1duosnue Joyiny 1duosnuep Joyiny 1duosnuen Joyiny

1duasnuen Joyiny

Author manuscript
Int J Cancer. Author manuscript; available in PMC 2016 September 01.

-, HHS Public Access
«

Published in final edited form as:
Int J Cancer. 2015 September 1; 137(5): 1085-1094. doi:10.1002/ijc.29480.

NKT cells act through third party bone marrow-derived cells to
suppress NK cell activity in the liver and exacerbate hepatic
melanoma metastases

Leila Sadegh, Peter W. Chen, Joseph R. Brown, Zhigiang Han, and Jerry Y. Niederkorn
Department of Ophthalmology, University of Texas Southwestern Medical Center, Dallas, Texas
75390-9057

Abstract

Uveal melanoma (UM) is the most common intraocular tumor in adults and liver metastasis is the
leading cause of death in UM patients. We have previously shown that NKT cell-deficient mice
develop significantly fewer liver metastases from intraocular melanomas than do wild-type (WT)
mice. Here, we examine the interplay between liver NKT cells and NK cells in resistance to liver
metastases from intraocular melanomas. NKT cell-deficient CD1d™~ mice and WT C57BL/6 mice
treated with anti-CD1d antibody developed significantly fewer liver metastases than WT mice
following either intraocular or intrasplenic injection of B16LS9 melanoma cells. The increased
number of metastases in WT mice was associated with reduced liver NK cytotoxicity and
decreased production of IFN-y. However, liver NK cell-mediated cytotoxic activity was identical
in non-tumor bearing NKT cell-deficient mice and WT mice, indicating that liver metastases were
crucial for the suppression of liver NK cells. Depressed liver NK cytotoxicity in WT mice was
associated with production of 1L-10 by bone marrow-derived liver cells that were neither Kupffer
cells nor myeloid-derived suppressor cells and by increased I1L-10 receptor expression on liver NK
cells. 1L-107~ mice had significantly fewer liver metastases than WT mice, but were not
significantly different from NKT cell-deficient mice. Thus, development of melanoma liver
metastases is associated with upregulation of 1L-10 in the liver and an elevated expression of
IL-10 receptor on liver NK cells. This impairment of liver NK activity is NKT cell-dependent and
only occurs in hosts with melanoma liver metastases.
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Introduction

Uveal melanoma (UM) is the most common intraocular malignancy in adults. Half of the
patients with primary UM develop metastases, with the liver being the most frequently
affected organ®. The current median survival time of patients with liver metastases is less
than a year2. A significant body of research suggests that the liver’s unique
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immunoregulatory microenvironment might foster the growth of tumors that metastasize to
the liver through the suppression of adaptive immunity3. The liver is endowed with
immunosuppressive cytokines such as 1L-10 and TGF-3, which are known to promote the
induction of tolerogenic antigen presenting cells (APCs) and T-cells*. By contrast, the innate
immune system has a strong presence in the liver and plays a vital protective role against
pathogens and malignant tumors in the liver®.

Natural killer (NK) cells are effector lymphocytes of the innate immune system. They are
more abundant in the liver than in any other organ3. The importance of NK cells in
controlling metastases of UM has been shown in both humans and mice. In patients with
primary UM, NK cells comprise up to 40% of tumor infiltrating lymphocytes®. Moreover,
many melanoma cell lines isolated from primary UM are susceptible to NK cell-mediated
cytolysis®. Studies in nude mice, which cannot mount a T cell-dependent adaptive immune
response, but have an intact NK cell repertoire, have shown that the depletion of NK cells in
vivo results in a significant increase in the number of liver metastases arising from human
uveal melanoma cells transplanted into the eye’.

Natural Killer T (NKT) cells are a distinct population of T cells with the characteristics of
both innate and adaptive immunity8. Like NK cells, NKT cells are abundant in the liver and
account for up to 25% and 40% of human and mouse liver lymphocytes, respectively®. Two
populations of NKT cells have been described. Type | NKT cells are defined as invariant
NKT (iNKT) cells and encompass 80% of total NKT cells10.

The role of NKT cells in the development of liver metastases that develop from uveal
melanomas has not been sufficiently investigated. In murine models, it is widely believed
that type | NKT cells have anti-tumor functions whereas type |1 NKT cells contribute to the
suppression of anti-tumor immune responses8. We previously reported that mice deficient in
NKT cells had a steep decrease in liver metastases arising from either intraocular
melanomas or melanoma cells injected into the portal circulation and a significant elevation
in the cytolytic activity of liver NK cells compared to mice with an intact NKT cell
repertoire’. The depressed liver NK cell cytotoxicity activity in NKT cell-competent mice
could be restored by in vivo neutralization with anti-IL-10 antibody suggesting that this
cytokine was either produced by NKT cells or that NKT cells promoted I1L-10 production by
third-party cells. In the present study, we extended these investigations and examined the
underlying mechanisms for reduced liver metastases and the coincidental enhanced cytolytic
activity of liver NK cells in hosts depleted of NKT cells. Our results suggest that NKT cells
simultaneously induce the expression of IL-10 in the liver by bone marrow-derived cells that
are neither myeloid-derived suppressor cells (MDSC) nor Kupffer cells (KC), both of which
are known to produce 1L-1011 12, Our results also indicate that the enhanced liver NK
cytolytic activity in NKT cell-deprived mice correlates with an upregulation of the NK cell
activation receptor NKG2D.
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Materials and Methods

Cell lines

Mice

B16L.S9 murine melanoma cell line was kindly provided by Hans E. Grossniklaus (Emory
University School of Medicine, Atlanta, GA and preferentially metastasizes to the liver
following intraocular transplantation’. Yac-1lymphoma cell line was obtained from
American Type Culture Collection (Rockville, MD) and served as positive control cells for
Multl and Rael expression.

Eight to twelve week old female C57BL/6 mice were obtained from the animal colony at the
University of Texas Southwestern Medical Center (Dallas, TX). CD1d™/~ mice (C57BL/6
background) which lack both type I and type I NKT cells, were kindly provided by Mark
Exley (Beth Israel Deaconess Medical Center, Boston, MA). IL-10~/~ mice
(B6129P2-il10tm1Can;3) mice were obtained from The Jackson Laboratory (Bar Harbor, ME).
Animals were cared for in accordance with the guidelines of the Institutional Animal Care
and Use Committee (IACUC) of the University of Texas Southwestern Medical Center and
the Association for Research in Vision and Ophthalmology (ARVO) statement concerning
the Use of Animals in Ophthalmic and Vision Research.

Tumor injections

Melanoma cells (5x10%) were injected intravitreally into the posterior compartment (PC) of
the eye as described previously!3. Tumor-bearing eyes were enucleated when they reached
4.0 mm in diameter. Mice were euthanized two weeks after enucleation and their livers were
collected for histological analysis. Melanoma cells (5x10%) were injected beneath the spleen
capsule as an ancillary method for producing liver metastases by facilitating the
dissemination of tumor cells to the liver via the hepatic portal veinl4 15, Mice were
euthanatized 14 days later and their livers collected for histological analysis. Tumor cells
(5x10%) were injected subcutaneously (SC) and the inoculation sites were palpated two
times per week and measured with calipers to assess SC tumor growth. Subcutaneous
tumors were surgically removed when they reached 4.0 mm in diameter in order to mimic
the size of the ocular tumors at the time of enucleation. Mice were necropsied two weeks
after tumor removal and the livers were collected for assessment of metastases’.

Isolation of liver NKT cells

Liver lymphocytes were isolated as previously described and were enriched for by cell
sorting using a FACSAtria Il (BD Biosciences, San Jose CA)”. NKT cells were defined as
either a NK1.1* TCR-B* preparation or a CD1d* CD3* CD19~ CD1d tetramer+ (NIH
Tetramer Core Facility, Atlanta, GA) lymphocyte population. The majority of the
experiments were performed with CD1d+CD3+, CD19-, CD1d tetramer+ cells. The purity
of both NKT cell preparations was consistently = 95%.
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In vitro NK cell-mediated cytotoxicity assay

Splenic and liver cells were isolated and enriched for NK cells with an EasySep Mouse NK
Cell Enrichment Kit (Stemcell Technologies, Vancouver, BC, Canada) and tested for
cytotoxicity against B16L.S9 melanoma cells in vitro using an effector to target cell ratio of
25:1 for 18 hours’. Briefly, lactate dehydrogenase (LDH) is and was measured in a
colorimetric coupled enzymatic assay in which color formation is proportional to the
number of lysed cells. The wavelength absorbance data at 490 nm were collected using a
standard 96-well plate reader (Biotek Instrument, Winooski, VT). NK cell-enriched
suspensions were examined by flow cytometry for purity using anti-NK1.1 antibody (BD
Biosciences, San Jose, CA) and anti-CD8 monoclonal antibody (BD Biosciences) and were
found to be 74% NK1.1+ and <4% CD8+.

Generation of bone marrow chimera mice

C57BL/6 WT mice were lethally y-irradiated (900 cGy) and reconstituted with bone marrow
cells from C57BL/6 WT or C57BL/6 IL-10~/~ mice. Bone marrow cells (1 x 10°) were
injected intravenously into each recipient. Chimeric animals were rested for eight weeks
before intrasplenic injection of B16LS9 tumor cells.

Flow cytometry

Cells were stained using the following antibodies: Anti-mouse PE-NK1.1, APC-TCR-f,
APC-Streptavidin and FITC-NKG2D (BD Biosciences, San Diego, CA), Biotin anti-mouse
CD210 (IL-10RA), APC-conjugated anti-mouse Mult-1 (R&D Systems, Minneapolis, MN),
PE-conjugated anti-mouse Rae-1 (R&D) and isotype control monoclonal antibodies. The
cells were re-suspended in 100ul PBS with 1% FCS and incubated with 1ug BD Fc Block
CD16/CD32 monoclonal antibody (BD Biosciences) at 4°C for 15 minutes. Cells were
washed twice with PBS, treated with in intracellular cytokine kit according to the
manufacturer’s instructions and analyzed on a FACScan flow cytometer (BD Biosciences).
The results were analyzed with BD CellQuest analysis software (ver. 3.1f; BD Biosciences).

Depletion of Kupffer cells

Liposomes containing either clodronate (C12MDP; Sigma-Aldrich, St. Louis, MO) or PBS
were prepared as previously described6. Kupffer cells (KC) were depleted as reported
elsewherel” by injecting clodronate-containing liposomes intravenously (200 pl) the day
before intrasplenic tumor injection. Mice were euthanized and examined for liver metastases
14 days following intrasplenic tumor injection.

Depletion of MDSC

MDSC were depleted by injecting anti-Gr1 antibody (University of California at San
Francisco Hybridoma Facility; Clone RB6-8C5) intraperitoneally every three days (250ug/
injection) beginning on the day of tumor injection! 18, Normal rat IgG (Sigma-Aldrich St.
Louis, MO) was administered as an isotype control. Since anti-Gr1 antibody also depletes
neutrophils, separate groups of mice were depleted of neutrophils using anti-Ly6G antibody
(1A8; BD Biosciences), which depletes neutrophils but does not affect MDSC19. Anti-Ly6G
antibody was injected intraperitoneally every three days (250pg/injection) beginning on the
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day of intrasplenic tumor injection and was found to deplete approximately 85% of liver
neutrophils as determined by flow cytometry (data not shown).

Statistical analysis

The Student’s t-test or Rank-Sum t-test was used to assess the statistical significance of the
differences between experimental and control groups. A P-value of < 0.05 was considered
significant. Results were expressed as the mean +/- the standard deviation.

Results

Hepatic, but not splenic, NK cell-mediated cytotoxicity is elevated in NKT cell-deficient
tumor-bearing mice

We hypothesized that NKT cells promote the development of liver metastases by
suppressing NK cell anti-tumor immune responses in the liver, but not elsewhere. To test
this, WT and CD1d~/~ mice were injected intrasplenically with B16LS9 melanoma cells.
The results confirmed our previously published findings’ that liver NK cells from WT mice
bearing liver metastases arising from either intrasplenic tumor injection (Fig. 1&) or
intraocular tumors (Fig. 1b) had steeply reduced cell-mediated cytotoxicity of B16L.S9
melanoma cells. Regardless of the route of tumor inoculation, liver NK cells from WT mice
had significantly reduced cytotoxicity against B16LS9 melanoma cells compared to
CD1d™/~ mice or WT mice treated with anti-CD1d antibody (Figs. 1a and 1b). Moreover,
the NK cell-mediated cytotoxicity was reduced in the liver but was not altered in the spleens
of tumor-bearing mice (Fig. 1b). Cultured B16LS9 melanoma cells and liver metastases
were isolated and immediately examined by gPCR and flow cytometry for the expression of
CD1d mRNA and protein respectively. Neither the original B16LS9 melanoma cell line nor
liver metastases expressed either CD1d message or protein (data not shown).

The increased cytotoxicity of liver NK cells in NKT cell-deficient mice was not simply due
to an increase in the number of liver NK cells in CD1d~/~ mice as the number of NK cells
(as determined by flow cytometry) was the same in tumor-bearing WT and CD1d~/~ mice
(data not shown). Thus, NKT cells suppressed NK cell-mediated cytotoxicity in tumor-
bearing mice and the enhanced liver NK cytotoxic activity in NKT cell-deficient mice were
not simply due to increased numbers of liver NK cells.

In other experiments, WT and CD1d~/~ mice were injected subcutaneously with melanoma
cells. Subcutaneous tumors were extirpated when they reached 4.0 mm in diameter in order
to mimic the experiments in which tumor-containing eyes were enucleated when they
reached 4.0 mm in diameter. We found no microscopic evidence of liver metastases in WT
mice or CD1d ™/~ mice with subcutaneous melanomas (data not shown). Moreover, the liver
NK cell-mediated cytotoxicity in WT mice was not significantly different from that found in
CD1d~~ mice injected subcutaneously with B16L.S9 melanoma cells (data not shown).
These data suggest that the suppression of liver NKT cell-induced NK cell-mediated
cytotoxicity was unique to hosts with liver metastases and was not a systemic phenomenon
related to the growth of melanoma cells at sites other than the liver.
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IL-10 promotes NKT cell-dependent exacerbation of liver metastases

We next sought to confirm our previous findings indicating that in vivo blockade of IL-10
through the administration of anti-1L-10 antibody reversed the depressed liver NK cell
cytolytic activity, which ostensibly played a crucial role in the formation of liver metastases
in B16LS9 melanoma-bearing mice’. We interrogated liver cell suspensions of tumor-
bearing mice for the expression of IL-10 mRNA various times following intrasplenic tumor
injection. IL-10 message was detected in WT mice within 48 hours of intrasplenic tumor
injection and persisted for 7 days before returning to normal levels at day 9 (Fig. 2a). The
increased production of IL-10 was restricted to the liver as the serum levels of IL-10 in NKT
cell-deficient tumor-bearing mice were identical to tumor-bearing WT mice at all time
points, with the exception of day one post tumor injection (Fig. 2b). To confirm the
association between elevated I1L-10 expression and increased liver metastases we assessed
the number of liver metastases in I1L-107~ and WT mice (Figs. 2c-2€). There was a four-
fold reduction in the number of liver metastases in I1L-10~/~ mice in comparison with WT
mice indicating the important role of IL-10 in exacerbating liver metastases in melanoma-
bearing mice (Fig. 2€). In order to examine whether IL-10 producing cells were derived
from bone marrow cells or from liver parenchymal cells, we generated bone marrow
chimera mice in which bone marrow-derived cells from either IL-10~~ or WT mice were
adoptively transferred into irradiated WT recipient mice. Eight weeks post bone marrow
reconstitution, mice were injected intrasplenically with B16LS9 melanoma cells and the
formation of liver metastases was examined. Mice that received bone marrow cells from
IL-10~"~ mice developed significantly fewer liver metastases than mice receiving bone
marrow from WT mice (Fig. 2f). These results indicate that bone marrow-derived cells were
important producers of IL-10 in the melanoma-bearing mice. To confirm that melanoma
liver metastases were not the source of IL-10, melanoma cells were isolated from liver
metastases and immediately examined by gPCR and flow cytometry for the expression of
IL-10 mRNA and protein respectively. Neither the original B16LS9 melanoma cell line nor
liver metastases of B16L.S9 melanoma expressed either IL-10 message or protein (data not
shown).

To determine the time course and peak production of 1L-10 and if the maximum IL-10
production coincided with the suppression of liver NK activity, liver NKT cells and non-
NKT cells were also isolated from tumor-bearing mice and were tested for IL10 production.
Since liver expression of IL-10 peaked at day 3 and returned to baseline levels at day 9 post
tumor injection (Fig. 2a), we selected these time points for assessing IL-10 expression by
liver NKT cells and non-NKT cells. Although we did not observe elevated expression of
IL-10 protein in NKT cells there was a pronounced increase in IL-10 protein by liver non-
NKT cells on days 3 and 9 post tumor injection (Fig. 3a) and nine-fold higher amounts of
IL-10 mRNA in WT mice on day 3 post tumor injection (Fig. 3b). By contrast, NKT cells
from similar mice did not produce significantly higher quantities of IL-10 protein or
increased expression of IL-10 mRNA (Figs. 3c and 3d). Interestingly, the maximum
depression of liver NK cytotoxicity was detected on day 9 (Fig. 3€), which coincided with
elevated expression of IL-10 protein by non-NKT cells in the livers of WT mice (Fig. 3a).
Contrary to our expectations, WT mice displayed a spike in the liver expression of IFN-y
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mRNA liver on days 7 and 9 (Fig. 3f), which coincided with maximal depression in liver
NK cell activity (Fig. 3e).

In the liver, two bone marrow-derived cell populations come to mind as potential sources of
IL-10 production in tumor-bearing NKT cell-competent mice, MDSC and KC, both of
which are known to produce I1L-1012 20, Accordingly, we employed a widely used protocol
for depleting putative MDSC by administering anti-Gr1 antibody every 72 hr beginning on
the day of intrasplenic tumor injection®. The results revealed >70% reduction of
Gr1+CD11b+ putative MDSC (data not shown) but a sharp increase in the number of liver
metastases and a commensurate reduction in liver NK cell cytolytic activity (Figs. 4a-4c).
Although anti-Gr1 antibody also depletes neutrophils, parallel experiments were performed
using anti-Ly6G antibody, which also depletes neutrophils and found that depletion of 85%
of liver neutrophils (data not shown), did not affect the number of liver metastases (Fig. 4d).
Thus, the increased number of liver metastases in mice treated with anti-Gr1 was most likely
not due to depletion of neutrophils. We also depleted KC through the intravenous
administration of clodronate-containing liposomes!” and found a steep increase, rather than
decrease, in the number of liver metastases (Figs. 4e-4g). Thus, KC are not the third-party
bone marrow-derived cells that produce IL-10, which leads to increased liver metastases and
depression of liver NK cell activity in NKT cell-competent mice bearing liver metastases.

Depressed liver NK activity coincides with upregulation of IL-10 receptor

The regulatory functions of 1L-10 are exerted through the IL-10 receptor?l. Accordingly, we
examined the expression of 1L-10 receptor on liver NK cells in tumor-bearing WT and
CD1d™~ mice. By day 9, IL-10R message was upregulated 400-fold in tumor-bearing WT
mice compared to CD1d™/~ mice (Fig. 5a). IL-10R protein was also elevated on liver NK
cells from WT mice compared to CD1d~/~ mice on days 5, 7, and 9 post tumor (Figs. 5b—
5f). It bears noting that the maximal depression of liver NK cytotoxicity occurred at day 9
(Fig. 3e), which coincided with the maximum expression of IL-10R message on liver NK
cells (Fig. 5€).

Elevated NK cell activity in NKT cell-deficient mice coincides with increased expression of
NKG2D activation receptor

NKG2D is a C-type lectin-like receptor that is express on virtually all NK cells?2-24 and is
especially important in activating NK cells in the immune surveillance of tumors?>-27, With
this in mind, we examined the surface expression of NKG2D on liver NK cells from WT
mice and CD1d™/~ injection of B16L.S9 melanoma cells. NKG2D expression was the same
in WT mice, CD1d™/~ mice, and WT mice treated with anti-CD1d antibody on days 0 and 14
post tumor injection, but was significantly increased in CD1d™/~ and WT anti-CD1d
antibody-treated mice on day 9 post tumor injection (Figs. 6a — 6h), however, which might
explain the elevated liver NK activity in NKT cell-deficient mice. However, the two major
ligands for NKG2D, Multl and Rael, were not detected on either cultured B16LS9 cells
(Figs. 6h — 6K) or liver metastases (data not shown).
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Discussion

The general notion is that INKT cells promote anti-tumor immunity and type Il NKT cells
impair it8. iINKT cells are also able to directly kill CD1d expressing tumor cells?® and it has
been suggested that CD1d-dependent cross-presentation of endogenous tumor antigen by
dendritic cells activates iNKT cell anti-tumor function2®. However, most tumor cells,
including B16L.S9 melanoma cells, do not express CD1d30. Murine NKT cells can exert
regulatory effects on tumor immune surveillance31-33 and it has been reported that patients
with uveal melanoma have the highest number of hepatic iNKT cells compared with
hepatocellular carcinoma patients34.

Studies have shown that the anti-tumor effector functions of NK and NKT cells are
suppressed in the tumor microenvironment3®, Here, we show that the presence of melanoma
metastases in the livers of WT mice suppressed liver NK cell-mediated cytotoxicity.
Interestingly, in the absence of NKT cells, the presence of liver metastases does not result in
enhanced suppression of liver NK cell cytolytic activity. This, in turn, strongly suggests that
NKT cells enhance, rather than inhibit, the development of liver metastases by suppressing
NK cell activity in the liver. In addition, the comparable levels of NK cell mediated-
cytotoxicity in non-tumor bearing WT and CD1d™~ mice suggest that the presence of liver
metastases is required for the NKT cell-dependent suppression of liver NK cell anti-tumor
function. The impaired NK cell activity in WT mice compared to NKT cell-deficient mice
appears to be restricted to the liver, as splenic NK activity was the same in NKT cell-
deficient mice and WT mice.

Several molecules can suppress NK cell activity. However, three cytokines in particular
come to mind. IL-10, TGF-$, and macrophage migration inhibitory factor (MIF) have been
shown to suppress NK cell activity under certain conditions36-49, Although we found no
evidence for upregulation of either TGF- or MIF in the livers of WT mice with liver
metastases (data not shown), there was a significant elevation of liver IL-10 expression in
WT mice compared to CD1d™~ mice during the first seven days following intrasplenic
tumor injection. IL-10 is a pleiotropic immune-modulatory cytokine that is produced by
variety of cells such as dendritic cells (DCs), Kupffer cells, NKT cells, hepatocytes and
hepatic stellate cells*1: 42, |L-10 mediates its biological effects by binding to a two-subunit
cell surface IL-10 receptor?!. However, the effect of IL-10 on NK cells is controversial.
Some reports have shown that IL-10 down-regulates NK cell function, while others suggest
that IL-10 activates NK cells*3. However, our results indicate that I1L-10 promotes the
formation of liver metastases arising from intraocular melanomas in WT mice. This is in
agreement with previous results showing that IL-10 suppresses NK cell anti-tumor
function’. Moreover, the time of maximum liver NK cytolytic activity impairment, day 9,
coincides with the maximum upregulation in IL-10R expression on liver NK cells in WT
mice with liver metastases. Results from bone marrow chimera experiments revealed that
bone marrow-derived cells are an important source of IL-10 that suppresses liver NK cell
activity in mice with melanoma liver metastases** 45, Our findings also indicated that the
two major bone marrow-derived cells in the liver that are known to produce I1L-10, KC and
MDSC, were not involved in the exacerbation of liver metastases.

Int J Cancer. Author manuscript; available in PMC 2016 September 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sadegh et al.

Page 9

The crosstalk between NKT cells and NK cells has been reported by multiple laboratories.
Subleski et al. found that the removal of immunosuppressive NKT cells along with
activation of NK cells resulted in significant reduction in the number of liver metastases
originating from renal carcinomas?®. By contrast, it has also been reported that activated
NKT cells stimulate cytolytic activity of NK cells*”: 48, Given that NKT cells and IL-10 play
an immunosuppressive role in the present model of intraocular melanoma, we hypothesized
that NKT cells were responsible for the suppression of liver NK cell anti-tumor function by
producing IL-10. However, we failed to detect increased production of IL-10 message or
protein by liver NKT cells in WT mice harboring liver metastases. This is in sharp contrast
to our previous findings in which we found increased expression of cytoplasmic IL-10 in
liver NKT cells from mice with liver metastases’. We are at a loss to explain this
discrepancy. However, our previous study examined cytoplasmic expression of IL-10 in
NKT cells that were enriched by cell sorting on NK1.1+TCR-B+ liver cells, while the
present study measured I1L-10 that was secreted from NKT cells that had been isolated using
CD1d tetramers. In spite of this discordance, the results demonstrate an upregulation of
IL-10 production in the liver and a concomitant enhancement in IL-10 receptor expression
on liver NK cells in WT, but not NKT cell-deficient mice with liver metastases.

The present findings revealed that in the absence of NKT cells, the activating receptor on
NK cells, NKG2D, was upregulated on liver NK cells. The upregulation of liver NK cell-
mediated cytotoxicity in NKT cell-deficient mice occurred at day 9 post tumor injection,
which coincided with the peak upregulation of IL-10R on liver NK cells and the maximum
down-regulation of liver NK cytolytic activity in WT mice. Thus, in WT mice, the
combination of increased production of IL-10 in the liver along with upregulation of IL-10R
on liver NK cells conspire to depress NK cell-mediated resistance to liver metastases.
Although the NK cell activation receptor NKG2D was upregulated on NK cells in CD1d ™/~
mice on day 9 post tumor injection, we do not believe that this contributed to the enhanced
NK cell mediated cytolysis in CD1d™/~ mice as we did not detect the expression of the two
major ligands for the NKG2D receptor, Rael and Mult1, on B16L.S9 melanoma cells by
flow cytometry. Moreover, the cytolytic activity of liver NK cells in NKT cell-deficient
mice was not elevated at the time of maximal NKG2D expression compared to other time
points.

In conclusion, the present findings extend our previous report’ on the mechanisms by which
tumor-induced iNKT cells inhibit the effector functions of liver NK cells. In the present
study we demonstrate that NKT cell suppression of liver NK activity: a) occurs only in hosts
with liver metastases; b) depressed NK activity is restricted to the liver; c) impaired liver
NK activity correlates with an upregulation of IL-10R on NK cells; d) depressed NK activity
is largely due to 1L-10, which is produced by bone marrow-derived cells; and e) neither KC
nor MDSC appear to be the bone marrow-derived cell population that produces IL-10 and
suppresses liver NK cells activity.
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Figure 1.
Hepatic, but not splenic, NK cell-mediated cytotoxicity is suppressed by NKT cells in mice

with liver metastases. (a) Cytotoxicity of liver NK cells from non-tumor-bearing and tumor-
bearing WT and NKT cell-deficient mice against B16L.S9 melanoma target cells. Liver
metastases were generated via intrasplenic tumor inoculation. (b) Liver and splenic NK cell
cytotoxicity from tumor-bearing WT and NKT cell-deficient mice against B16LS9
melanoma target cells. Liver metastases were generated via PC tumor inoculation. Results
are expressed as the Mean +/- SD and are representative of two independent experiments.
**P<0.01 or NS= Not significant, P>0.05.
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Figure 2.
IL-10 produced by bone marrow-derived cells exacerbates liver metastasis. (a) IL-10 mRNA

expression in whole liver extracts following intrasplenic tumor injection (N=5/group). (b)
Serum levels of IL-10 in naive or melanoma-bearing WT and CD1d™~ mice (N=5/group).
(c) Liver metastases in WT and (d) IL-10~/~ mice. (€) Liver metastases in WT and IL-107/~
mice (N=15/group) and (f) IL-10~/~ bone marrow chimeric mice (N=15). The results are
from one of two independent experiments that yielded similar results. Metastases were
produced in all groups by intrasplenic injection of B16LS9 melanoma cells. Results were
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expressed as the Mean +/- SD and are representative of two independent experiments.
*P<0.05 or **P<0.01
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Figure 3.
IL-10 levels in liver NKT cells and bone marrow-derived non-NKT cells in mice with liver

metastases. CD45* CD1d~, CD3™ non-NKT cells were isolated from the livers of WT and
CD1d KO mice 3 and 9 days after intrasplenic tumor injection. (a) 1L-10 protein produced
by non-NKT liver cells and detected by ELISA (N=10/group); (b) IL-10 mRNA levels
assessed by gPCR (N=5/group). NKT cells were isolated from livers using CD1d tetramers
and assessed for (c) IL-10 protein secreted by liver NKT cells as detected by ELISA (N=10/
group), (d) IL-10 mRNA expression by liver NKT cells and detected by quantitative real
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time PCR (N=10/group non-NKT cells) and (€) Cytolytic activity of liver NK cells isolated
from WT mice treated with either anti-CD1d antibody or an isotype control tested against
B16L.S9 melanoma target cells. Results are expressed as the Mean +/- SD and are
representative of two independent experiments. *P<0.05 or **P<0.01.

Int J Cancer. Author manuscript; available in PMC 2016 September 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Sadegh et al. Page 18

b c d
> a2 0
g o E 200 % 120 NS
X 40 8 &
2o 58 150 g ~ 100
s E®D 00
>3 30 *k s ¥ E g 8
¥ T 2 100 $< 60
zg520 ol =5
5=, o= 50 ¥ g 40
| 2 g 20
. E L mm :
Isotype  Anti-Gr - Isotype Anti-Gr1 z Isotype  Anti-Ly6G
e f g

140

- -
onNn
o o

2]
o

* %

-

PBS Clodronate

N b
o o

Number of liver metastases
Mean (+/-SD)
(=]
o

o

Figure4.
Depletion of MDSC or Kupffer cells exacerbates liver metastasis. (a) Liver metastases and

(b) Cytolytic activity of liver NK cells isolated from anti-Gr1 antibody-treated NKT cell-
deficient mice and tested against B16L.S9 melanoma target cells. (c) Liver metastases in
anti-Grl-treated mice and isotype control-treated mice. (d) Number of surface liver
metastases following depletion of neutrophils with anti-Ly6G antibody (€) Liver metastases
in mice treated with PBS-containing liposomes or (f) Clodronate-containing liposomes. (g)
Number of liver metastases in mice treated with either clodronate-containing liposomes or
PBS-containing liposomes. There were 10 mice/group. These experiments were performed
twice with similar results. Results are expressed as Mean +/— SD and are representative of
two independent experiments. ** P=0.001.
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Upregulation of IL-10 receptor on liver NK cells in WT mice harboring melanoma liver
metastases. (a) Expression of IL-10 receptor mRNA in NK cells from the livers of naive and
melanoma-bearing WT and CD1d~/~ mice following intrasplenic tumor injection. Liver NK
cells from WT and CD1d~/~ mice were assessed for IL-10R expression in (b) non-tumor
bearing mice, or tumor-bearing mice (c) 5 days, (d) 7 days, (€) 9 days, or (f) 14 days
following intrasplenic tumor injection. The results are representative of two independent

experiments.
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Figure®6.

Expression of NK cell activating receptor NKG2D on liver NK cells and NKG2D ligands of
B16L.S9 melanoma cells. Liver NK cells were assessed for surface expression of the NK cell
activating receptor NKG2D: (a) Naive WT mice and WT mice treated with anti-CD1d or
isotype control antibody and tested (b) 3, () 9, or (d) 14 days after intrasplenic tumor
injection or CD1d KO mice tested (e) 3(f) 9, or (g) 14 days after intrasplenic tumor

injection. Tumor cells were examined by flow cytometry for the expression of the NKG2
activating ligand Rael (h) Yac-1 lymphoma cells (positive control) or (i) B16LS9 melanoma
cells. NKG2D ligand Multl was examined on (j) Yac-1 lymphoma cells (positive control) or
(k) B16L.S9 melanoma cells. The results shown here are from one of two independent
experiments that produced similar results.
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