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ABSTRACT
The B16F10 murine melanoma cell line displays a low expression of MHC class I molecules favoring
immune evasion and metastases in immunocompetent C57 BL/6 wild-type mice. Here, we generated
metastases to the liver, an organ that is skewed towards immune tolerance, by intrasplenic injection of
B16F10 cells in syngeneic C57 BL/6 compared to allogeneic Balb/c mice. Surprisingly, Balb/c mice, which
usually display a pronounced M2 macrophage and Th2 T cell polarization, were »3 times more
susceptible to metastasis than C57 BL/6 mice, despite a much higher M1 and Th1 T cell immune response.
The anti-metastatic advantage of C57 BL/6 mice could be attributed to a more potent NK-cell mediated
cytotoxicity against B16F10 cells. Our findings highlight the role of NK cells in innate anti-tumor immunity
in the context of the liver – particularly against highly aggressive MHC I-deficient cancer cells. Moreover,
the B16F10 model of melanoma liver metastasis is suited for developing novel therapies targeting innate
NK cell related immunity in liver metastases and liver cancer.
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Introduction

Metastases are key contributors to morbidity and mortality in
cancer. Liver metastases in particular are limiting survival in a
broad range of malignancies. In melanoma, liver metastasis fre-
quently occurs during disease progression and is associated
with a poor prognosis.1

The immune system usually protects against carcinogenesis by
immunosurveillance.2 However, through a process known as
immunoediting, malignant cells are first eliminated, then exist in
equilibrium and finally escape the anti-tumor immune response.3

In melanoma, the immune escape is facilitated by a tolerogenic,
immunosuppressive tumor microenvironment which is consti-
tuted of regulatory T-cells (Tregs), myeloid derived suppressor
cells (MDSC) and tumor-associated macrophages (TAM).4,5 Can-
cer immunotherapy aims at preventing or reversing such immu-
noediting and melanoma is generally considered to be a
susceptible cancer entity.6 Indeed, so called checkpoint inhibitors,
which target PD1/PD-L1 or CTLA4, have recently achieved
impressive responses in melanoma patients.7 However, the immu-
nology of cancer is far from being fully understood and only a
fraction of patients responds to the currently available therapies
which makes studies on (metastatic) melanoma a necessity.

One reason for the failure of checkpoint inhibitors in the
treatment of some melanoma patients is a (strongly) reduced
immunogenicity of the respective melanoma cells which pre-
vents the induction of an effective adaptive immune response.
Moreover, the immune system of the liver is usually primed for
tolerance, e.g., towards neoantigens derived from nutrition.8 In
order to better understand the insufficient immune response to
low immunogenic melanoma liver metastasis, we have
employed the B16F10 cell line which has been derived from the
melanoma of a C57 BL/6 mouse and which displays a highly
metastatic potential in immunocompetent syngeneic mice.9

This cell line has been used successfully for modeling human
melanoma metastasis to skin and lung, and for anti-cancer
drug development,10-13 whereas liver metastasis has been little
studied.14,15 Since the B16F10 cell line has a very low expression
of MHC class I molecules,16 it is predestined for studying the
immunology of low immunogenic melanoma and cancer in
general. An example is a recent analysis exploring a muta-
nome-based individualized peptide immunization which
achieved in vivo tumor control in tumor transplant models.17

To estimate the effectiveness of adaptive and innate immu-
nity in such a setting, we challenged animals from two different
immunocompetent wild-type mouse strains: syngeneic C57
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BL/6 and allogeneic Balb/c mice that represent two extremes of
a Th1 T cell/M1 macrophage and Th2 T cell/M2 macrophage
weighted immune system, respectively.18-20

Results

Liver and lung metastases in C57 BL/6 vs Balb/c mice

After intrasplenic injection of B16F10luc cells, both C57 BL/6
and Balb/c mice developed liver metastases (Fig. 1). While the
metastatic burden was considerable in allogeneic Balb/c mice
after injection of 100,000 cells, syngeneic C57 BL/6 mice
required approximately 300,000 cells to reach equivalent levels
(Fig. 1C). The degree of metastasis was reflected by an increase
in liver weight, an increase in the liver to body weight ratio and
by a larger number of metastatic lesions counted on the liver
surface. 14 days after injection, liver weight increased from
1.3 g (sham-treated animals) to 3.3 g in Balb/c mice and from
1.2 g to 3.5 g in C57 BL/6 mice, which had received 300,000
cells. Liver to body weight ratios increased as well: from 5.5 %
to 10.9 % in Balb/c mice and from 4.4 % to 13.5 % in C57 BL/6
mice (300,000 cells). In C57 BL/6 mice which had received
100,000 cells, liver weight as well as liver to body weight ratios
remained unchanged (1.2 g and 4.4%, respectively). The mean
count of metastases on the liver surface was 250 in Balb/c and
47/190 in C57 BL/6 mice (100,000/300,000 cells). Of note, the
macroscopic aspect of liver metastases was different between
the two strains: While the liver surface of Balb/c mice was
evenly covered with a high number of small metastases (1 to
2 mm in size), metastases in C57 BL/6 mice tended to be larger
(>3 mm) and confluent, leaving areas of the liver surface unaf-
fected (Fig. 1B and Supplementary Fig. 1). The degree of metas-
tasis was also reflected by comparable differences in the
measured bioluminescence (Supplementary Fig. 2) and in the
expression of melanoma cell-associated luciferase (Supplemen-
tary Fig. 3). The approximately 3-fold higher susceptibility of
Balb/c mice for B16F10 cell metastasis was also observed in the
lungs after intravenous injection (Fig. 1D-F and Supplementary
Fig. 1).

B16F10 metastasized livers display enhanced immune
cell infiltration

Liver sections revealed the morphology of liver metastases
(Fig. 2A). Depending on the extent of B16F10luc cell
engraftment and growth, healthy liver tissue was replaced
by metastatic lesions leaving only small streaks of normal
tissue in advanced metastasis. Immunohistochemistry
revealed that the tissue surrounding the metastases was
infiltrated by macrophages (CD68C; Fig. 2B & E) as quanti-
fied by flow cytometry below and to a lesser degree T cells
(CD3C; Fig. 2C & E). Flow cytometry showed a significant
increase in immune cells in livers of Balb/c compared to
C57 BL/6 mice, as demonstrated by the frequencies of
CD45C cells (Fig. 2D). In stained sections, the frequencies
of CD68C cells were similar between Balb/c and C57 BL/6
mice, while there was a significant increase in CD3C cells
in Balb/c mice (Fig. 2E).

A more vigorous innate and adaptive immune response
does not protect Balb/c mice from B16F10 liver metastasis

Further studies on the tumor microenvironment of B16F10
liver metastasis revealed striking differences between Balb/c
and C57 BL/6 mice (Fig. 3 & 4).

FACS analysis of liver immune cells showed that the fre-
quency of macrophages was similar in both strains (Fig. 3A),
whereas cells expressing Ly6 c, a marker of freshly recruited
monocytes-macrophages, were significantly increased in Balb/c
vs C57 BL/6 mice (Fig. 3A). Furthermore and unexpectedly,
the frequency of dendritic and CD8C cells was significantly
higher in Balb/c mice. However, the frequencies of CD4C T
cells and B cells and NK cells were not markedly different
between both strains (Fig. 3A).

RNA-sequencing (RNA-Seq) was performed on representa-
tive samples from B16F10luc liver metastases to gain further
insight into the differences in anti-tumor immune activity of
both strains. On a single gene expression level, the results from
the IHC and FACS analyses were confirmed by gene expression
profiles for inflammatory molecules, markers of M1 macro-
phage polarization or specific markers of different immune cell
subpopulations (namely T cells and dendritic cells) which were
significantly higher expressed in metastatic livers from Balb/c
mice relative to C57 BL/6 mice (Fig. 3B and Supplementary
Data). Notably, several genes associated with the histocompati-
bility complex and thus antigen presentation as well as cytolytic
activity (particularly granzyme B and perforin 1) were signifi-
cantly upregulated in Balb/c mice (Supplementary Fig. 4). Gene
expression of selected immune genes in metastatic and sham-
treated livers of Balb/c and C57 BL/6 was corroborated by
QPCR (Supplementary Fig. 5).

Differential gene expression analysis revealed 506 upregu-
lated genes in Balb/c and 221 upregulated genes in C57 BL/6
mice (Fig. 4A; FC >1, FDR <0.01). Ingenuity pathway analy-
sis� (IPA�) identified the Interferon-g, LPS and Stat-1 pathway
as prominent signaling pathways in Balb/c mice and the Tgf-b1
as well as GM-Csf signaling pathway as prominent signaling
pathways in C57 BL/6 mice (Fig. 4B). An analysis of immuno-
logical pathways revealed highly upregulated activity in Balb/c
vs C57 BL/6 mice regarding antigen presentation, communica-
tion between innate and adaptive immune cells, allograft rejec-
tion pathways, crosstalk between dendritic and natural killer
cells, interferon signaling and cytotoxic T lymphocyte-medi-
ated apoptosis of target cells (Fig. 4C & Supplementary Fig. 6).

Final confirmation was obtained by gene set enrichment
analysis (GSEA) and in silico estimation of relative abundances
of immune cell populations which produced similar results
identifying gene sets associated with the interferon gamma
response, the inflammatory response, allograft rejection and
macrophage M1-polarization as well as CD8 T cells (na€ıve) and
M1 macrophages as being highly enriched in samples from
Balb/c metastatic livers (Supplementary Fig. 7 & 8). On a side-
note, the low frequency of M2 macrophages in both Balb/c and
C57 BL/6 livers in the CIBERSORT analysis may be explained
by an overlap with the more frequent immature DCs, since M2
macrophages and immature DCs share biological traits and can
be considered to be related immune cell populations. Moreover,
CIBERSORT has been established using microarray data sets
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Figure 1. Balb/c mice are highly susceptible to B16F10 liver metastasis compared to C57 BL/6 mice. (A-C) Balb/c mice (Bc) received intrasplenic injections of 100,000
B16F10luc cells (“100 k”), whereas C57 BL/6 mice (B6) received either 100,000 or 300,000 cells (“100 k” or “300 k”). Control animals were treated equally but received injec-
tions of PBS. Bioluminescence was recorded 7 and 14 days after intrasplenic injection of B16F10luc cells (A). Livers were harvested 14 days after injection of cells to assess
metastatic spread (representative images are shown) (B). Biometric data (liver weight, liver to body weight ratio, number of metastatic nodules on the liver surface with
250 being the upper limit) were recorded and analyzed (C). (D-F) 100,000 B16F10luc cells (“100 k”) were injected in the tail vains of Balb/c and C57 BL/6 mice. Control ani-
mals were treated equally but received injections of PBS. Bioluminescence was recorded 7 and 14 days after intravenous injection of B16F10luc cells (D). Lungs were har-
vested 14 days after injection of cells and photographs were taken (representative images are shown) (E). Biometric data (lung weight, lung to body weight ratio,
number of metastatic nodules on the lung surface with 250 being the highest number) were recorded and analyzed (F). Individual and mean values § SD are shown. The
number of samples per group is indicated above the corresponding column. One-way ANOVA; statistical significance was assessed using either the Sidak’s multiple com-
parisons test or in case of metastatic nodules the Mann-Whitney test with Bonferroni correction.
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and not been explicitly validated for liver tissue so the distinc-
tion between subclasses of different immune cell populations
may be up to debate which is why we have combined activated
and naive CD8 T cells into one group.

NK cells equip C57 BL/6 mice with a partial immunity
against B16F10 cells in comparison to Balb/c mice

Since lowly immunogenic B16F10 cells are predestined to stim-
ulate a predominantly innate immune response, and since
increased numbers of M1-polarized macrophages and elevated
levels of immune activating cytokines did not protect Balb/c
mice against B16F10 liver metastasis, we reasoned that NK cells
– as another pillar of innate immunity – might be responsible
for the partial immunity of C57 BL/6 mice against B16F10
metastasis. Considering that metastasized livers of Balb/c and
C57 BL/6 mice displayed similar levels of NK cells (Fig. 3A &
5A), the enhanced immunity of C57 BL/6 mice against B16F10
cells could not be explained by the mere quantity but would
have to be attributed to increased cytotoxicity of the NK cells.
We therefore depleted NK cells in C57 BL/6 mice by treatment
with neutralizing anti-asialo GM1 antibody at days -3, 0, 3, 6, 9
and 12 relative to the injection of B16F10luc cells. Successful
depletion was confirmed by immunohistochemical staining of
NK cells in sections of spleens and livers harvested from mice
10 minutes (spleens) or 14 days (livers) after injection

(Fig. 5A). The depletion of NK cells dramatically increased liver
metastasis after injection of 100,000 B16F10 cells (Fig. 5B-D
and Supplementary Fig. 9). As additional validation for the
superior anti-metastatic potency of NK cells from C57 BL/6
mice in comparison to Balb/c mice, we compared the killing
capacity of NK cells derived from either mouse strain against
B16F10luc cells in vitro. Here, C57 BL/6 NK cells were signifi-
cantly more cytotoxic than their Balb/c counterparts (Fig. 5E).
The cytotoxicity was further confirmed against YAC1 cells,
where NK cells from Balb/c mice were non-inferior to cells
from C57 BL/6 mice (Supplementary Fig. 10).

Discussion

Inbred mouse strains are the backbone of biomedical research.
While the idea behind inbreeding is to produce standardized
model organisms, recent studies have shown that factors such
as ambient temperature,21 nutrition22,23 and the microbiome24

can have a significant impact on scientific results thwarting all
standardization efforts.

In cancer research, inbred mouse strains are employed to
study the course of malignant diseases and to develop more
effective therapies. For studying the immunology of cancer,
immunocompetent mouse strains are necessary, because they
best reflect central interactions of the human immune system
with cancer cells. However, apart from species differences, the

Figure 2. Murine livers with B16F10 metastases show strong myeloid and T cell immune cell infiltration. (A-C) Sections of metastasized livers from Balb/c and C57 BL/6
mice harvested 14 days after intrasplenic injection of B16F10 cells were stained with HE or antibodies against CD68 or CD3. Bars represent 200 mm (A) and 100 mm (B-C),
respectively. Metastatic nodules are highlighted by white arrows. (D) Non-parenchymal cells were isolated from metastasized livers, dead cells excluded and the fre-
quency of CD45C cells determined by FACS. Individual and mean values§ SD are shown (nD 5 per group). (E) The number of cells per mm2 in sections stained with anti-
bodies against CD68 or CD3 was quantified. Individual and mean values § SD are shown (n � 4 per group).
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used immunocompetent mouse strains display variant immu-
nological makeups.20

Here, we used the B16F10 melanoma cell line to study the
immune response of two commonly used immunocompetent
wild type mouse strains, C57 BL/7 and Balb/c, against B16F10
liver metastasis. B16F10 cells are highly metastatic in C57 BL/6
mice, i.e. their syngeneic strain, inducing skin, lung and liver
metastases depending on their route of injection. In contrast,
the metastatic potential of B16F10 cells in Balb/c mice, which
are allogeneic, has been unknown, although B16 cells have
been reported to grow in Balb/c mice after intraperitoneal25,26

and subcutaneous27,28 injection. We hypothesized that Balb/c
mice would produce an effective immune response against
B16F10 cells resulting in a rejection of or at least reduced sus-
ceptibility to the cell graft. Surprisingly, the opposite proved to
be true: Balb/c mice are approximately 3 times more susceptible
to B16F10 metastasis than C57 BL/6 mice.

Our studies on the immunology of B16F10 liver metastasis
showed that the invasion of B16F10 cells after intrasplenic
injection provokes strong infiltration by immune cells, particu-
larily of the myeloid lineage (macrophages and dendritic cells),
in both mouse strains. This can be explained by the fact that
B16F10 cells have very low expression of MHC I genes and
therefore do not trigger a predominantly T cell-dependent
immune response.

Further analyses revealed distinct and relevant differences
in the kind of polarization of the immune responses
between both strains. Balb/c mice exhibited a response
involving higher numbers of CD8C cells and Ly6 cC freshly
recruited monocytes-macrophages. On the transcriptional
level, Balb/c mice showed a significantly higher expression
of markers of M1 macrophage and Th1 T cell polarization
and a lower expression of M2 or Th2 markers compared to
C57 BL/6 mice in response to B16F10 liver metastasis. This
was unexpected in many ways, since 1) a M1 or Th1 polari-
zation is usually associated with a more rigorous anti-tumor
response,2,29,30 and 2) C57 BL/6 mice are known to display
a prototypic Th1/M1, whereas Balb/c mice show a proto-
typic Th2/M2 polarization.19,31

RNA-Seq confirmed these findings and identified several
immunological pathways such as antigen presentation, inter-
feron signaling and iNOS signaling which were significantly
more activated in Balb/c compared to C57 BL/6 mice. Together,
the findings indicate that the allogeneity of B16F10 cells pro-
vokes both strong innate and adaptive immune response in
Balb/c mice. However, while this immune response is expected
to be central to an effective anti-tumor defense and is currently
the focus of immunological tumor therapies, it is apparently
insufficient to fight metastatic B16F10 melanoma that shows
low (adaptive) immunogenicity.

Figure 3. Balb/c but not C57 BL/6 mice launch a M1-polarized innate and T cell-dependent adaptive immune response against B16F10 liver metastases. (A)
Non-parenchymal cells were isolated from metastasized livers from Balb/c and C57 BL/6 mice 14 days after intrasplenic injection of B16F10 cells, and the fre-
quencies of macrophages (CD45C/ CD11bC/ F4/80C cells), dendritic cells (CD45C/ CD11b¡/ CD11 cC/ F4/80¡), T killer cells (CD45C/CD8C), T helper cells
(CD45C/CD4C) and B cells (CD45C/CD19C) as well as the strength of Ly6 c-expression on macrophages (MFI D mean fluorescence intensity) were determined
by FACS. In addition, sections of metastasized livers were stained with the NK cell marker NKp46, and the number of positively stained cells per mm2 were
quantified. Individual and mean values § SD are shown (n D 5 per group). (B) Expression of selected immune genes (grouped for function or dominant
immune cell type) in metastatic livers of Balb/c vs C57 BL/6 mice as determined by RNA-Seq (n D 3 in each group). Gene expression is normalized to Reads
Per Kilobase per Million mapped reads (RPKM). For better visualization the y-axis is log10-scaled. False discovery rates (FDR) smaller than 0.01 for the differen-
tial gene expression between Balb/c and C57 BL/6 mice are indicated above the corresponding boxes.
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We could demonstrate that the anti-metastatic advantage
of syngeneic C57 BL/6 mice is due to a major part to their
NK cells, which possess a higher killing capacity against
B16F10 cells than NK cells of their Balb/c counterparts.
The finding that Balb/c mice as the allogeneic strain are
more susceptible to B16F10 metastasis may have broader
implications for the role of NK cells in the defense against

cancers of low classical immunogenicity. Generally, the
missing-self hypothesis stipulates that one determinant for
NK cell activation among others is the lack of MHC I mole-
cules on the target cells’ surface.32 In this line, several stud-
ies have provided evidence that NK cells are involved in the
immune defense against tumor cells (reviewed in33). For
example, a recent study reported NK cell-mediated

Figure 4. Analysis of the transcriptome maps the distinct differences in the immune responses against B16F10 metastases between Balb/c and C57 BL/6 mice. (A) MA-plot
and numbers of differentially expressed genes between livers from Balb/c and C57 BL/6 mice with B16F10 metastasis (genes with log2-fold change (log2 FC � 1 or � ¡1)
and false discovery rate (FDR) � 0.01 are highlighted in red). (B-C) An IPA� was performed on genes differentially expressed between Balb/c and C57 BL/6 metastasized
livers (log2 FC> 1 or<¡1). The top regulators identified for each strain along with the corresponding p-value are listed (B). Selected immune-related signaling pathways
which were found to be significantly enriched in the data set by IPA� are shown with significantly different activation levels between Balb/c and C57 BL/6 mice (C; the
bars represent a multiple testing corrected p value using the Benjamini-Hochberg method; the ratio value [depicted by the yellow line with boxes] tells the proportion of
molecules in a given pathway that meet the cutoff criteria).
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resistance to experimental tumors in two novel mouse
strains different in the H-2D and NKC domain.34 Another
study demonstrated antitumor activity against B16F10 skin
grafts for ALT-803, an IL-15 superagonist complex which
stimulates CD8C T cells and NK cells.35

Moreover, the two mouse strains are routinely used as back-
ground for genetically modified organisms. Apart from their

Th1-/Th2-polarization, C57 BL/6 and Balb/c mice are also
known to differ with regard to their NK cell capabilities: C57
BL/6 NK cells produce higher cytotoxicity against xenogeneic
Chinese hamster ovary (CHO) cells than Balb/c mice.36 More-
over, Balb/c mice are susceptible to murine CMV infection,
which is favored by low NK cell activity, while C57 BL/6 mice
are resistant, and in vivo depletion of NK cells in C57 BL/6

Figure 5. Cytotoxic NK cells endow C57 BL/6 mice with immunity against B16F10 cells compared to Balb/c mice. (A) Sections of metastasized livers and spleens
from Balb/c, C57 BL/6 and NK cell depleted (NKD) C57 BL/6 mice were stained with an antibody against NKp46. Spleens were harvested 10 minutes and livers
14 days after intrasplenic injection of B16F10 cells. Bars represent 50 mm. (B-D) Mice were treated as in Fig. 1 except that C57 BL/6 mice received intraperito-
neal injections of anti-asialo GM1 antibody for NK cell-depletion (NKD) or injections of control IgG. Bioluminescence was recorded 14 days after intrasplenic
injection of B16F10luc cells (A), followed by harvesting of livers for macroscopic metastasis assessment (B; representative images). Biometric data (liver weight,
liver to body weight ratio, number of metastatic nodules on the liver surface) were recorded and analyzed (C). Individual and mean values § SD are shown
(the number of mice per group is indicated above the corresponding column). One-way ANOVA; statistical significance was assessed using either the Sidak’s
multiple comparisons test or in case of metastatic nodules the Mann-Whitney test with Bonferroni correction. (E) NK cells were isolated from the spleens of
Balb/c and C57 BL/6 mice, respectively, by using indirect magnetic labeling with anti-NKp46 microbeads and subsequent magnetic separation, and incubated
with B16F10 cells labeled with eFluor 670 in vitro. Cells were analyzed by FACS, and cytotoxicity was determined by measuring the extent of 7-AAD staining
of B16F10 cells normalized to control cultures without effector cells. Mean values § SD of the frequency of dead cells and of the MFI are shown (n D 4; MFI
D mean fluorescent intensity). Two-way ANOVA; statistical significance was assessed using the Sidak’s multiple comparisons test.
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mice renders them susceptible to CMV infection.37 Specifically,
Balb/c and C57 BL/6 mice differ regarding their Ly49 genes –
the murine homologues of the NK cell Ig-related receptor
(KIR) in humans – with Balb/c mice lacking the Ly49 d and
Ly49 h gene.38 In this vein, the immunosurveillance towards
MHC I-deficient cancers has been shown to be Ly49-depen-
dent,39 with the superior capacity of C57 BL/6 mice to kill
CHO cells being attributable to the Ly49 d receptor,40 and the
resistance of C57 BL/6 mice against murine CMV infection to
the Ly49 h gene.41-45 In addition, there are several environmen-
tal modulators of NK cell activity. Interestingly, CMV infection
leads to a cytokine storm in Balb/c mice as part of which inter-
feron-g is highly elevated without playing a pathogenic role.46

For example, exercise47 and IL-21,48 which is secreted by natu-
ral killer T cells, T follicular helper cells and TH17 cells and sig-
nals via the JAK–STAT, the MAPK as well as the PI3 K-AKT
pathways,49 stimulate the anti-metastatic activity of NK cells
against B16F10 metastasis in C57 BL/6 mice.

Our findings complement our knowledge on the role of NK
cells in B16F10 metastasis and illustrate that NK cells from C57
BL/6 mice are highly important in antitumor responses and
more potent than NK cells from Balb/c mice, whereas M1 macro-
phages and Th1 T cells appear to play a minor role in the context
of lowly immunogenic cancers. The recent therapeutic successes
with checkpoint inhibitors have been based on the activation of
T cell dependent anti-cancer immune responses.7 Since this
approach leads to a clinical benefit in only a fraction of cancer
patients, alternative or adjunctive immunotherapeutic interven-
tions need to be investigated. NK cell based treatments represent
such an alternative and are increasingly explored.50-52 The here
studied models are suited to test such novel approaches in the
context of melanoma metastasis and offer the unique opportunity
to study their effectiveness regarding the increased activation of
existing NK cells (C57 BL/6 model), the priming of primarily
ineffective NK cells (Balb/c model) or the implementation of
potent NK cells in a foreign organism (both models).

In conclusion, we report for the first time that an allogeneic
immunocompetent wild type mouse strain (Balb/c) is more
susceptible to cancer cell challenge than the syngeneic strain
(C57 BL/6). This is counter-intuitive at first, because allogeneity
should cause a stronger anti-tumor response rendering Balb/c
mice less susceptible. However, this indicates that cancer cells
with low MHC I expression are capable of escaping a full-
fledged adaptive immune response. In such a situation, NK
cells present the remaining line of defense, and organisms that
are equipped with effective NK cells have an anti-cancer advan-
tage despite a missing adaptive immune response. Our findings
highlight the relevance of NK cells for cancer immunotherapy
and underscore the potential of developing therapies by activat-
ing these innate immune cells.

Materials and methods

Generation of liver or lung metastases

C57 BL/6 and Balb/c wild-type mice were purchased from
Charles River (Wilmington, MA, USA) or Janvier (Le Genest-
Saint-Isle, France) and maintained under pathogen-free condi-
tions. Animal experiments were performed according to the

German law for the protection of animals and approved by the
local ethics committee on animal care (reference number
23177-07/G13-1-002, Government of Rhineland-Palatinate,
Germany). Liver metastases were generated via intrasplenic
injection of a defined number of B16F10luc cells as described
previously.53 Briefly, mice were anesthetized, an incision
through skin and peritoneum was made in the left flank caudal
of the costal arch, the spleen was externalized and a specified
number of cells suspended in 100 mL of PBS was injected in the
spleen’s anterior pole. After 10 minutes, the spleen was
removed, blood vessels were sealed off using a cauterizer (Fine
Science Tools, Foster City, CA, USA), and the abdominal inci-
sion closed. Lung metastases were generated by injection of a
defined number of B16F10luc cells in the tail vein. 14 days after
injection of cells, mice were killed, biometric data was recorded
and samples were collected. When measuring macroscopic
metastatic burden, all nodules visible on the organ surface were
counted up to an upper limit of 250.

Cell culture

B16F10 (murine melanoma; provided by TRON) and YAC1
(murine T cell lymphoma; a generous gift from Matthias Theo-
bald) cells were maintained in RPMI medium containing 10%
FBS, 1% streptomycin-penicillin (10,000 U/mL) and 1% L-glu-
tamine (all: Life Technologies, Darmstadt, Germany) and cul-
tured in a humidified incubator at 37�C containing 5% CO2.

Transduction of B16F10 cells with luciferase
expressing plasmid

For production of lentiviral particles, HEK 293 T cells (3.5 £
106 cells/10 mL) were plated into cell culture dishes (Ø 10 cm).
On the next day, the culture medium was replenished, and
chloroquine sulfate (10 mM) added. HEK293 T cells were co-
transfected with 10 mg pCMVDR8.91 (harbors HIV-1 derived
gag, pol, rev, and tat genes),54 4.2 mg pMD.G2 (encodes vesicu-
lar stomatitis glycoprotein G-encoding),55 and 13.2 mg of the
lentiviral luciferase expression vector pCD510B-1 Ubc.Luc.
IRES.Puro using calcium chloride transfection. The pCD510B-
1 Ubc.Luc.IRES.Puro vector was generated by inserting a PCR
fragment containing the ubiquitin promoter, the firefly lucifer-
ase coding region and the IRES puromycin N-acetyl-transferase
gene from Ubc.Luc.IRES.Puro (Addgene #33307)56 into the
NotI and RsrII restriction sites of the lentiviral expression plas-
mid CD510B-1 (System Biosciences, USA). On the next day,
culture medium was exchanged by 5 mL of fresh medium. Both
24 h and 48 h later, supernatants containing lentiviral particles
were harvested, mixed with PEG-it Solution� (SBI System Bio-
sciences, Mountain View, CA), and stored at 4�C. On the fol-
lowing day, lentiviral particles were pelleted by centrifugation
(1,500 g at 4�C for 30 min), resuspended in 200 mL PBS and
stored at ¡70�C. B16F10 cells seeded into 6 well culture plates
were transduced at a confluency of 60–70%. For this, culture
media was replenished (2 mL/well), and 50 mL of concentrated
lentivirus and polybrene (8 mg/mL)57 were added. Cells were
thoroughly washed on two consecutive days, and stably trans-
duced B16F10luc cells were selected and subsequently cultured
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in the presence of puromycin (Sigma-Aldrich, St. Louis, MO,
USA).

In vivo bioluminescence imaging

7 and 14 days after injection, mice were anesthetized and given
an intraperitoneal injection of 250 mL luciferin (PerkinElmer,
Waltham, MA, USA) dissolved in PBS at a final concentration
of 8.3 mg/mL. 7 minutes later, mice were imaged for lumines-
cence on an IVIS series pre-clinical in vivo imaging system
(PerkinElmer).

Isolation of nonparenchymal liver cells and quantification
of subpopulations

Nonparenchymal cells were isolated from mouse livers using a
gentleMACS dissociator (Miltenyi Biotec, Bergisch Gladbach,
Germany) and following the protocol for the preparation of
single-cell suspensions from mouse liver provided by the man-
ufacturer. Nonparenchymal cells were stained for different cell
surface markers based on a previously described protocol.58

The following antibodies (Biolegend, San Diego, CA, USA)
were used: CD45-APC-Cy7 (30-F11), CD3-PerCP-Cy5.5 (145-
2C11), CD4-Brilliant Violet 421 (GK1.5), CD8-PE-Cy7
(53-6.7), CD19-APC (6D5), CD11b-PerCP-Cy5.5 (M1/70),
CD11 c-APC (N418), F4/80-PE (BM8) and Ly6 c-PE-Cy7
(HK1.4). For dead/live discrimination eFluor� 506 (eBio-
science, San Diego, CA, USA) was used and cell suspensions
were analyzed by flow cytometry. The gating strategy is illus-
trated in Supplementary Fig. 11.

Organ histology and immunohistochemistry

Specimens of excised livers and spleens were paraffin embed-
ded and sectioned at 4 mm thickness. For histological assess-
ment, deparaffinized liver sections were stained with
hematoxylin (Merck, Darmstadt, Germany) and eosin Y
(Carl Roth, Karlsruhe, Germany). For immunohistochemis-
try, deparaffinized organ sections were boiler-treated in
EnVisionTM FLEX Target Retrieval Solution, High pH
(DAKO, Glostrup, Denmark) or 10 mM sodium citrate buffer
pH 6.0 (applies to the NKp46 antibody only) for 30 min,
blocked with 10% goat or 2.5% horse serum, incubated with
the primary antibody overnight at 4�C (CD68: ab125212;
CD3: ab5690; NKp46: ab214468 – all Abcam, Cambridge,
UK), treated with 3% hydrogen peroxide and incubated with
a biotinylated anti-rabbit secondary antibody (Vector Labora-
tories, Burlingame, CA, USA) at a dilution of 1:500. Peroxi-
dase activity was developed with an avidin-biotin-enzyme
complex (ABC) (Vector Laboratories) and AECC chromogen
(DAKO), nuclei counterstained with hematoxylin, and sec-
tions mounted with aqueous mounting media, Aquatex�

(Merck). Mounted sections were visualized using a Scope A.1
microscope and photomicrographed with an AxioCam MRC
camera (Carl Zeiss Microscopy, Jena Germany). For quantifi-
cation of NK cells, positively stained cells in sections treated
with the NKp46 antibody were manually counted and calcu-
lated per mm2 of liver tissue.

Real-time quantitative PCR (RT-QPCR)

Total RNA from liver was isolated using RNAzol (Amresco,
Solon, OH, USA) and a Tissue Lyser II (Qiagen, Venlo, Nether-
lands). 0.5 mg of total RNA was reverse transcribed using
qScript cDNA SuperMix (Quantabio, Beverly, MA, USA) and
RT-QPCR was performed using SYBR� Green PCR Master
Mix on a StepOnePlusTM Real-Time PCR System (Thermo
Fisher Scientific, Waltham, MA, USA). The sequences of pri-
mers used are listed in Supplementary Table 1. Relative gene
expression was analyzed after normalizing for GAPDH as the
house-keeping gene.

NK cell-mediated cytotoxicity

B16F10luc or YAC1 cells in a single cell suspension in PBS were
labeled with the dye eFluor� 670 (eBioscience) at a final con-
centration of 5 mM for 30 minutes at 37�C and thereafter
washed with PBS. NK cells were isolated from freshly harvested
spleens from Balb/c and C57 BL/6 mice using the Anti-NKp46
MicroBead Kit (Miltenyi Biotec) and following the protocol
provided by the manufacturer. NK and labeled target cells were
cocultured at specified ratios for 4 hours, stained with 7-AAD
(7-amino actinomycin D, eBioscience) and analyzed on a
FACSCanto II flow cytometer (BD Biosciences, San Jose, CA,
USA). The gating strategy is illustrated in Supplementary
Fig. 12. The obtained cell frequency and mean fluorescence
intensity values were normalized to control cultures without
effector cells.

NK cell depletion

For systemic depletion of NK cells, we chose treatment with
anti-asialo GM1 antibody, which has been used as a precise
tool for the specific elimination of NK cells.59 C57 BL/6 mice
were given intraperitoneal injections of anti-asialo GM1 anti-
body (10 mL diluted in 100 mL PBS/mouse, Wako Pure Chemi-
cals, Osaka, Japan) or control (rabbit IgG, Southern Biotech,
Birmingham, AL, USA) on days -3, 0, 3, 6, 9 and 12 relative to
the injection of B16F0 cells.

Next generation sequencing

Total RNA was isolated from » 50 mg fresh frozen tissue using
the RNeasy Mini Kit (Qiagen, Hilden, Germany). The concen-
tration and quality of the RNA was measured with the Qubit�

RNA HS Assay Kit (Thermo Fisher Scientific) and the RNA
6000 Nano Kit (Agilent Technologies, Santa Clara, CA, USA).
Afterwards, 600 ng RNA were used to prepare the sequencing
libraries with the TruSeq RNA Sample Preparation V2 kit (Illu-
mina, San Diego, CA, USA) and subjected to sequencing 2 £
50 bp on a HiSeq2500 system (Illumina). RNA reads were
aligned to the mm9 reference genome60 using STAR aligner,61

and gene expression levels were determined by counting reads
overlapping transcript exons and junctions and normalizing to
RPKM expression units (reads which map per kilobase of tran-
script length per million mapped reads).62 Differential gene
expression between metastasized livers of Balb/c and C57 BL/6
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mice was calculated using the R bioconductor package
DESeq263 using the raw read counts of each gene as input.

Ingenuity Pathway Analysis�

The networks analyses were conducted with the Ingenuity
Pathway Analysis� (IPA�, Qiagen). For this purpose, differen-
tial gene expression data was uploaded and significantly differ-
entially expressed genes (log2 fold change (FC) > or < 1 and
false discovery rate (FDR) < 0.01) were selected for analysis.

Gene set enrichment analysis

To identify positive or negative enriched molecular signa-
tures between metastatic livers of Balb/c and C57 BL/6
mice, we applied the gene set enrichment analysis (GSEA)
tool64 utilizing the Molecular Signatures Database (MSigDB
v6.0) Hallmark gene sets65 and immunologic signatures
(the COATES_MACROPHAGE_M1_VS_M2_UP gene set
originates from66).

In silico immune cell-type deconvolution

For the in silico estimation of the relative abundance of
immune cell populations in the RNA-seq B16F10 liver metas-
tasis samples, we used the respective RNA-Seq derived
normalized (RPKM) gene expression values as input for
CIBERSORT.67 As Signature Genes file, we used the immune
cell signature matrix that was produced specifically for mouse
tissue.68 Number of permutation was 100 (default) and quan-
tile normalization was set to “disabled” as recommended for
RNA-Seq data.

Statistics

All statistical analyses were performed in Prism 6 for Mac OS X
(GraphPad Software, La Jolla, CA, USA). P-values were calcu-
lated by the student’s t-test if not indicated otherwise. P-values
<0.05 were considered statistically significant. Asterisks were
used to illustrate statistical significance: � p < 0.05, �� p < 0.01,
��� p < 0.001, ���� p < 0.0001, ns – not significant.

Flow cytometry data analysis was performed in FlowJo
(Ashland, OR, USA).
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FC fold change
FDR false discovery rate
GSEA gene set enrichment analysis
IPA� Ingenuity Pathway Analysis�

MDSC myeloid derived suppressor cells
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