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Abstract Natural killer (NK) cells represent a promising
cell type to utilize for effective adoptive immunotherapy.
However, little is known about the important cytolytic
molecules and signaling pathways used by NK cells in the
adoptive transfer setting. To address this issue, we devel-
oped a novel mouse model to investigate the trafficking and
mechanism of action of these cells. We demonstrate that
methylcholanthrene-induced RKIK sarcoma cells were
susceptible to NK cell-mediated lysis in vitro and in vivo
following adoptive transfer of NK cells in C57BL/6 RAG-
277y¢™'~ mice. Cytotoxic molecules perforin, granzymes
B and M as well as the death ligand TRAIL and pro-
inflammatory cytokine IFN-y were found to be important in
the anti-tumor effect mediated by adoptively transferred
NK cells. Importantly, we demonstrate that adoptively
transferred NK cells could traffic to the tumor site and
persisted in vivo which correlated with the anti-tumor
effect observed. Overall, the results of this study have
important implications for enhancing NK cell-based
immunotherapies.
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Introduction

Natural killer (NK) cells are lymphocytes that comprise
part of the innate immune system [1]. NK cells express
activatory and inhibitory receptors that recognize ligands
including cellular stress ligands and MHC class I mole-
cules [2]. These receptors provide a balance of signals
leading to either activation or inhibition of the NK cell.
These recognition receptors allow NK cells to recognize
malignant and pathogen-infected tissue with a degree of
specificity to perform an important role in the body’s first
line of defense.

Activating NK cell receptors, such as NKG2D, recog-
nize cellular stress ligands that can be induced in condi-
tions of viral infection or malignant transformation,
through the heat shock and DNA damage response path-
ways [3-5]. Upon activation, NK cells can proliferate and
secrete cytokines, such as IFN-y, TNF-o and GM-CSF,
which can induce inflammation and stimulate an endoge-
nous immune response. Lysis of target cells by NK cells
has been shown to occur through different death pathways,
including granule exocytosis involving perforin, as well as
through death receptors, such as TRAIL [6, 7]. NK cells are
capable of a rapid cytotoxic response following recognition
of tumor cells and have been shown to eradicate grafted
tumors in vivo and control the growth of carcinogen-
induced tumors in mouse models [8, 9]. Combined with the
knowledge that NK cells are important in the adaptive—
innate crosstalk, NK cells are an attractive option for
exploitation in the development of immunotherapy [10].
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Immunotherapeutic strategies to maximize NK cell anti-
tumor activity have included the use of cytokines aimed at
activating NK cells for the treatment of cancer [11]. Other
approaches have included the adoptive transfer of autolo-
gous, ex vivo, IL-2 lymphokine-activated killer cells
(LAK) [12]. In general, these approaches have resulted in
only moderate success in restricted numbers of patients and
in mouse models [13, 14]. The utilization of NK cells in
allogeneic hematopoietic stem cell transplantation has
shown more promise and has resulted in improved out-
comes for leukemia patients [15, 16]. With improved
methodologies for the ex vivo expansion of primary human
NK cells, further utilization of adoptively transferred
NK cells for anti-cancer immunotherapy is now a viable
option [17-20]. Nevertheless, despite the fact that adop-
tively transferred NK cells can mediate anti-tumor effects,
there has been little insight into the trafficking and mech-
anism of action of transferred NK cells, mainly due to
lack of a robust mouse model. Understanding the important
molecules and signaling pathways employed by adop-
tively transferred NK cells could reveal novel strategies
for optimizing the use of these cells for anti-cancer
immunotherapy.

In this study we have developed a mouse model
involving NK cell-mediated inhibition of tumor growth.
This involved the use of a C57BL/6 RAG2™~y¢™'~ mouse
model which lacked endogenous lymphocytes including
NK cells. Importantly, this model allowed us to focus
entirely on the mechanistic contribution from adoptively
transferred NK cells to tumor inhibition. Two methylcho-
lanthrene (MCA)-induced RKIK sarcoma cell lines were
found to be sensitive to NK cell-mediated lysis in vitro and
the growth of RKIK tumor cells was significantly inhibited
in vivo following adoptive transfer of IL-2-activated NK
cells. We utilized this tumor model to investigate the
mechanism of action of adoptively transferred NK cells.
We explored the important molecules in the in vivo anti-
tumor response mediated by adoptively transferred NK
cells and assessed the ability of adoptively transferred NK
cells to persist and traffic to the tumor site. This study
provides important information for effectively utilizing
adoptively transferred NK cells for cancer immunotherapy.

Materials and methods
Cell lines

The C57BL/6 murine T cell lymphoma cell line RMA-S
was maintained in complete DMEM medium containing
10% (v/v) FCS, 2 mM L-glutamine (Gibco, Grand Island,
NY, USA), 100 U/ml penicillin and 100 pg/ml strepto-
mycin (Sigma-Aldrich, Castle Hill, NSW, Australia) [21].

@ Springer

The MCA-induced sarcoma cell lines RKIK-4654 and
RKIK-4862 were isolated from C57BL/6 RAG-2"""yc ™/~
mice and were a kind gift from Professor Robert Schreiber
(University of Washington, St Louis, MO, USA). The
mouse Moloney leukemia virus-induced lymphoma cell
line YAC-1 was purchased from the American Tissue
Culture Collection (ATCC, Manassas, VA, USA). YAC-1
and RKIK cell lines were maintained in RPMI 1640
Medium (Gibco), with 10% FCS (v/v), 2 mM L-glutamine,
0.1 mM non-essential amino acids (Gibco), 1 mM sodium
pyruvate (Gibco), 100 U/ml penicillin, 100 pg/ml strepto-
mycin and 5 x 107> M 2-mercamercaptoethanol (2ME).

Mice

C57BL/6 wildtype (WT) and C57BL/6-ptprc* mice were
purchased from the Walter and Eliza Hall Institute of
Medical Research (WEHI, Parkville, VIC, Australia).
C57BL/6 perforin-deficient (pfp~'~), C57BL/6 interferon-
y-deficient  (IFN-y~’7), C57BL/6  TRAIL-deficient
(TRAIL ™), C57BL/6 Granzyme A-deficient (GzmA ™),
Granzyme B-deficient (GzmB ") and Granzyme M-defi-
cient (GzmM /"), C57BL/6 gld mice [Fas Ligand (FasL)
mutant] and C57BL/6 RAG-2"""y¢™'~ mice were bred in
house, at the Peter MacCallum Cancer Centre (PMCC). All
mice were bred and housed in specific pathogen-free con-
ditions at the PMCC and mice 6-14 weeks of age were
used in all experiments, according to Animal Experimen-
tation Ethics Committee guidelines.

Isolation of NK cells

Spleens dissected from C57BL/6 or C57BL/6 mutant mice
were crushed into hypotonic lysis buffer. Following
washing with PBS, the cells were filtered to generate a
single cell suspension. NK cells were then isolated using an
NK cell isolation beading kit (Miltenyi Biotech, Bergisch
Gladbach, Germany) and separated using an autoMACS
(Miltenyi Biotech). The NK cells were cultured in RPMI
1640 medium containing 10% (v/v) FCS, 2 mM L-gluta-
mine, 5 x 107> mM 2ME, 100 U/ml penicillin, 100 pg/ml
streptomycin, 2 mM Hepes (Sigma-Aldrich) and 1,000 1U/
ml recombinant human IL-2 (rhIL-2) (Biological Resour-
ces Branch Preclinical Repository, National Cancer Insti-
tute, Frederick, MD) for 5 days before being used in
experiments.

Flow cytometry

Expression of NK cell markers including activating and
inhibitory receptors on NK cells was determined using flow
cytometry. Antibodies were used according to manufac-
turer’s instructions and clone numbers for each antibody
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are shown in brackets. This included FITC-conjugated
antibodies specific for NKI1.1 (PK136), NKG2A/C/E
(20d5) (both from eBioscience, San Diego, CA, USA),
2B4/CD244 (2B4), CD16/32 (93), Ly49D (4ES/El) and
CD69 (H1.2F3) (all from BD Pharmingen, San Jose, CA,
USA). Other reagents used in this study were PE-conju-
gated antibodies specific for DX5 (DX5) (BD Pharmingen),
CD9%4 (18d3), NKG2D (CX5) and TRAIL (N2B2) (all from
eBioscience). Biotinylated antibodies specific for CD11b
(M1/70), KLRG1 (2F1) and CD27 (LG.7F9), followed by
staining with streptavidin conjugated to perCPCy5.5 for
detection were used (all from eBioscience), and an AP-
CCy7-conjugated antibody specific for B220 (RA3-6B2)
(BD Pharmingen). Expression of NK cell ligands on RKIK
tumor cells was detected using PE-conjugated antibodies
specific for DR5 (MD5.1) (eBioscience), H-2K" (AF6.88.5)
(BD Pharmingen) and pan RAE-1 (186107) (RnD systems,
Minneapolis, MN, USA), and a PE-conjugated NKG2D
tetramer (a kind gift from Professor David Raulet, University
of California Berkeley, CA, USA).

Cytotoxicity

The ability of NK cells isolated from C56BL/6 WT or
C57BL/6 mutant mice to specifically lyse tumor targets
was assessed in a >!Chromium (51Cr) release assay as
described previously [22]. Briefly, tumor targets were
radio-labeled with >'Cr and then co-incubated with NK
cells at various effector:target (E:T) ratios. Each E:T ratio
was set up in triplicate wells of a 96-well U-bottom plate,
in a total volume of 200 pl of supplemented RPMI. Fol-
lowing 4 h incubation, the supernatant was harvested and
the percentage of specific release of >'Cr into the super-
natant was then calculated as performed previously [22].

Adoptive cell transfer

Groups of 5-10 C57BL/6 RAG-2"""yc™'~ mice were
injected subcutaneously (s.c.) with 4 x 10° RKIK-4862
tumor cells. Mice were then treated on days 0 and 1 with
3 x 10° (per injection) of 5 day IL-2-activated NK cells
injected intravenously (i.v.) derived from WT or mutant
mice. To block NKG2D interactions, 250 pg of monoclo-
nal antibody specific for NKG2D (C7) or isotype control
antibody (UCS8.1B9) was injected intraperitoneally on days
0, 1 and 3 followed by subsequent twice weekly injections,
as described previously [23]. To investigate the trafficking
and persistence of adoptively transferred NK cells in vivo,
3 x 10° donor NK cells from congenic C57BL/6-ptprc®
(CD45.1") mice were transferred into RKIK-4862 tumor-
bearing C57BL/6 RAG-2"""yc ™'~ recipient mice (CD45.2™)
on days 0 and 1. Three mice from each group were killed
on days 3, 6, 9, 15 and 20 and spleen, liver, lungs and

peripheral blood from cardiac puncture were collected.
Dissected spleens and livers were crushed into hypotonic
lysis buffer and filtered to create a single cell suspension.
Lung tissue was minced with scalpel blades followed by
dissociation by shaking for 90 min at 37°C in 10 ml RPMI
(Gibco) with 100 pg/ml hyaluronidase and 0.03 g colla-
genase IV (both from Worthington Biochemical Corpora-
tion, Lakewood, New Jersey, USA). Hypotonic lysis buffer
was used to lyse red blood cells from the cardiac punctures.
Single cell suspensions were then stained with FITC-
conjugated antibody specific for CD45.1 (clone A20,
eBiosciences). Flow cytometry was performed to deter-
mine the percentage of CD45.1% cells in the organs.
Enumeration of CD45.1% cells in these samples was cal-
culated using CaliBRITE beads (BD scientific) as per the
manufacturer’s instructions. To determine the presence of
NK cells in the tumor, 3 x 10° donor NK cells from
congenic C57BL/6-ptprc® mice were transferred into
RKIK-4862 tumor-bearing C57BL/6 RAG-27""yc ™/~
recipient mice on days 0 and 1. At day 17, the mice were
killed and tumor was collected and minced with scalpel
blades followed by dissociation by shaking for 90 min at
37°C in 10 ml RPMI (Gibco) with 100 pg/ml hyaluroni-
dase and 0.03 g Collagenase IV (Worthington). Single cell
suspensions were then stained with FITC-conjugated anti-
body specific for CD45.1. Flow cytometry was performed
to determine the percentage of CD45.17 cells in the tumor.

Statistical analysis

The Mann—Whitney test was used for statistical analysis,
using GraphPad prism software. Two tailed P values (p2)
less than 0.05 were considered significant.

Results

Phenotypic characterization of RKIK tumor cells
and IL-2-activated NK effector cells

We utilized two MCA-induced sarcoma cell lines that were
isolated from C57BL/6 RAG-2~""yc™'~ mice, RKIK-4862
and RKIK-4654. The phenotype of these RKIK tumor lines
was determined by flow cytometry. We demonstrated that
the RKIK-4862 cell line expressed the TRAIL ligand, DR5
(Fig. 1a) but does not express MHC class I (Fig. 1b).
Interestingly, we could not detect expression of RAE-1,
a NKG2D ligand, on RKIK-4862 cells following staining
with a panRAE-1 antibody (Fig. 1c). However, low
NKG2D tetramer staining was detected (Fig. 1d), sug-
gesting expression of an alternative NKG2D ligand. A
similar phenotype was observed for the RKIK-4654 cell
line (data not shown). Given that MHC class I could not be
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Fig. 1 Phenotypic characterization of the MCA-induced sarcoma cell
line, RKIK-4862. Expression of TRAIL receptor DR5 (a), MHC
Class I H2K® (b), RAEI molecules (¢) and NKG2D ligands (d) was
determined by staining with specific PE-conjugated antibodies or PE-
conjugated NKG2D tetramer (solid lines). Isotype control-stained
cells (dotted lines) were used as a control. Data shown are
representative of three independent experiments

detected on these cells, the results suggested that these
RKIK cell lines may be good targets for NK cell-mediated
cytolysis.

We next characterized the phenotype of NK cells cul-
tured for 5 days in 1,000 IU/ml rhIL-2. In three indepen-
dent experiments, the population was found to be entirely
NKI1.1 positive (Fig. 2a), and expressed the NK cell-
associated markers DXS5, CD11b and CD27 (Fig. 2b—d).
In addition, these cells expressed the death ligand TRAIL
(Fig. 2e), NK cell activating receptors CD16/32 and
NKG2D (Fig. 2f, g) as well as both NKG2A/C/E and
CD9%4 (Fig. 2h, i), a family of receptors that are either
activatory (NKG2C/E) or inhibitory (NKG2A). Expression
of receptors KLRGI, Ly49D and 2B4 (Fig. 2j-1) and
activation markers CD69 and B220 (Fig. 2m, n) were also
observed. These results demonstrated that our cell isolation
and culture conditions could reproducibly produce a pure
and highly activated population of NK cells.

RKIK tumor cells are sensitive to NK cell-mediated
lysis in vitro and in vivo

The ability of 5-day, IL-2-activated NK cells to lyse RKIK

cells was compared to the lysis of two well-characterized
NK cell-sensitive cell lines, YAC-1 and RMA-S, in a >'Cr
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release assay. We found that NK cells could effectively
mediate lysis of both RKIK tumor cell lines although the
sensitivity of RKIK-4862 to NK cell lysis was higher than
for RKIK-4654 tumor cells (Fig. 3). Although the pheno-
type of the RKIK cell lines appeared similar, it was pos-
sible that expression of other ligands for activating and/or
inhibitory NK cell receptors on these two lines may have
accounted for differences in NK cell sensitivity observed.
The NK cell-mediated lysis of RKIK-4862 sarcoma cells
was demonstrated to be equivalent to that observed for
YAC-1 cells and lysis of both RKIK cell lines was higher
than that observed for RMA-S (Fig. 3). Further in vivo
characterization was undertaken utilizing the RKIK-4862
cell line given its greater sensitivity to NK cell-mediated
lysis.

In the next experiment, we tested the capacity of IL-2-
activated NK cells to inhibit RKIK tumor growth following
adoptive transfer. C57BL/6 RAG-2"""yc™'~ mice bearing
subcutaneous RKIK-4862 tumor were treated systemically
with 3 x 10° IL-2-activated NK cells. Significant inhibi-
tion of tumor growth was observed following adoptive
transfer of NK cells compared to untreated mice (Fig. 4).
These results demonstrate that utilization of the RKIK
tumor model is appropriate to determine NK cell-mediated
anti-tumor function both in vitro and in vivo.

Perforin is required for the NK cell-mediated lysis
of RKIK tumor cells in vitro

Previous studies have shown that NK cells can mediate
lysis of target cells using the granule exocytosis pathway
involving perforin and granzymes, or death receptors
including FasL. and TRAIL, although this has not been
determined utilizing adoptively transferred NK cells [24—
26]. To determine which cytolytic pathways and molecules
were important in the anti-tumor effects mediated by
adoptively transferred NK cells, we compared the ability of
NK cells derived from either C56BL/6 wildtype (WT) mice
or various C57BL/6 gene-deficient mice to lyse RKIK-
4862 target cells. Importantly, the NK cells derived from
both WT and gene-targeted mice had a similar phenotype
and viability following IL-2 activation (data not shown).
To determine whether perforin was important in NK
cell-mediated lysis of RKIK-4862 cells, we first compared
NK cells from WT and perforin-deficient (pfp~'~) mice.
Cytotoxicity of RKIK-4862 cells by pfp~’~ NK cells was
significantly reduced compared with WT NK cells
(Fig. 5a). Interestingly, equivalent lysis of RKIK-4862
tumor cells by NK cells derived from WT and IFN-y-
deficient mice was observed suggesting that IFN-y secre-
tion by NK cells was not important for their cytolytic
activity in vitro (Fig. 5a). Other molecules important in the
granule exocytosis pathway include granzymes, which are
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characterization of IL-2- A
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Fig. 3 In vitro sensitivity of RKIK tumor cells to NK cell-mediated
lysis. Lysis of RKIK-4862 and RKIK-4654 tumor cells by IL-2-
activated NK cells was compared to lysis of YAC-1 and RMA-S
tumor cell lines using a >'Cr release assay. Lysis of RKIK-4862
sarcoma cells (closed triangles) by NK cells was equivalent to the
killing of YAC-1 lymphoma cells (open squares), and higher than that
observed for the RKIK-4654 sarcoma cell line (open triangles) and
RMA-S tumor cells (closed squares). Data shown are average of
triplicate wells = SEM and are representative of two independent
experiments
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Fig. 4 Adoptively transferred NK cells can inhibit the growth of
RKIK-4862 tumor in vivo. The ability of adoptively transferred NK
cells to inhibit the growth of RKIK-4862 tumor cells was determined
by s.c. injection of tumor cells followed by intravenous injection of
3 x 10° IL-2-activated NK cells (days O and 1). Adoptively
transferred NK cells were able to significantly inhibit the growth of
s.c. RKIK-4862 tumor (open squares) compared to untreated tumor
(closed squares, *p2 < 0.05). Results shown are average tumor
area = SEM from 16 and 12 mice for untreated and treated mice,
respectively, from two independent experiments
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Fig. 5 A critical role for perforin in the NK cell-mediated lysis of
RKIK-4862 in vitro. The role of cytolytic molecules perforin, IFN-y,
granzymes (Gzm) A, B and M and death ligands TRAIL and FasL, in
the NK cell-mediated lysis of RKIK-4862 cells was determined by
isolating NK cells from mice deficient in these molecules. Lysis of
RKIK-4862 tumor cells was determined using a °>'Cr release assay.
a WT NK (open squares) and IFN-y~'~ NK cells (closed squares)
were able to lyse RKIK-4862 at similar levels. In contrast, pfp '~ NK
cells (closed triangles) were unable to lyse these cells. b WT NK cells
(open squares) and GzmA™'~ (closed squares), GzmB™~ (closed
triangles) or GzmM ™'~ (open triangles) NK cells were able to
equivalently lyse RKIK-4862 tumor cells. ¢ WT NK cells (open
squares), gld NK cells (closed triangles) and TRAIL™~ NK cells
(closed squares) were able to similarly lyse RKIK-4862 tumor cells.
Results shown are average specific lysis = SEM from triplicate wells
and are representative of three independent experiments, *p2 < 0.05
and **p2 > 0.05

serine proteases that promote the apoptosis of target cells
[27]. Therefore, we investigated whether granzymes (Gzm)
A, B and M are important in the NK cell-mediated lysis of
RKIK-4862 cells in vitro. We did this by comparing the
lytic capacity of NK cells from GzmA-, GzmB- and
GzmM-deficient mice with WT NK cells. In this experi-
ment we found that NK cells from WT and each Gzm
knockout mice could equivalently lyse RKIK-4862 tumor
cells (Fig. 5b). Expression of death ligands on NK cells
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such as TRAIL and FasL has been demonstrated to be
important in the control of some tumors [26, 28]. The
expression of TRAIL on IL-2-activated NK cells and
TRAIL receptor, DR5, on RKIK-4862 tumor cells raised
the possibility that this pathway may be important in our
model. To investigate whether TRAIL and/or FasL are
important in the lysis of RKIK-4862 cells, we compared
the lytic capacity of NK cells isolated from WT and
TRAIL-deficient (TRAIL™7) or gld mice, which express
mutant FasL. [29]. There was no significant difference in
the lysis of RKIK-4862 mediated by NK cells from gid or
TRAIL ™~ mice compared to WT NK cells although there
was a trend toward reduced killing of RKIK-4862 cells by
TRAIL™~ NK cells at the highest effector:target ratio
tested (Fig. 5c). Overall, these in vitro results demonstrate
that perforin is a critical molecule required for NK cell-
mediated lysis of RKIK-4862 sarcoma cells.

Cytolytic effector molecules perforin, TRAIL and
granzymes B and M are important for the anti-tumor
response mediated by adoptively transferred NK cells

Given that in vitro assays cannot closely mimic important
cellular interactions in vivo, we next explored whether the
cytotoxic molecules tested in vitro were playing a role in
the NK cell-mediated rejection of tumor in vivo. In these
experiments, we compared the ability of adoptively trans-
ferred NK cells derived from C57BL/6 WT or various
C57BL/6 gene-targeted mice to inhibit RKIK-4862 tumor
growth. We found that NK cells derived from pfp ™'~ mice
were unable to inhibit the growth of s.c. tumor compared to
WT NK cells (Fig. 6a). This directly correlated with our in
vitro results and demonstrated that perforin is important in
the anti-tumor response mediated by adoptively transferred
NK cells. To determine whether granzymes play a role in
the NK cell-mediated inhibition of RKIK-4862 tumor
growth, we compared the anti-tumor function of adoptively
transferred NK cells from szAflf, GzmB™~ or
GzmM ™'~ mice with NK cells from WT mice. There was
no significant difference between NK cells from GzmA ™~
mice and WT NK cells to inhibit the growth of RKIK-4862
tumor (Fig. 6b). Interestingly, adoptively transferred NK
cells from GzmB ™~ and GzmM '~ mice were unable to
inhibit the growth of RKIK-4862 tumor compared to WT
NK cells (Fig. 6¢, d). Our results suggested that GzmB and
GzmM play an important role in anti-tumor function of
adoptively transferred NK cells. We next investigated
whether the TRAIL ligand was playing a role in the NK
cell-mediated control of RKIK-4862 cells in vivo. In this
experiment, TRAIL '~ NK cells were unable to inhibit
RKIK-4862 tumor growth compared to WT NK cells
suggesting an important role for the TRAIL death pathway
(Fig. 6e). In further experiments we explored whether other
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Fig. 6 Cytolytic effector molecules important for inhibition of
RKIK-4862 tumor growth by adoptively transferred NK cells. To
investigate the cytolytic effector molecules important for the inhibi-
tion of RKIK-4862 tumor growth, C57BL/6 RAG-27'"ypc'~
recipient mice bearing tumor were injected with NK cells derived
from pfp~'~, IEN-y~~, TRAIL™~, GzmA™"~, GzmB™'~, GzmM '~
or WT mice on days 0 and 1. To investigate the role of the NKG2D
pathway, mice were treated with WT NK cells and intraperitoneal
injections of the NKG2D blocking antibody C7 or isotype control
antibody UC8.1B9. In all experiments adoptive transfer of WT NK
cell-treated mice (open squares) significantly inhibited RKIK-4862
tumor growth compared to untreated mice (closed squares). a
Adoptive transfer of pfp~'~ NK cells (open triangles) did not inhibit
RKIK-4862 tumor growth compared to untreated mice (closed
squares). b Adoptive transfer of GzmA ™"~ NK cells (closed triangles)
and WT NK cells (open squares) both led to significant inhibition of

RKIK-4862 tumor growth compared to untreated mice (closed
squares). ¢ Adoptive transfer of GzmB ™~ NK cells (open triangles)
did not inhibit RKIK-4862 tumor growth compared to untreated mice
(closed squares). d Adoptive transfer of GzmM '~ NK cells (open
triangles) did not inhibit RKIK-4862 tumor growth compared to
untreated mice (closed squares). e Adoptive transfer of TRAIL ™'~
NK cells (open triangles) did not inhibit RKIK-4862 tumor growth
compared to untreated mice (closed squares). £ Adoptive transfer of
WT NK cells with NKG2D blocking antibody C7 (closed triangles)
or isotype control antibody UCS8.1B9 (open triangles) led to
significant inhibition of RKIK-4862 tumor growth compared to
untreated mice (closed squares). g Adoptive transfer of IFN—"/’/ ~NK
cells (open triangles) did not inhibit RKIK-4862 tumor growth
compared to untreated mice (closed squares). Data shown are average
tumor area = SEM from 5 to 15 mice from two independent
experiments, **p2 > 0.05 and *p2 < 0.05
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receptor—ligand interactions may be important in the anti-
tumor response mediated by adoptively transferred NK
cells. Given that activated NK cells expressed high levels
of NKG2D and there was some positive NKG2D tetramer
staining on RKIK-4862 tumor cells, we next investigated
whether this pathway may be involved. In this experiment
we adoptively transferred WT NK cells followed by
injection of monoclonal antibody C7, which specifically
blocks the NKG2D receptor or an isotype control antibody
(UC8.1B9). Interestingly, blocking NKG2D did not sig-
nificantly affect the ability of WT NK cells to inhibit the
growth of tumor as inhibition of RKIK-4862 tumor growth
was similar to mice treated with isotype control antibody
(Fig. 6f). Overall, the results in our RKIK-4862 tumor
model demonstrated that the granule exocytosis pathway
involving perforin and Gzms B and M and the TRAIL
death pathway play important roles in the anti-tumor
response mediated by adoptively transferred NK cells.

A critical role for IFN-y in the anti-tumor effect
mediated by adoptively transferred NK cells

Previous studies in vitro have demonstrated an important
role for IFN-y secreted by activated human NK cells for
their activity against tumor cells [30]. Although we found
no effect on lysis of RKIK-4862 tumor cells by IFN-y~/~
NK cells compared to WT NK cells, IFN-y has been
reported to play an important role in the anti-tumor
immune response in vivo [31, 32]. To determine the
importance of this pro-inflammatory cytokine in vivo
against RKIK-4862 tumor cells, we adoptively transferred
NK cells isolated from WT and IFN-y~'~ mice. We found
that adoptive transfer of IFN-y~~ NK cells could not
mediate inhibition of RKIK-4862 tumor growth compared
to WT NK cells (Fig. 6g). This experiment demonstrated
the importance of IFN-y secreted by adoptively transferred
NK cells in the inhibition of RKIK-4862 tumor growth
in vivo.

Adoptively transferred NK cells traffic to the tumor site
and persist in vivo

It has been previously shown for adoptively transferred T
cells that successful anti-tumor responses correlate with
their trafficking to the tumor site and persistence in vivo
[33, 34]. To determine whether this was the case for
adoptively transferred NK cells in this specialized model,
congenic (CD45.1%) NK cells were transferred into RKIK-
4862 tumor-bearing mice and flow cytometry was utilized
to determine the presence of NK cells in the peripheral
blood, lungs, liver, spleen and tumor of treated mice. In this
experiment up to 5% of cells in the peripheral blood were
CD45.1%" and could be detected for at least 20 days post-
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transfer. These CD45.1" cells were not detected in
untreated RKIK-4862 tumor-bearing mice (Fig. 7a, b).
Transferred CD45.1" NK cells could also be found in the
spleen, lungs and liver of treated mice at least 20 days
post-transfer (Fig. 8a, b). No CD45.1% cells were found in
these various tissues in non-treated tumor-bearing mice
(data not shown). Importantly, we demonstrated that
adoptively transferred NK cells could traffic to the tumor
site as CD45.17" cells could be detected in the tumor mass
17 days post-transfer, but were not found in untreated
tumor-bearing mice (Fig. 8c). These results strongly sug-
gest that anti-tumor responses mediated by adoptively
transferred NK cells correlate with their trafficking to the
tumor site and persistence in vivo.

Discussion

Adoptive cell transfer therapy is a rapidly developing field
of immunotherapy. Indeed, transfer of tumor-infiltrating
lymphocytes has shown some remarkable responses in
patients with advanced melanoma [35, 36]. Nevertheless,
problems with deriving sufficient numbers of these cells
from patients, downregulation of MHC class I ligands and
co-stimulatory ligands on tumor cells, combined with the
lack of persistence of transferred cells have precluded
broad utilization of these cells for the treatment of cancer
patients. The transfer of other immune subsets, such as NK
cells which do not require prior sensitization to respond to
target cells and can potently induce a cytolytic response,
represents a good alternate or auxiliary cell type for
immunotherapy. The use of NK cells in the allogeneic
hematopoietic stem cell transplant setting has resulted in
improved survival outcomes for leukemia patients, and
highlights the promise of these cells for cancer treatment.
However, little is known about the important effector
molecules and signaling pathways used by adoptively
transferred NK cells in mediating anti-tumor responses.
This knowledge may serve to help optimize the use of these
cells for immunotherapy and help in the selection of tumor-
types suitable for targeting by adoptively transferred NK
cells. To investigate this, we developed a novel mouse
model where adoptively transferred NK cells could medi-
ate significant tumor growth inhibition. We demonstrated
that a MCA-induced sarcoma cell line, RKIK-4862, that
expressed TRAIL receptor, DRS, and no MHC class I, was
sensitive to NK cell-mediated lysis both in vitro and in vivo
following adoptive transfer of activated NK cells. The
development of this novel model allowed us to investigate
the behavior of adoptively transferred NK cells. Cytolytic
effector molecules important for anti-tumor effects medi-
ated by adoptively transferred NK cells in vivo included
perforin, IFN-y, TRAIL and granzymes B and M. In
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Fig. 7 Adoptively transferred NK cells persist in the peripheral blood
of recipient mice. The persistence of adoptively transferred NK cells
was investigated by transfer of congenic NK cells from C57BL/6-
ptprc® mice (CD45.1%) into RKIK-4862 tumor-bearing C57BL/6
RAG-27""p¢™"~ mice (CD45.2™). Flow cytometry was used to detect
CD45.1" NK cells in the peripheral blood of NK cell-treated mice
(closed bars) or non-treated mice (open bars). Adoptively transferred
NK cells persist at detectable levels for at least 20 days post-transfer
with respect to a the percentage of CD45.17" circulating cells and
b the number of CD45.17" circulating cells per microliter of blood.
Data shown are average + SEM of six mice per time point, from two
independent experiments

contrast, NKG2D and granzyme A were found not to play a
critical role in the NK cell-mediated response to RKIK
tumor cells. The fact that only perforin was found to be
important for NK cell-mediated cytotoxicity against RKIK-
4862 tumor cells in vitro, highlighted the importance of our
mouse model to investigate potential effector molecules
and pathways involved in the in vivo anti-tumor response
mediated by adoptively transferred NK cells. In this study
we demonstrated that transferred NK cells trafficked to the
tumor site and persisted in the lungs, liver, spleen and
peripheral blood of recipient mice, which correlated with
the anti-tumor response observed.

The adoptive transfer of TRAIL ™~ NK cells identified a
role for TRAIL in the NK cell-mediated inhibition of
RKIK-4862 tumor growth. This correlated with expression
of TRAIL on IL-2-activated NK effector cells and DRS
expression on RKIK-4862 tumor cells. However, given that
a lack of TRAIL did not totally abolish inhibition of tumor
growth mediated by transferred NK cells, it remained a

g
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Fig. 8 Adoptively transferred NK cells can be detected in the liver,
lungs, spleen and tumor of recipient mice. The presence of adoptively
transferred NK cells in the spleens (gray bars), lungs (white bars) and
livers (black bars) of mice receiving RKIK-4862 tumor and
adoptively transferred, congenic CD45.1" NK cells was investigated
by flow cytometry. Adoptively transferred NK cells persist at
detectable levels for at least 20 days post-transfer with respect to a
the percentage of CD45.1% cells in each organ and b the number of
CD45.1" circulating cells per milligram of organ. Data shown are
average = SEM from six mice from two independent experiments.
¢ The presence of adoptively transferred NK cells in the tumor mass
was investigated by flow cytometry to detect CD45.1"7 NK cells
following mechanical and enzymatic dissociation of the tumors from
mice receiving RKIK-4862 tumor and adoptively transferred, con-
genic CD45.1" NK cells (black bars) or RKIK-4862 alone (white
bars) at day 17, post-transfer. Adoptively transferred NK cells could
be detected in the tumor at this time point. p2 < 0.01 (NK cell-treated
vs. non-treated groups). Data shown are average & SEM from five
mice per group

possibility that other receptor-ligand interactions were also
playing an important role. Although NKG2D interaction
with cellular stress ligands has been shown to be important
for NK cell-mediated anti-tumor rejection in some models,
we found in this study that blocking the NKG2D receptor
had no impact on the ability of adoptively transferred NK
cells to inhibit the growth of RKIK-4862 tumor. Our data
suggested that other receptors may be playing a role such
as DNAX-accessory molecule-1 (DNAM-1) or natural
cytotoxicity receptors (NCRs) which have recently been
implicated in NK cell-mediated anti-tumor immunity [37].
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It would be interesting in future studies to determine
whether RKIK-4862 tumor cells express any of the ligands
for these different receptors, and what specific NK cell-
mediated response results from the stimulation of these
receptors.

Our mouse model revealed that perforin is critical for
both in vitro NK cell-mediated lysis of RKIK-4862 tumor
cells and inhibition of RKIK-4862 tumor growth in vivo by
adoptively transferred NK cells. This finding is in agree-
ment with previous studies that have reported perforin-
dependent control of carcinogen-induced tumor cells as
well as the control of metastases and syngeneic tumors by
NK cells [6, 38, 39]. This pore-forming protein has been
shown to allow access of granzymes to the target cell
leading to death of the target cell, although the exact
mechanism of action of perforin is unclear [40—42]. In
addition to perforin, we demonstrated the importance of
granzymes M and B in the inhibition of RKIK-4862 tumor
growth in vivo mediated by adoptively transferred NK
cells. Granzyme B has been shown to induce caspase-
independent or caspase-dependent target cell death and
may also act on Bcl-2 family proteins to induce mito-
chondrial-dependent cell death [43—45]. Granzyme M, on
the other hand, has been reported to induce caspase- and
mitochondrial-independent cell death [46]. Although these
granzymes can induce target cell death using different
pathways, our results suggest a role for both caspase/
mitochondrial-independent and caspase/mitochondrial-
dependent-induced apoptosis in the inhibition of RKIK-
4862 tumor growth mediated by adoptively transferred NK
cells. In contrast, granzyme A, which induces caspase-
independent cell death and DNA nicks [47], was shown not
to play an important role in the inhibition of RKIK-4862
tumor growth. This is consistent with previous reports,
which demonstrate that granzyme A-deficient NK cells
retain their cytolytic function and suggest that granzyme A
is not a strong promoter of NK cell-mediated cytolysis of
target cells [48, 49]. Interestingly, the reduced anti-tumor
effects observed with granzyme M and B knockout NK
cells in vivo was in contrast to the results of the in vitro
cytotoxicity assay where WT NK cells and NK cells from
granzyme gene-targeted mice could similarly kill RKIK-
4862 tumor cells. Although the reason for this discrepancy
is unclear, these results suggest that granzymes mediate
other important functions other than cell killing. It has been
previously reported that granzyme B can induce anoikis in
anchorage-dependent cell lines and can facilitate lympho-
cyte trafficking by cleaving extracellular matrix proteins
[50]. In addition, granzymes have also been reported to
play a role in inflammatory responses and can induce
secretion of proinflammatory cytokines from immune cells
such as monocytes and macrophages [51]. Thus, it is
possible that granzymes (particularly B and M) may be
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playing additional roles other than cell killing that con-
tribute to the anti-tumor response by NK cells seen in our
in vivo model that were not observed in the in vitro setting.
Previous studies have demonstrated that IFN-y secreted
from NK cells can inhibit the proliferation of tumor cells in
vitro [30]. We extend these findings by demonstrating the
necessity of IFN-y in the inhibition of RKIK-4862 tumor
growth in vivo following adoptive transfer of activated NK
cells. The exact role that IFN-y secreted by adoptively
transferred NK cells is playing in our model is unclear and
is complicated by the fact that IFN-y mediates anti-tumor
effects using both direct and indirect mechanisms [31].
Possible mechanisms of action of IFN-y in our model
include increased activation of macrophages and NK cells,
promoting adhesion of leukocytes to allow extravasation.
It would be interesting in future studies to determine the
exact mechanism by which adoptively transferred NK cell-
secreted IFN-y mediates anti-tumor effects in our model.
The lack of persistence of adoptively transferred T cells
has frequently been identified as one reason for the failure
of adoptive immunotherapy using these cells. It has been
demonstrated that enhanced patient responses are associ-
ated with increased persistence of transferred T cells [33,
34, 52]. In our study, we demonstrated that adoptively
transferred NK cells persisted and could be detected at the
tumor site during the course of the experiment. It must be
noted that the C57BL/6 RAG2™'~yc™'~ mouse model used
in this study was primarily chosen to determine the con-
tribution of adoptively transferred NK cells to tumor
inhibition in the absence of endogenous lymphocytes but
this model does also have relevance to patients treated with
lymphodepletion regimens. However, in future experi-
ments, it will be important to also test this therapy in an
immunocompetent setting perhaps combined with lymph-
odepletion to ensure that adoptively transferred NK cells
do not cause any autoimmune pathology. If NK cell-
mediated anti-tumor activity is reduced in such models, it
may be necessary to further stimulate the cells by treating
the mice with cytokines such as IL-2 or IL-15. These
cytokines have been previously demonstrated to enhance
proliferation, function and survival of NK cells [53-55].
In this study, transferred NK cells were predominantly
CD27 positive and previous work has demonstrated
enhanced functional activities of CD27™ NK cells com-
pared to CD27"° NK cells [56]. However, for clinical
translation using human NK cells, it would be interesting to
compare the function of different human NK cell subsets.
Human NK cells can be divided into two subsets according
to CD56 expression. CD56%™ NK cells have been reported
to have a higher cytolytic capacity and lower cytokine
secretion ability compared to CD56"€™ NK cells, which
have high cytokine secretion abilities and low cytolytic
capacity [57, 58]. This knowledge may enable matching
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patient tumor with required NK cell function which may
lead to increased efficacy of this treatment. Recent studies
have demonstrated new methods for expanding NK cells ex
vivo for adoptive NK cell transfer, involving co-culture
with stimulator cells and cytokines [59, 60]. This signifi-
cantly increases the feasibility of this approach for the
treatment of patients. Increased knowledge of the important
mechanisms required for a NK cell-mediated activity
against tumors may also help in the selection of adjuvants
that may further enhance desired NK cell function. For
example, Lundqvist et al. [61], demonstrated that com-
bining adoptive NK cell transfer with the proteosome
inhibitor Bortezomib enhanced the survival of tumor-
bearing mice, compared to adoptive NK cell transfer alone.
Other adjuvants to improve adoptive NK cell therapy
include treatment with immune agonists, such as Toll-like
receptor (TLR) agonists. Roda et al. [62], reported that the
TLR-9 agonist, CPG, activated NK cells both directly and
indirectly. Understanding the underlying mechanisms of
NK cell function combined with genetic modification of
these cells with tumor-specific recognition receptors may
also lead to improved anti-tumor effects. Indeed, we and
others have recently shown that genetic modification of NK
cells with a chimeric receptor specific for a tumor-associ-
ated antigen led to increased anti-tumor effects [19, 22,
63]. Overall, the results of this study have important
implications for the use of adoptively transferred NK cells
for cancer immunotherapy.
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