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Natural killer (NK) cells are known to be critically involved in the
control of tumors through their direct cytotoxic function, but have
also been proposed as an initial source of interferon (IFN)-c that
primes subsequent adaptive tumor-specific immune responses.
Although mounting evidence supports the importance of NK cells
in antitumor immune responses, the immunological characteristics
of NK cells infiltrating the tumor microenvironment and the mech-
anisms that regulate this process remain unclear. In the present
study, we found that NK cells infiltrate early developing MCA205
tumors, and further showed that mature CD27high NK cells were
the predominant subpopulation of NK cells accumulating in the
tumor microenvironment. The tumor-infiltrating NK cells displayed
an activated cell surface phenotype and provided an early source
of IFN-c. Importantly, we also found that host IFN-c was critical for
NK cell infiltration into the local tumor site and that the tumor-
infiltrating NK cells mainly suppressed tumor growth via the IFN-c
pathway. This work implicates the importance of IFN-c as a posi-
tive regulatory factor for NK cell recruitment into the tumor micro-
environment and an effective antitumor immune effector
response. (Cancer Sci 2011; 102: 1967–1971)

T he tumor microenvironment is largely surrounded by stro-
mal cells including inflammatory cells that secrete pro-

inflammatory cytokines and chemokines, and growth factors and
enzymes that degrade extracellular matrixes, and as such this
microenvironment is considered an important component of neo-
plastic disease.(1–3) Among such inflammatory cells in the tumor
microenvironment, natural killer (NK) cells are known as innate
lymphocytes that contribute to the early host immune response to
cancer by their effector functions.(4) Natural killer cells recognize
self-MHC molecules and activating ligands on stressed, trans-
formed or infected cells, thereby integrating signals transduced
by various inhibitory and activating receptors, respectively.(5–7)

Activated NK cells kill target cells or produce inflammatory
cytokines such as interferon (IFN)-c, and therefore play an
important role in the innate immune response.(4,8) In addition to
these effector activities, a series of studies revealed that NK cells
also influence adaptive immune responses through these same
effector functions.(9–13) Moreover, recent studies discovered that
subpopulations of NK cells show distinct tissue distribution and
expression of homing and chemokine receptors.(14–23) Despite
these advances, it has not yet been reported what type of NK cell
is able to infiltrate into the tumor microenvironment and what
mechanism regulates this process in tumor immune surveillance.
Herein, we report that NK cells infiltrate at a very early phase of
MCA205 tumor development and furthermore, mature CD27high

NK cells are the predominant NK cell subpopulation within the
tumor microenvironment. To characterize the tumor-infiltrating
NK cells, we investigated their cell surface phenotype and cyto-
kine production. Using IFN-c) ⁄ ) mice we also investigated the
role of host IFN-c in promoting NK cell tumor infiltration and
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early antitumor immunity. Interferon-c was critical for NK cell
infiltration into the local tumor site and those early tumor infil-
trating NK cells mainly suppressed tumor growth by an IFN-c
pathway.

Materials and Methods

Mice. Inbred wild-type C57BL ⁄ 6 (B6 WT) mice were pur-
chased from CLEA Japan, Inc. (Tokyo, Japan). B6 IFN-c) ⁄ )

mice were kindly provided by Dr Y. Iwakura (The University of
Tokyo, Tokyo, Japan), and were bred and maintained at the Lab-
oratory Animal Research Center, Institute of Medical Science,
The University of Tokyo. All experiments were approved by the
Animal Care and Use Committee of the Graduate School of
Pharmaceutical Sciences and Institute of Medical Science of
The University of Tokyo, and performed according to the guide-
lines of the Bioscience Committee of The University of Tokyo.

Antibodies and reagents. Purified monoclonal antibodies
(mAb) reactive with mouse CD16 ⁄ 32 (2.4G2) and mouse NK1.1
(PK136) were all purified from hybridomas. Rabbit anti-asialo-
GM1 (AGM1) Ab was purchased from Wako Chemicals
(Osaka, Japan).

In vivo tumor challenge. MCA205, a methylcholanthrene-
induced murine fibrosarcoma cell line was kindly provided by
Dr S. A. Rosenberg (National Cancer Institute, Bethesda, MD,
USA) and maintained in complete RPMI 1640 medium. Groups
of B6 WT or IFN-c) ⁄ ) mice were injected s.c. with MCA205
cells (range, 1 · 105–4 · 105 cells) in 0.1 mL PBS. Tumor
growth was measured by a caliper square measuring along the
longer axes (a) and the shorter axes (b) of the tumors. Tumor
volumes (mm3) were calculated by the formula: tumor volume
(mm3) = ab2 ⁄ 2. To deplete NK cells in vivo, mice were treated
on days – 1, 0 and 7 (where day 0 is the day of primary tumor
inoculation) with anti-AGM1 (150 lg i.p.) or anti-NK1.1 mAb
(200 lg i.p.) as previously described.(24,25)

Tumor-infiltrating lymphocyte isolation and flow cyto-
metry. To isolate tumor-infiltrating lymphocytes (TIL), tumor
tissues were dissected, minced and digested with 2 mg ⁄ mL col-
lagenase (Wako) and 0.1 mg ⁄ mL DNase I (Roche, Indianapolis,
IN, USA) in serum-free RPMI 1640 for 1 h at 37�C. Samples
were then further homogenized through wire mesh and mononu-
clear cells (MNC) were isolated by Percoll gradient (30%). For
flow cytometry analysis, MNC were first pre-incubated with
CD16 ⁄ 32 (2.4G2) mAb to avoid the non-specific binding of
antibodies to FccR. The cells were then incubated with a saturat-
ing amount of mAb. Antibodies to CD3e (2C11), NK1.1
(PK136), CD11b (M1 ⁄ 70), CD27 (LG.3A10), CD69 (H1.2F3),
TRAIL (N2B2), CXCR3 (CXCR3-173), NKG2D (CX5), H-2Kb
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(B)
(AF6-88.5) and pan-Rae1 (186107) were purchased from Bio-
legend (San Diego, CA, USA), eBioscience (San Diego) or
R&D Systems (Minneapolis, MN, USA). Flow cytometric anal-
ysis was performed with a FACS Aria (BD Bioscience, San
Jose, CA, USA) and data were analyzed with FlowJo software
(Tree Star).

Ex vivo IFN-c production assay. Freshly isolated TIL were
first incubated with Golgistop (BD Pharmingen, San Diego, CA,
USA) for 2 h and then subjected to surface receptor staining.
Cells were fixed and permeabilized using the BD Cytofix ⁄ Cyto-
perm kit (BD Bioscience) and then stained with PE-conjugated
IFN-c (XMG1.2; Biolegend).

Statistical analysis. Data were analyzed for statistical signifi-
cance using the Student t-test. P-values <0.05 were considered
significant.

Results

Early infiltration of NK cells controls MCA205 tumor
growth. In a previous study, we reported the importance of
endogenous IFN-c and the contribution of NK cells and T cells
as effector cells in the control of MCA205 fibrosarcoma growth
in vivo.(26) In order to further evaluate the importance of NK
cells as early effector cells, we determined the contribution of
NK cells in MCA205 subcutaneous growth by examining locali-
zation of NK cells into MCA205 tumors at 1 or 3 weeks after
tumor inoculation. As shown in Figure 1, the growth of MHC
class I+ NKG2D ligand+ MCA205 tumor was enhanced in NK
cell-depleted mice at 1 week, and such increased tumor growth
(A)

(B)

Fig. 1. Natural killer (NK) cell controls MCA205 tumor growth. (A)
The expression of MHC class I (H-2Kb) or NKG2D ligand (pan-Rae-1)
was determined by flow cytometry (shaded histogram: control). (B) B6
mice were inoculated s.c. with MCA205 fibrosarcoma (4 · 105) with or
without anti-AGM1 treatment. Data are represented as the
mean ± SEM.

1968
was observed even at later time points (3 weeks). Within
MCA205 TIL, NK cells represented a substantial lympho-
cyte population at both 1 and 3 weeks of tumor implanta-
tion (Fig. 2A,B). Functional subsets of mouse NK cells are
(C)

Fig. 2. Early natural killer (NK) cell infiltration to MCA205 tumor. B6
mice were inoculated s.c. with MCA205 fibrosarcoma (4 · 105) and
tumors were harvested at the indicated times after inoculation.
Tumor-infiltrating lymphocytes (TIL) were isolated and then subjected
to flow cytometry analysis. The representative FACS plots from the
indicated groups of mice are shown and the numbers represent the
percentage of cells in the different gates (A). The proportion of NK
cells (B, NK1.1+ CD3) cells) or NK cell subsets (Mac-1lo CD27high,
Mac-1high CD27high, Mac-1high CD27lo, electronically gated on
NK1.1+ CD3) cells) from the indicated groups of mice are presented.
The data represent the mean ± SEM and are representative of two
experiments.
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determined by the expression of two markers, Mac-1 (CD11b)
and CD27, and the functional and phenotypic differences in
those NK cell subsets are well characterized.(16,22,23) Thus, we
analyzed the distribution of NK cell subsets defined by Mac-1
and CD27 expression within MCA205 TIL. As shown in
Figure 2A and C, we found that the mature Mac-1high CD27high

NK cell subset was the predominant population within the
tumor-infiltrating NK cells (approximately 50% of total NK
cells) at both 1 and 3 weeks of tumor implantation. While the
mature Mac-1high CD27lo NK cell subset preferentially infil-
trated early tumor, phenotypically immature Mac-1lo NK cells
tended to only be more prevalent in MCA205 tumors at a later
time point. These results clearly indicate that early infiltration of
NK cells into MCA205 tumors can be observed, and further-
more, that mature Mac-1high CD27high NK cells are the predomi-
nant NK cell population infiltrating at both 1 and 3 weeks of
MCA205 tumor implantation.

Early activation and IFN-c production of tumor infiltrating NK
cells. It is generally recognized that the NK cell can be quickly
activated and upregulate its effector function during immune
responses. To clarify the exact role of tumor-infiltrating NK
cells in controlling tumor growth, we next characterized the acti-
vation status of early tumor-infiltrating NK cells by flow cyto-
metry. By analyzing cell surface markers on tumor-infiltrating NK
cells and splenic NK cells 1 week after MCA205 inoculation,
we observed the significant upregulation of an early activation
marker, CD69, on NK cells in the MCA205 tumor. In contrast,
the chemokine receptor CXCR3 on Mac-1lo CD27high and
Mac-1hi CD27high tumor-infiltrating NK cell subsets was signifi-
cantly downregulated when compared with expression on sple-
nic NK cell subsets from the same tumor-bearing mice (Fig. 3).
The expression level of the activating receptor NKG2D was
slightly lower on most of the tumor-infiltrating NK cells when
compared with the splenic NK cells from tumor-bearing mice.
Within tumor-infiltrating NK cells, there was no alteration in the
expression of the cytotoxic effector molecule TRAIL (Fig. 3),
although we had previously observed activated NK cells express
functional TRAIL via an IFN-c-dependent pathway.(15) These
results suggest that NK cells were activated by infiltrating into
the MCA205 tumor at an early stage, causing altered expression
of NKG2D but not TRAIL. In addition to their direct cytotoxic
effector function, NK cells have been considered as an impor-
Fig. 3. Characterization of early MCA205 tumor-infiltrating natural kille
(4 · 105) and tumors were harvested 1 week after inoculation. Tumor-in
cytometry analysis. The histogram plots shown are the expression levels fo
TIL electronically gated on the relevant population. Data are representativ
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tant source of IFN-c in antitumor immune responses; however,
little is known about whether early tumor-infiltrating NK cells
can actually produce IFN-c within the tumor microenvironment.
To directly determine whether early tumor-infiltrating NK cells
were a primary source of IFN-c within tumors, we isolated TIL
from MCA205 tumors and measured cellular IFN-c production
from lymphocytes without any additional stimulation in vitro.
As shown in Figure 4, early infiltrating NK cells predominantly
produced IFN-c at the tumor site when compared with infiltrat-
ing T cells. Collectively, these data clearly indicate the impor-
tance of NK cells, particularly mature Mac-1high CD27high NK
cells, as early activated effector cells providing initial IFN-c
production among the tumor-infiltrating lymphocyte subpopula-
tions and effectively controlling MCA205 tumor growth.

Host IFN-c is critical for effective NK cell infiltration into the
tumor microenvironment. We have previously demonstrated the
importance of host IFN-c in NK cell recruitment into lymph
node following dendritic cell immunization.(27) To further clar-
ify whether endogenous IFN-c also plays an important role in
NK cell infiltration into tumors, we examined early NK cell
infiltration into MCA205 tumors in IFN-c) ⁄ ) mice. As shown in
Figure 5A and B, it was very clear that host IFN-c deficiency
severely impaired NK cell infiltration into MCA205 tumors
throughout tumor development. Finally, we determined the
importance of IFN-c in the NK cell-dependent suppression of
early MCA205 tumor growth. As shown in Figure 5C, tumor
size was significantly enhanced in NK cell-depleted mice or
IFN-c) ⁄ ) mice compared with WT mice within 7 days of
MCA205 tumor inoculation. Importantly, NK cell depletion did
not further enhance MCA205 tumor size in IFN-c) ⁄ ) mice, sug-
gesting the early tumor-infiltrating NK cells mainly suppress
MCA205 tumor growth through IFN-c-mediated immune
responses. Our results clearly highlight that the early tumor-
infiltrating NK cells might be primary antitumor effector cells
and that host IFN-c is critically involved in early NK cell-
dependent antitumor immune responses.

Discussion

Natural killer cells have been recognized as early antitumor
effectors through their direct cytotoxic functions.(4) Further
recent evidence strongly supports that NK cells are important
r (NK) cells. B6 mice were inoculated s.c. with MCA205 fibrosarcoma
filtrating lymphocytes (TIL) were isolated and then subjected to flow
r the indicated cell surface markers on the NK cell subsets in spleen or
e of two experiments (n = 4–5 mice).
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(A)

(B)

Fig. 4. Early interferon (IFN)-c production of natural killer (NK) cells
in MCA205 tumor. B6 mice were inoculated s.c. with MCA205
fibrosarcoma (4 · 105) and tumors were harvested 1 week after
inoculation. Tumor-infiltrating lymphocytes (TIL) were isolated and
then incubated with Golgistop for 2 h without any in vitro
stimulation. Cells were subjected to flow cytometry analysis to
determine the intracellular level of IFN-c. (A) The dot plots show the
population of IFN-c-producing cells in TIL electronically gated on NK
cells (NK1.1+ CD3)) or T cells (NK1.1) CD3+). (B) The proportion of IFN-
c-producing cells from NK cells or T cells is shown. The data represent
the mean ± SEM and are representative of two experiments
(n = 5 mice). FSC, forward light scatter.

(A)

(B)

(C)

Fig. 5. Importance of endogenous interferon (IFN)-c for natural killer
(NK) cell MCA205 tumor infiltration and early antitumor immune
responses. B6 wild-type or IFN-c) ⁄ ) mice were inoculated s.c. with
MCA205 fibrosarcoma (4 · 105) and tumors were harvested 1 week
after inoculation. Tumor-infiltrating lymphocytes (TIL) were isolated
and then subjected to flow cytometry analysis. The representative
FACS plots from the indicated groups of mice are shown and numbers
represent the percentage of cells in the different gates (A). The
proportion of NK cells (NK1.1+ CD3) cells) from the indicated groups
of mice are presented (B). The data represent the mean ± SEM and
are representative of two experiments. (C) B6 mice or IFN-c) ⁄ ) mice
were inoculated s.c. with MCA205 fibrosarcoma (4 · 105) with or
without anti-NK1.1 treatment. The data are represented as the
mean ± SEM on day 7 after tumor inoculation. *P < 0.05 compared
with untreated wild-type (WT) mice. NS, not significant.
regulatory cells in antitumor immune responses by providing
regulatory cytokines such as IFN-c.(6,11) Herein, we characterized
the distribution of tumor-infiltrating NK cell subpopulations,
their activation status and their IFN-c production within tumors.
Mature Mac-1high CD27high NK cells infiltrated early MCA205
tumors and they displayed an activated cell surface phenotype
and provided early IFN-c. Importantly, we also found that host
IFN-c was critical for NK cell infiltration into tumors, implicat-
ing the importance of IFN-c as a positive regulatory factor for
NK cell recruitment to tumors.

By investigating the expression of CD27 on naı̈ve NK cells
together with other NK cell maturation and differentiation mark-
ers, we previously showed that CD27 expression dissects the
mature NK cell population into CD27high and CD27lo sub-
sets.(16,22) Both types of mature Mac-1high NK cells exert typical
NK cell functions; however, CD27high cells have a lower thresh-
old for activation than CD27lo cells whose activation is tightly
regulated.(16,22) In addition to the effector function of NK cells,
the diversity in tissue distribution of NK cells might be impor-
tant for tissue resident ⁄ specific immune responses. In mice, the
1970
tissue distribution of NK cell subsets in various lymphoid and
non-lymphoid organs is quite distinct.(16,22) Interestingly, the
CD27lo subset is comparatively excluded from bone marrow and
lymph node, and is the dominant tissue-resident NK cell popula-
tion in peripheral tissues such as lung or blood.(16,22) In addition
to such steady-state tissue-resident cells, NK cells appear to be
rapidly recruited to tissues at the site of immune responses, and
chemokines might play an important role in this process.
Regarding the chemokine receptor expression on NK cells, it
has been clearly shown that the chemokine receptor CXCR3
plays an important role in NK cell recruitment and the expres-
sion of CXCR3 ligands generally can be upregulated by IFN-
c.(12,16,28) Among NK cell subpopulations, Mac-1lo CD27high
doi: 10.1111/j.1349-7006.2011.02042.x
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and Mac-1high CD27high NK cells constitutively express
CXCR3, whereas there was no detectable CXCR3 expression on
CD27lo NK cells.(16,22) In the present study, we observed that
the expression of CXCR3 on tumor-infiltrating NK cells was
severely downregulated, whereas the expression of CD69 was
highly upregulated. Because such CXCR3 downregulation
was not observed in splenic NK cells in the same tumor-bearing
mice, we assume the tumor microenvironment might preferen-
tially down modulate NK cell CXCR3 expression. Considering
the general importance of CXCR3 in NK cell mobiliza-
tion,(12,16,28) the downregulation of CXCR3 on tumor-infiltrating
NK cells might be a key event that limits NK cell egress from
the tumor microenvironment, maintaining NK cell immune sur-
veillance. Alternatively, pre-activated NK cells might be prefer-
entially recruited into the tumor since in vivo activation of NK
cells leads to a similar subset distribution and CXCR3 downre-
gulation of NK cells.(29) Regarding the upregulation of CD69
expression on tumor-infiltrating NK cells, there are several stud-
ies reporting that CD69 molecules negatively regulate NK cell
antitumor immune responses.(30,31) Further study will be impor-
tant in the context of NK cell homeostasis within the tumor
microenvironment to further understand the detailed mecha-
nisms of tumor escape from NK cells.

Such a critical requirement of host IFN-c was also seen in NK
cell mobilization to other organs including implanted tumors
with extracellular matrix Matrigel;(27,28,32) collectively the data
indicate the general importance of IFN-c in maintaining NK cell
Hayakawa et al.
infiltration to inflamed tissues. Of note, we observed that CD8
T-cell infiltration into MCA205 tumor was also impaired in
IFN-c) ⁄ ) mice (data not shown), thus suggesting the importance
of IFN-c as a key cytokine for maintaining antitumor effector
cells within the tumor microenvironment. Despite the clear
requirement of IFN-c in NK cell tumor infiltration, the detailed
mechanism by which it regulates NK cell accumulation into the
tumor microenvironment has not yet been determined. Further
study will be required to fully understand NK cell behavior in
the tumor microenvironment and successful establishment of
effective immunotherapy for cancer.
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