, San Jose, CA, USA) and analyzed
using FlowJo software (TreeStar, Ashland, OR, USA).

Cytokine. Serum cytokine levels were measured by cytometric bead
array (CBA). The detailed procedure is described elsewhere (9).
Briefly, plasma was collected from the peripheral blood of CLP
mice and sham treated mice and aliquoted into polypropylene
microcentrifuge tubes and stored at –80˚C until further processing.
Concentrations of different cytokines were quantitatively measured
using beads coated with antibodies against the following mouse
cytokines: interleukin 6 (IL6), interleukin 10 (IL10), interleukin
12p70 (IL12p70), Interferon γ (IFNγ) and tumor necrosis factor
(TNF). Stained samples were run on a FACS Verse (Becton
Dickinson) instrument. All the samples were assayed in duplicate
and were quantitated using a standardized curve. The data were
analyzed using FACSArray (BD Biosciences, San Jose, CA, USA).

Statistics. Statistical analyses including Student’s t-test and Mann–
Whitney U-test were performed using JMP software (SAS Institute
Inc., Cary, NC, USA). A value of p<0.05 was considered
statistically significant.

Results
Lung metastasis in CLP mice. In order to evaluate the impact
of peritonitis on lung metastasis, a double-hit model in which
mice were intravenously injected with B16F10 melanoma cells
was set up, followed by CLP or sham operation. In CLP mice,
significantly larger number of lung metastatic nodules was
observed as compared to that in sham treated mice (Figure 1).

Cell fraction assay in lung. To assess the effect of peritonitis on
the immune system, the immune cell fraction and numbers in
lung and spleen were compared between the CLP and sham
treated mice (Figure 2). In CLP mice, the fraction and number
of natural killer (NK) cells in the lung significantly reduced on
day 1. The difference persisted until day 8. The proportion of
myeloid-derived suppressor cells (MDSCs) in the lung of the
CLP mice was significantly higher than that in the lung of the
sham treated mice during the observation period. The CLP mice
exhibited a slight increase in the number of MDSCs in the lung
until day 4, followed by a significant increase on day 8. The
proportions of CD4 and CD8 T cells in the lung were similar
between the CLP and sham treated mice. The numbers of CD4

and CD8 T cells were significantly decreased in the CLP mice
on day 1 but returned to a similar level after day 2. The immune
cells showed a similar tendency in both the lung and the spleen.

Activation and inhibition marker of NK cells. To assess the
impact of peritonitis on NK cell function in the lung,
activation and inhibition of receptors on NK cells on day 1
after CLP were evaluated. The CLP mice exhibited
significantly increased expressions of NKG2D and CD69,
which are activation markers on NK cells (Figure 3). No
significant difference was observed with respect to the other
activation marker, Sca-1 and the inhibition marker, KLRG1.
The numbers of NKG2D+, CD69+ and Sca-1+ NK cells in
lung were similar in the CLP and sham treated mice. The
number of KLRG1+ NK cells in CLP mice was significantly
higher than that in sham treated mice.

Subsets of MDSCs in the lung. MDSCs are known to have at
least two distinct subsets: granulocytic MDCSs (gMDSCs)
and monocytic MDSCs (10). Therefore, the MDSC subsets
were evaluated in detail (Figure 4). The proportion of
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Figure 1. CLP promoted lung metastasis. C57BL/6 mice were injected
intravenously with 5×105 B16F10 melanoma cells followed by CLP or
sham surgery (n=5, respectively). (A) Representative images of lung
metastasis on day 14 after injection are shown. Black nodules indicate
lung metastases. (B) The number of lung metastases significantly
increased in CLP mice. CLP: Cecal ligation and puncture.



gMDSCs was almost similar between the groups during the
observation period with the exception of day 4 when the
CLP mice showed a significantly higher proportion of
gMDSCs as compared to that in sham treated mice.

Serum cytokines. To understand the mechanism by which
peritonitis impaired the systemic immune response, the innate
response of serum cytokines related with inflammation was
monitored (Figure 5). In the CLP mice, serum levels of IL-6,
IL-10 and TNF were significantly elevated on day 1 and
rapidly decreased thereafter. In contrast, the serum levels of
IL12p70 and IFN-γ were not significantly different between
the CLP and sham treated mice.

Discussion

Patients who suffer from postoperative infection were shown
to be at a higher risk of death from metastasis compared to
patients who did not (11). Experimental evidence suggests

that abdominal infection induces systemic infection
following the formation of a microenvironment
advantageous for tumor growth (8, 12). In the present study,
we hypothesized that peritonitis induces immunosuppression
in the lung, which in turn promotes lung metastasis.
Supporting this hypothesis, the CLP mice showed promotion
of lung metastasis. The CLP mice also exhibited a
quantitative reduction of NK cells and increase in MDSCs
in the lung. Furthermore, the CLP mice showed high serum
levels of IL-6 and TNF, known to suppress NK cell function.

In anticancer immunity, NK cells play an important role in
the immune system, particularly the innate immune system.
Previous studies reported that NK cell depletion by anti-
ASGM1 antibody or anti-NK1.1 mAb, but not CD4 nor CD8
T cell depletion, significantly augmented B16 lung metastasis
in WT mice (13, 14). In the present study, the CLP mice
showed significant reduction in NK cells in lungs on day 1
(Figure 2), which is one of the potential mechanisms for
promotion of lung metastasis in the CLP mice.
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Figure 2. CLP induced immunosuppression in the lung and the spleen. Distribution and actual number of (A) NK cells, (B) CD4 T cells, (C) CD8
T cells, and (D) MDSCs in the lung and the spleen of CLP and sham treated mice (n=4-5, respectively) are shown. *p<0.05, **p<0.05. CLP: Cecal
ligation and puncture; MDSCs: myeloid-derived suppressor cells.
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Figure 3. The number of activated NK cells in the lung was similar between CLP and sham-treated mice. CLP mice exhibited-significantly increased
frequency of (A) NKG2D and (B) CD69 expression (activation markers on NK cells). Other activation marker, (C) Sca-1, and inhibition marker,
(D) KLRG1, did not show significant difference. The numbers of NKG2D+, CD69+, and Sca-1+ NK cells in the lung were similar between CLP
and sham-treated mice (n=4, respectively). Solid line histogram and dotted line histogram show cells in CLP and sham treated mice, respectively.
*p<0.05. CLP: Cecal ligation and puncture.

Figure 4. Proportion of granulocytic myeloid-derived suppressor cells (MDSCs) preferentially increased in CLP mice. MDSC subsets in the lung were
further evaluated. *p<0.05. gMDSC: CD11bhiGr1midLy6CloLy6Ghi granulocytic MDSCs; mMDSC: CD11bhighGr1midLy6ChiLy6Glo monocytic MDSCs. 



Multiple activation and inhibitory receptors regulate the NK
cell function (15). Expressions of NKG2D and CD69
(activation markers of NK cells) in the CLP mice were higher
than that in sham treated mice on day 1 (Figure 3). The
number of activated the NK cells in the lung was comparable
in the two groups. However, no significant between-group
difference was observed with respect to cytotoxicity using
LMC (data not shown). Although killer cell lectin-like
receptor G1 (KLRG1) is known as an inhibitory receptor on
NK cells, Huntington et al. reported that KLRG1 expression
is related to continuous NK cell maturation in the periphery
(16). The number of KLRG1+ NK cells may be associated
with prolonged NK cell activation.

Llitjos et al. reported that sepsis-induced gMDSCs
promote tumor growth (7). In the present study, MDSCs in

the lung and spleen were significantly increased in the CLP
mice on day 8 after operation (Figure 2). Subset analysis of
MDSCs showed similar proportion of gMDSCs between the
CLP and sham treated mice during the observation period
with the exception of day 4 (Figure 4). The accumulation of
gMDSCs in the lung may render the microenvironment
favorable for tumor growth.

Lung metastasis seems to be regulated by both local and
systemic antitumor response in the CLP mice inoculated with
tumor cells. It is well known that microbial infection can
induce systemic inflammation via both pro- and anti-
inflammatory mediators. High serum levels of inflammatory
cytokines are believed to accelerate tumor metastasis via
promotion of growth factors or suppression of host immune
response against tumors. In the CLP mice, levels of IL-6, IL-
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Figure 5. Elevation of serum cytokines suggested a suppression of NK cell activity. Plasma was collected from the peripheral blood of CLP mice and
sham-treated mice (n=4-5, respectively). The following cytokines were measured by cytometric bead array (CBA) and flow cytometry: interleukin 6 (IL6),
interleukin 10 (IL10), interleukin 12p70 (IL12p70), interferon γ (IFNγ) and tumor necrosis factor (TNF). *p<0.05. CLP: Cecal ligation and puncture.



10, and TNF showed a remarkable increase in the early phase
after CLP (Figure 5). Increased level of IL-6 was shown to
suppress NK cell activity via down-regulation of cytotoxic
granule components through modulation of the expression of
Src homology region 2-containing protein tyrosine
phosphatase-2 (SHP-2) (17). It is also well known that TNF
promotes metastasis by impairing NK cell activity (18). The
significant elevation of cytokine levels is believed to suppress
NK cell activity in the lungs. Our data indicate an important
contribution of NK cells in the suppression of lung metastasis.
This finding has significant implications since we reported
previously that dendritic cells, pulsed with the glycolipid α-
galactosylceramide (α-GalCer), induce activation of invariant
NKT cells following activation of the NK cells in the lung
(19). The production of IFN-γ by the subsequently activated
NK cells was associated with an anti-metastatic activity. The
NK cell activation by dendritic cells pulsed with α-GalCer
appears to be a feasible strategy to suppress lung metastasis
in patients with perioperative peritonitis.

In conclusion, peritonitis can promote lung metastasis in
a murine lung metastasis model, an effect that is possibly
mediated by NK cell reduction and MDCSs accumulation in
the lung. 
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