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Supplementary Material

Supplementary Figures 1-9. DSS-induced mice were
treated with or without YO-2. Data represent means + SEM.
*P < .05, **P < .01, and ***P < .001, determined by a
2-tailed Student t test.
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Supplementary Figure 1.The coagulation marker TAT is DSS+PBS day7

increased in the plasma of phosphate-buffered saline (PBS)-

treated colitic mice, but not YO-2-treated mice, as deter- Supplementary Figure 2. Bleeding time was impaired in both
mined by enzyme-linked immunosorbent assay at day 7. n = phosphate-buffered saline (PBS)- and YO-2-treated DSS-
3/group. induced mice at day 7. n = 6/group.
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Fibrinogen

Supplementary Figure 3. Fibrin/fibrinogen immunostaining of colon tissues. No fibrin deposit was detected in colitic tissues
after 7 days of DSS ingestion with/without YO-2 and in colon tissues of mice that had been treated for 28 days with YO-2. N =
3/group. CTL, control day 0; PBS, phosphate-buffered saline.
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Figure 4.FDP levels in
blood samples of mice
were analyzed. n = 3-6/
group. CTL, control day 0;
PBS, phosphate-buffered
Days Days saline.
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Supplementary

Figure 5. Terminal deoxy-
nucleotidyl  transferase~
mediated deoxyuridine
triphosphate nick-end la-
beling (TUNEL) staining of
colon tissues showed an
increased number  of
TUNEL™ cells in the con-
trol treated group (left
panel). Arrows indicate
TUNEL positively stained
cells. n = 3/group. Right:
Quantification of the num-
ber of TUNEL' cells per
high-power field (HPF).
Scale bars: 20 um.
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Supplementary

Figure 6.Elastica van
Gieson  staining (blue
staining, used to differen-
tiate between collagen and
smooth muscle; collagen
stains bright red; and
cytoplasm, muscle, and
fibrin stain yellow) of colon
tissues obtained from
DSS-treated Plg™* and
Plg”~ mice. Scale bars:
200 pm.
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Supplementary Figure 7. MMPS serum levels assayed in
YO-2- or phosphate-buffered saline (PBS)-treated C57BL/6
mice by enzyme-linked immunosorbent assay. n = 3/group.
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Supplementary Figure 8. PAP plasma levels in DSS-treated  Supplementary Figure 9.Tnf expression in circulating
Mmp9+/ * and Mme'/ "~ mice by enzyme-linked immunosor- mononuclear cells of indicated groups at day 7. n = 3/group.
bent assay. n = 3/group. PBS, phosphate-buffered saline.
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Cancer progression involves carcinogenesis, an increase in tumour size, and metastasis. Here, we
investigated the effect of overexpressed CXC chemokine ligand 14 (CXCL14) on these processes by using
CXCL14/BRAK (CXCL14) transgenic (Tg) mice. The rate of AOM/DSS-induced colorectal carcinogenesis
in these mice was significantly lower compared with that for isogenic wild type C57BL/6 (Wt) mice. When
tumour cells were injected into these mice, the size of the tumours that developed and the number of
metastatic nodules in the lungs of the animals were always significantly lower in the Tg mice than in the Wt
ones. Injection of anti-asialo-GM1 antibodies to the mice before and after injection of tumour cells
attenuated the suppressing effects of CXCL14 on the tumor growth and metastasis, suggesting that NK cell
activity played an important role during CXCL14-mediated suppression of tumour growth and metastasis.
The importance of NK cells on the metastasis was also supported when CXCL14 was expressed in B16
melanoma cells. Further, the survival rates after tumour cell injection were significantly increased for the Tg
mice. As these Tg mice showed no obvious abnormality, we propose that CXCL14 to be a promising
molecular target for cancer suppression/prevention.

ide effects are the most serious obstacles in the case of cancer therapeutics'™. Thus, prevention of cancer
remains the most promising strategy for reducing its incidence and associated mortality due to this
disease>. Tumour progression has been shown to be largely dependent on the expression of tumour-
promoting and tumour-suppressing genes, with the balance being in favour of the former at each step’. The
protein products of these oncogenes and tumour suppressor genes function as regulatory intracellular signalling
molecules during this process. Recently, it was revealed that the cancer microenvironment also influences
carcinogenesis and cancer progression®’.

In our previous search to find endogenous tumour suppressors functioning to prevent head and neck squam-
ous cell carcinoma (HNSCC), we cultured HNSCC cells under serum-free conditions and treated them with
epidermal growth factor, whose receptor is frequently hyperactive in HNSCC and cancers of other tissues, and
focused on molecules down regulated in this type of cancer. In that study, CXC chemokine ligand 14 (CXCLI4),
also known as breast and kidney expressed chemokine (BRAK), was found to be significantly down regulated™.
Interestingly, the expression of CXCL14 was also shown to be down regulated in tissues obtained from patients
with HNSCC'.
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Chemokines (chemotactic cytokines) are a group of structurally
related proteins with molecular weights in the range of 8 k to 12 k
that have been reported to regulate the cellular trafficking of various
types of leukocytes by interacting with a subset of G protein-coupled
receptors'®. Each chemokine is named according to the arrangement
of the cysteine residues within it. Further, the two major subfamilies,
defined by the presence of four conserved cysteine residues linked by
two disulphide bonds, are the CC and CXC chemokines. They are
distinguished according to the position of the first two-cysteine resi-
dues, which are adjacent to each other (CC subfamily) or separated
by one amino acid (CXC subfamily). In the tumour microenviron-
ment, chemokine expression acts to determine the distribution of
immune cells, and it thus controls the overall immune response to
the tumour, and plays an integral role in the regulation of cancer
progression and metastasis'>"%.

CXCL14 is a non-ELR (Glu-Leu-Arg) CXC chemokine and is
expressed ubiquitously and constitutively in epithelia throughout the
body, and several physiological functions of it have been proposed,
such as recruitment and maturation of monocyte-derived macrophage
and renewal of Langerhans cells in the skin. Promotion of trafficking
of matured natural killer cells to the sites of inflammation and macro-
phage infiltration into white adipose tissue in obese mice fed a high-fat
diet, as well as inhibition of angiogenesis, were also reported as func-
tions of this chemokine'”.

In order to further investigate whether CXCL14 has a tumour-
suppressing effect in vivo, we prepared and cloned CXCL14-express-
ion vector-transfected and mock vector-transfected tongue tumour-
derived cells. The rate of tumour formation in athymic nude mice or
in severe combined immunodeficiency (SCID) mice following xeno-
transplantation was significantly lower for the CXCL14-expressing
cells than for the mock-transfected cells, even though no differences
were observed in the growth rates of these cells under in vitro cul-
ture conditions'®'®. These data indicate that CXCL14 expression in
tumour cells functioned to suppress the growth of these cells in
vivo'® . Next, in order to confirm whether CXCL14 would have a
tumor suppressing effect on cells of other tissue origins, we produced
transgenic (Tg) mice expressing 10-fold higher blood CXCL14 com-
pared with the level produced by isogenic wild-type C57BL/6 (Wt)
mice and found that these Tg mice significantly suppressed increase
in the size of tumours formed by transplanted B16 melanoma cells or
Lewis lung carcinoma (LLC) cells compared with Wt mice'”'.

The multistep nature of tumour formation has been well estab-
lished and each step depends on the mutation or abnormal regu-
lation of various genes®™". In order to elucidate the in vivo function
of CXCL14, in this present study we used CXCL14 transgenic (Tg)
mice and investigated the effects of this chemokine at multiple stages
during cancer development, including carcinogenesis, increase in
tumour size, and tumour metastasis, in addition to the effects on
the overall survival rate. Furthermore, we also sought to determine
the role of CXCL14 on the functions of natural killer (NK) and
natural killer T (NKT) cells.

Results

Rate of chronic colitis-associated carcinogenesis was suppressed
in CXCL14 Tg mice. The protocol utilized to promote inflammation-
driven colonic tumourigenesis, azoxymethane (AOM)/dextran sodium
sulphate (DSS)-induced cancer, is fllustrated in Fig. la. Supplementation
of the drinking water with DSS similarly down-regulated the body
weight of both Wt and Tg mice (Fig. 1b). Haematoxylin and eosin
(HE)-staining and immunohistochemical analysis of the colon sec-
tions at 14 day after the initial ingestion of DSS revealed the presence
of more pronounced inflammatory infiltrates, which included macro-
phages and neutrophils, in the wild type (Wt) mice than in the Tg
mice (Fig. 1c). Sections obtained from the distal colon taken at 56
days showed an obvious decrease in the number of carcinogenic foci,
which were composed of fused glands with enlarged hyperchromatic

nuclei, in the Tg compared with that in the Wt (Fig. 1d). The
incidence of AOM/DSS-induced cancer in the CXCL14 Tg mice
was significantly lower (P << 0.001) than that observed for the Wt
ones (Fig. le). In order to investigate the effects of CXCL14 on
NK cells and NKT cells and metabolism, we performed additional
experiments and found that relative number of NK (NK1.1%, CD37)
cells was not different between Wt and Tg mice either before or after
treatment with AOM/DSS. On the other hand, that of NKT (NK1.17,
CD3") cells was significantly increased after AOM/DSS treatment
(Fig. 1f). Also a significant increase in activated STAT3 (phospho-
STAT3 Tyr705) was observed after treatment with AOM/DSS in the
Wt mice but not in the Tg ones after treatment with AOM/DSS
(Fig. 1g). Positive staining of intranuclear p65 subunit of nuclear
factor kB (NFkBp65) was observed both in Wt and Tg mice tissue
only after treatment with AOM/DSS (Fig. 1h).

NK cell depletion attenuated the suppressive effects of CXCL14 on
the increase in tumour volume. B16 melanoma cells or Lewis lung
carcinoma (LLC) cells were inoculated into both sides of the dorso-
lateral region of female Wt and Tg mice. Significant differences in
tumour volume were observed between the Wt and Tg mice for both
the B16 melanoma (Fig. 2a and ¢ (+PBS), P < 0.05) and LLC (Fig. 2b
and d (+PBS), P << 0.001) cells at day 25 after transplantation. Three
intraperitoneal (i.p.) injections of anti-asialo-GM1 antibody, which
depletes NK cells, further increased the volume of tumour cell
transplants in the Wt mice 2.8-fold for both the melanoma (R in
Fig. 2¢) and LLC (R in Fig. 2d) cells. The injection of this antibody
also attenuated the suppressive effects of CXCL14 on tumour volume
in the Tg mice, resulting in more pronounced increases of 13- and
11-fold for the melanoma and LLC cells, respectively (R in Fig. 2c and
d). Thus, the ratio of Wt to Tg tumour size was decreased from 6.7 to
1.4 for the B16 melanoma cell transplants (Fig. 2¢) and from 5.5 to 1.4
for the LLC cell transplants (Fig. 2d) following the injection of the
anti-asialo-GM1 antibody. These data indicate that NK cell activity
played an important role during the suppression of the increase in
tumour volume in both Wt and Tg mice, and that the participation
of NK cells in this process was enhanced when CXCL14 was over-
expressed in vivo.

Effects of anti-asialo-GM1 and anti-NK1.1 antibodies on the
metastatic rates of tumour cells. In addition to the changes in
tumour volume, we also found that lung metastasis of LLC cells was
lower in Tg mice than in the Wt ones. However, the lower extent of
metastasis in the Tg mice could have been due to a small number of
tumour cells in the original tumours and not due to suppression
of metastasis in the Tg mice. In order to investigate the actual effect
on metastasis in Tg mice, we employed an experimental metastasis
system. To do this, we injected B16 melanoma or LLC cells into the
tail veins of Wt and Tg mice and then counted the number of
metastatic nodules in the lungs at day 18 post-injection (see also
Supplementary Figure S1). For both melanoma cells (Fig. 3a) and
LLC cells (Fig. 3b), the number of nodules in the lungs of the Tg
mice was significantly (P < 0.001) lower than that observed for the
Wt animals. In this analysis, half of the Wt and CXCL14 Tg mice were
injected (i.p.) with anti-asialo-GM1 antibody in order to investigate
the participation of NK cells in the suppression of tumour cell
metastasis. Before injection, a clear visible difference in the degree of
metastasis was observed between B16 melanoma cell injected Wt and
Tg mice (Fig. 3c), with the number of B16 melanoma nodules being
significantly lower in the Tg group (Fig. 3e). The numbers of meta-
static nodules in Tg and their Wt mice were 36 and 107, respectively,
so that the rate of pulmonary metastasis in Tg mice was one third of
that of their Wt counterpart. When the mice were injected with anti-
asialo-GM1 antibody in order to deplete NK cells, the lungs obtained
from both Wt and Tg mice were completely filled with melanoma cells
(Fig. 3d) such that the number of nodules could not be counted.
Notably, the lung weights were significantly increased following
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Figure 1 | Suppressed chronic colitis-associated carcinogenesis in CXCL14 transgenic (Tg) mice. (a) Experimental design utilized to promote
inflammation-driven colonic tumorigenesis. AOM; azoxymethane, DSS; dextran sodium sulphate. (b) Effect on body weight changes in Wt and Tg mice
treated with DSS after AOM injection. Representative results from 5 mice are shown here. Body-weight changes calculated as the relative change from the
body weight at the start of DSS treatment. (c, d) Representative images (n = 5) for the histological analysis of colon tissue isolated from wild type (Wt) and
CXCL14 transgenic (Tg) mice at 14 days (c) and 56 days (d) after the initial intake of DSS. The colon tissue samples obtained at 14 days were processed for
both haematoxylin and eosin (HE) staining and immunohistochemical analysis using anti-F4/80 and anti-Ly6G antibodies to detect infiltrating
macrophages and neutrophils, respectively; whereas the samples obtained at 56 days were stained with hematoxylin and eosin only. In panel “c”, the thin and
bold scale bars indicate 100 pm and 200 pm, respectively. Arrows in “d” indicate fused glands with enlarged hyperchromatic nuclei. (e) Reduced tumour
incidence in CXCL14 Tg mice compared with that in Wt mice. The colon tissues were obtained and the tumours were counted macroscopically

(n = 8). (f) Single cell suspensions were prepared from colon tissues of Wt or Tg mice on day 0 or day 56. The resultant cells were analyzed on a FACSCanto
System II as described under Materials and Methods (n = 5). (g) Colon tissues were obtained as in “f” and proteins were separated as described under
Materials and Methods, transferred onto nylon membranes, and then reacted with antibodies against STAT3 and pSTAT3. Beta actin was employed as an
internal standard. Representative results from 5 independent experiments are shown here. (h) The sections were obtained before (Untreated) and after
AOM/DSS treatment (Day 56) and reacted with anti-NF-kB p65 antibody. The insets show enlarged intranuclear staining. Representative results from 5
independent experiments are shown here. Scale bars represent 50 pm. Data are the means * S.D. * P < 0.05, ¥** P < 0.001, Student’s r-test.
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Figure 2 | Anti-asialo-GM1 antibody attenuates the growth-suppressive effects of tumour cell transplants in CXCL14 transgenic (Tg) mice. B16

melanoma cells (a, ¢) or Lewis lung carcinoma cells (LLC; b, d) were inoculated (1 X 10° cells/site) into both sides of the dorso-lateral region of 8 (B16) or
10 (LLC) female Wt and Tg mice (homozygous line 20). Half of these mice were injected with anti-asialo-GM1 antibody (0.5 mg/200 pL/animal) 3 days
before tumour cell inoculation and once a week thereafter to deplete NK cells. The final volume of the tumours at day 25 is indicated in panels “c” and “d”.
R indicates the tumour size ratio between the two groups connected with a bracket. Data are means = S.D. * P < 0.05, *** P < 0.001, Student’s ¢-test.

injection of the antibodies (Fig. 3 e~i), and the percent lung weight per
body weight was likewise increased in both Wt and Tg mice (Fig. 3e).

To further confirm the participation of NK cells and NKT cells in
the process of tumour metastasis, anti-NK 1.1 antibody was also
injected into the mice before and after treatment with melanoma cells.
In this experiment the firefly luciferase gene was introduced into the
melanoma cells (B16-luc2), and chemiluminescence was monitored.
Tumour cell chemiluminescence was lower in the CXCL14 Tg mice
than in the Wt animals, and the intensity of this chemiluminescence
was increased in both Wt and Tg mice following injection of anti-
NK1.1 (Fig. 3g). Further, we observed a correlation between the
intensity of the chemiluminescence and the number of surface tumour
metastases on the lungs (Fig. 3g and h), indicating that the number of
surface metastases is likely reflected the number of tumour cells pre-
sent throughout the lung (See Supplementary Figure S1).

Using this correlation, we observed a significant difference in
the rate of lung metastasis between Wt and Tg animals (Fig. 3h, P
< 0.001) prior to anti-NK1.1 injection, followed by a significant
increase in the number of metastatic nodules in both Wt and Tg
mice (Fig. 3h, P < 0.001) by the injection of the antibody. Notably,
the effects of the antibody injection were more pronounced in the Tg
mice, with the number of metastatic nodules increasing 25-fold,
while only increasing 7-fold in the Wt animals, and thus decreasing
the Wt/Tg ratio (R) from 5 to 1.5 (Fig. 3h).

In order to examine the effects of CXCL14 expression in the
tumour cells on the rate of metastasis, we produced B16 melanoma
cells that expressed the CXCL14 genes under the control of doxycy-

cline (Dox). When the B16 melanoma cells (B16-luc2Tet/OnBRAK)
were injected into Wt C57BL/6 mice, the number of metastatic
nodules on the lungs was significantly lower in the Dox-treated mice
(Fig. 3j, C57BL/6). When the cells were injected into T-, NKT-, and
B-cell-deficient SCID mice, the number of the nodules increased but
still the number was lower in the Dox treated mice (Fig. 3j, SCID). On
the other hand when the cells were injected into T-, NKT-, B- and
NK-cell deficient NOG mice, the number of nodules increased 10
times compared with that in the Wt C57BL/6 mice; and the numbers
between Dox treated and untreated mice were not different (Fig. 3j,
NOG).

CXCL14 and a-galactosylceramide synergy during the suppression
of B16-luc2 cell metastasis. The lungs of B16-Iuc2 cell transplanted
Wt and Tg mice were imaged 4 weeks after the melanoma cell
injection with and without co-treatment with o-galactosylceramide,
an NKT cell ligand and stimulator of NKT cell activity (Fig. 4a). The
injection of a-galactosylceramide appeared to decrease the degree of
pulmonary metastasis of B16-luc2 cells in both the Wt and Tg mice,
but the effect was much stronger in the Tg mice (12.5-fold decrease)
than in the Wt mice (5.9-fold decrease; Fig. 4b), indicating that
the presence of both CXCL14 and «-galactosylceramide resulted in
a synergistic effect and even greater tumour suppression. Similar
synergistic effects were also observed in regards to the survival rate
of the Wt and Tg mice (Fig. 4c), whereby the addition of a-
galactosylceramide increased the life span of both the Wt and Tg
mice, with the treated Tg mice living the longest.
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Figure 3 | NK cell-dependent suppression of tumour cell metastasis in Wt and CXCL14 transgenic (Tg) mice. (a, b) B16 melanoma cells (a) or Lewis
lung carcinoma (LLC) cells (b) were injected (2 X 10° cells) into a tail vein of 12 each (B16) or 18 each (LLC) of the Wt and CXCL14 Tg mice. After 18 days,
the metastatic nodules in the lungs were counted. (c, e and f) B16 melanoma cells were injected (2 X 10° cells) into a tail vein of 14 Wt and 17 Tg
mice. About half of these mice were injected with anti-asialo-GM1 antibody (aGM1, 0.5 mg/200 pL PBS/animal) 3 days before melanoma cell
inoculation and thrice a week thereafter to deplete NK cells. Lung images of the PBS injected animals (c) and the anti-asialo-GM1 antibody injected
animals (d) are shown. The number of tumour cell metastases and/or lung weights are also given (e) and compared (f). (g—i) Effects of the anti-NK1.1
antibody on the metastasis of B16-luc2LMT3 cells in Wt and Tg mice were determined by injecting the melanoma cells (2 X 10° cells/200 pL PBS),
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50 uL PBS/animal) 3 days before inoculation and then once a week thereafter to deplete NK and NKT cells. In vivo luciferase activity of the injected B16-
luc2 LMT-3 was determined by measuring the chemiluminescence 30 minutes after luciferin injection by using an IVIS 50 (g). The number of metastatic
nodules observed in the lungs 3 weeks after the injection of the cells (h) and lung images 3 weeks after injection of the cells (i) are shown. (j) B16-luc2Tet/
OnBRAK melanoma cells were injected via a tail vein of Wt, SCID and NOG mice and the animals were fed 5% sucrose solution with or without 0.2%
doxycycline (Dox). R indicates the ratio of nodule numbers between Wt and Tg mice or mice treated and not treated with the antibody. Data are means *
S.D. #* P < 0.01, ¥** P < 0.001, Student’s t-test.
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mice. Half of the mice were injected with a-galactosylceramide
(xGalCer, 2 pg/100 pL PBS/animal) 2 days before inoculation and twice a
week thereafter to stimulate NKT cells. (a, b) The lungs were imaged (a)
and the numbers of melanoma metastases were counted (b) at 4 weeks after
inoculation of the melanoma cells. **** P < 0.0001, Student’s t-test.

(c) Survival rate following inoculation of the melanoma cells. Cells

(2 X 10° cells/200 L PBS) were injected into a tail veins of 13 and 33 Wt
and Tg mice, respectively; and a-galactosylceramide was injected into
about half of these animals as described above. Wt (open circles) versus Tg
(closed circles), P < 0.0001; Wt + a-galactosylceramide (open squares)

versus Tg + o-galactosylceramide (closed squares), P << 0.05, Generalized
Wilcoxon test. R indicates the ratios of metastatic nodule numbers
between Wt and Tg mice or between mice pre-treated or not with o-
galactosylceramide (connected with a bracket).

Increase in survival rate after injection of melanoma cells into
CXCL14 transgenic mice. In order to investigate effect of the
higher expression of the CXCL14 gene in the mice on the life span
of the animals, we used the Kaplan-Meier method to determine the
survival rates after the injection of various numbers of B16-luc2 cells
(Fig. 5). The rate of survival was always significantly higher, P <
0.005 (3 X 10° cells), P < 0.005 (1 X 10" cells), P < 0.0001 (1 X 10°
cells), in the Tg mice than in the Wt mice, indicating that high
expression of CXCLI14 increased the survival rate as well as
decreased tumour cell metastasis.

Discussion

In order to investigate the effect of CXCL14 overexpression on the
processes of carcinogenesis, increase in tumour volume, and meta-
stasis, we utilized three lines of Tg mice, all of which ubiquitously
express approximately 10-fold more CXCL14 than normal Wt mice?'
(Also refer to Animals under Method section). Notably, the average
level of CXCL14 in the blood plasma of Wt mice is comparable to
that in humans, irrespective of the presence of tumour transplants,
being approximately 0.9 ng/mL***, By using the AOM/DSS system,
we found a significant decrease in the numbers of carcinoma formed
in Tg mice compared with those in the Wt mice (Fig. le). The
numbers of carcinomas formed in Wt and Tg mice were lower than
those reported earlier for BALB/c mice, and so this difference may be
strain dependent as reported®. AOM/DSS treatment of mice affects
various functions of cells including stimulation of LGRS positive
stem-like cells””. Presently we detected a significant increase in the
relative abundance of NKT cells (Fig. 1f) and suppression of STAT3
activation in Tg mice (Fig. 1g). NKT cells secrete interferon-y, which
induces tumour cell apoptosis and also stimulates NK cell matura-
tion*®?®, Activation of STAT3 suppresses apoptosis of cells. Our data
obtained here suggest that expression of CXCL14 would have stimu-
lated apoptosis of tumour cells® to a greater extent in Tg mice than in
Wt mice and support the data showing a decrease in the carcinomas
in Tg mice compared with that in Wt ones.

Further, these CXCL14-overexpressing mice were subsequently
injected with B16 melanoma or LLC cells in order to show the effects
of high-level CXCL14 expression on the tumour growth and meta-
stasis of these cell types. Importantly, these cell lines were chosen in
part because they do not produce their own CXCL14; and so any
effects could be expected to be a result of the overexpressed transgene
in the microenvironment. In fact, we observed that the number of
tumours that developed from the cells transplanted into the Tg mice
was significantly lower than that found when the cells were injected
into the Wt mice (Fig. 1). This observation not only confirmed pre-
vious data®, but also indicated that the size of the tumour developed
from endogenous or transplanted cells was in large part suppressed
by the environmental presence of CXCL14. Moreover, we observed
significant increases in the tumour size and metastatic rate for both
the Tg and Wt mice following treatment with anti-asialo-GM1 anti-
body, which act to deplete the NK cells, indicating that NK cell
activity was important for the suppression of tumour growth and
metastasis in both Wt and CXCL14 Tg mice (Figs. 2 and 3). We also
produced CXCL14-expressing B16 melanoma cells under the control
of Dox (B16-luc2Tet/OnBRAK). When the cells were injected into
Wt and SCID mice treated with or without Dox in the drinking
water, we found a decrease in the number of metastatic nodules in
the lungs of mice treated with Dox, but none in the NK-cell deficient
NOG mice (Fig. 3j), These data also support our contention that NK
cells played an important role in the suppression of melanoma cell
metastasis by CXCL14. It is reported that CXCL14 stimulates the
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Figure 5 | Survival rate of wild type (Wt) and CXCL14 transgenic (Tg)
mice after injection of B16-luc2 LMT-3 melanoma cells. Variable
concentrations of B16-luc2 LMT-3 cells (3 X 10% 1 X 10% or 1 X 10° cells/
200 uL PBS) were injected into a tail vein of Wt and Tg mice and the
survival rate was determined at the indicated days following melanoma cell
inoculation. The generalized Wilcoxon test was utilized.

migration of activated NK cells®. However, stimulation of only
migration cannot explain the increase in cytotoxic activity observed
here, because in CXCL14 Tg mice the levels of CXCL14 would be
expected to be ubiquitously high.

When we isolated NK cells from the lungs of both Wt and Tg mice
and compared their cytolytic activities against YAC-1 cells and B16
melanoma cells, but we could not detect significant differences in the
activities of NK cells obtained from Wt and Tg mice (Supplemental
Fig. $2). Nevertheless, the possibility remains that a small difference
that could not be detected by the method employed here and/or
mechanisms regulating NK cell activity by CXCL14 only in vivo
could have caused the difference observed between Wt and Tg mice.

The rate of tumour growth following the addition of the NK-cell
depleting antibody was higher in the Tg mice than in the Wt ones, but
even so the final size of the tumour was smaller in the Tg mice.

NKT cells are also known to suppress tumour cell metastasis® and
activated NKT cells produce interferon 7, which in turn stimulates
the activity of NK cells?®***? Therefore, it seemed likely to us that
NKT cell activation, achieved with a-galactosylceramide, a ligand
and activator of NKT cell receptors, would also affect the metastasis
of melanoma cells in Tg and Wt mice. To test this possibility, we
injected «-galactosylceramide into both groups of animals prior to
melanoma cell transplantation. We observed an added level of meta-
stasis suppression, with the relative rates of suppression being higher
for the CXCL14 Tg mice than for the Wt ones. These data indicate
a synergistic effect between CXCL14 and a-galactosylceramide.
Furthermore, this synergism was also observed in terms of the
increase in the survival rates for both the Tg and Wt mice, although
it should be noted that the overexpression of CXCL14 alone
increased the survival rate to some extent compared with the rate
for the Wt ones, even when variable amounts of tumour cells were
injected (Fig. 5). These data suggest that CXCL14 stimulated NK cell
activity by targeting the point different from that of interferon-y.

The data obtained here also suggest that CXCL14-suppressed
tumour growth was not solely regulated by NK cells and that other
factors, such as inhibition of tumour angiogenesis®* and tissue

settlement rate of tumor cells™, also likely played roles in this sup-
pressive process.

Notably, angiogenesis inhibitors are clinically employed as anti-
cancer drugs as they have been shown to inhibit the growth of prim-
ary tumours, but this treatment does not increase the survival rates of
patients, as these drugs often seem to simultaneously stimulate
tumour cell invasion and metastasis®™. In the CXCL14 transgenic
mice described here, tumour metastasis and tumour volume were
suppressed, and the survival rate was increased, results are quite
different from those described above for angiogenic inhibitors.

Importantly, no specific receptor for CXCL14 has been identified.
Recently, it was reported that CXCL14 competitively binds to che-
mokine receptor CXCR4, the specific receptor for CXCL12***, and
inhibits its action. This is very interesting because the CXCL12-
CXCR¢ axis plays a pivotal role in the stimulation of tumour growth
and metastasis*’.

Thus, it seems plausible that inhibition of CXCR4 receptor activity
in the tumour cells would have resulted in the suppressed growth and
metastasis we observed in this study. In fact, AMD3100, a specific
CXCR4 antagonist, effectively reduced tumour growth and ascites
formation in a nude mouse model*. Furthermore, following liver
injury, increased CXCR?7, another CXCLI2 receptor, stimulates
regeneration, but suppression of CXCR7 function stimulates
CXCR4 and induces liver fibrosis instead of regeneration*’. These
data suggest that CXCL14 may also inhibit tumour growth and
metastasis by binding to CXCR4 and inhibiting CXCL12 activity.
Unfortunately, without additional knowledge concerning the spe-
cific CXCL14 receptor, the molecular mechanism responsible for
the stimulation of NK cell activity by CXCL14 in vivo remains
unknown.

It has been reported that overexpression of CXCL14 in mice
exacerbates collagen-induced experimental arthritis*®, but that this
exacerbation is largely dependent on the specific genetic background
of the mouse*. And this arthritis model is only induced by injecting
chicken collagen emulsified in Complete Freund’s adjuvant. In fact
without injection of the mixture, they could not find any alteration in
the numbers of lymphocytes, dendritic cells, and macrophages in
bone marrow, thymus, spleen, and lymph nodes in their unmanipu-
lated Tg mice®. The risk of inducing arthritis was very low in our Tg
mice. In fact, these animals showed no histologic abnormalities up to
2 years of age®, and the birth rate of our Tg mice was the same as that
for the Wt mice (Supplemental Table S1). Interestingly, in a normal
human population 2% of the individuals examined expressed blood
levels of CXCL14 that were significantly higher than the average. In
order to examine the reproducibility of the value obtained, we recol-
lected a blood sample from 7 subjects at 3 months and from 6 subjects
at 6 months after the first examination and determined their blood
CXCL14 levels. The values obtained were constant regardless of the
time of blood collection. One individual who constantly expressed
blood CXCL14 levels during the 6-month chase period and that were
nine times higher (8.3 ~ 8.5 ng/mL) than the average level and much
closer to the levels observed in our Tg mice, and yet this individual
showed no apparent abnormalities®. These findings also support the
possibility that CXCL14 expressed at a high level would not cause
severe side effects.

CXCL14 is expressed ubiquitously and constitutively in epithelia
throughout the body™’, and there are apparently contradictory data in
the literature regarding the relationship between CXCL14 expression
and tumour formation. For example, down-regulation of CXCL14
expression has been associated with multiple adenocarcinomas, such
as those of the prostate* and lungs*’, as well as colon carcinomas*
and HNSCC'"*. On the other hand, in some other reports heigh-
tened expression of this chemokine was observed in these same types
of carcinomas and adenocarcinomas***'. Recently, the production of
CXCL14 by cancer cell associated fibroblasts was also suggested®,
indicating an additional mechanism by which this chemokine could
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possibly regulate tumour growth. There are several possible explana-
tions for the apparent discrepancy in the effects of CXCL14 on
tumour progression, e.g., cell type-specific functions and/or stage-
specific effects of CXCL14 during tumour progression. It is also con-
ceivable that CXCL14 may play an opposing role when combined
with other factors or in the presence of modified molecules of
CXCL14. Of the conceivable explanations for these discrepancies,
our data exclude the possibility of any cell type-specific or stage-
specific activity differences, suggesting that the opposing effects of
CXCL14 likely occur because of the presence of other factors and/or
modified molecules of CXCL14 that have different functions.

In conclusion, we demonstrated that CXCL14 Tg mice showed a
suppressed rate of carcinogenesis, decreased tumour volume, and
reduced pulmonary metastasis, as well as an increased survival rate
of mice following tumour cell injection. There are two other trans-
genic mouse models for tumour suppression, one targeting Par-4
and the other, PTEN®", Because these target genes encode intracel-
lular proteins, the transduction efficiency in the cells would be major
problem for their clinical application. CXCL14, on the other hand,
can function in the microenvironment, resulting in similar levels of
tumour suppression when forced to be expressed in the cells, without
any observable side effects. Thus, we believe that our CXCL14 Tg
mouse model may be useful for investigation of the molecular
mechanisms involved in multi-step tumour progression and sup-
pression and that further research concerning the clinical application
of CXCL14 to treat cancer is warranted.

Methods

Animals. Three independent C57BL/6 mouse lines overexpressing the CXCL14 gene,
under the control of a beta-actin promoter and CMV enhancer were produced as
described previously”'. Homozygous line 20 (RBRC02382 C57BL/6]-Tg[CXCL14]-1)
mice expressed 14.8 = 1.3 ng/mL of plasma CXCL14 protein, whereas the
heterozygous line expressed 6.6 * 1.0 ng/mL, Lines 27 (RBRC02383 C57BL/6]-
Tg{CXCL14]-2) and 52 (RBRC02384 C57BL/6]-Tg[CXCL14]-3) were heterologous
for the CXCL14 gene and their plasma protein levels were 11.0 = 1.1 ng/mL and
8.6 £ 0.9 ng/mL, respectively. Wt mice had only 0.9 £ 0.1 ng/mL of CXCL14 in
their plasma. These three lines of CXCL14 Tg mice showed normal fertility rates
and offspring viability (Supplementary Table S1).

Male and female mice, 814 weeks in age, from each of the above three animal lines
were used for experiments. At least six mice (n = 6) were used per.group for each
experiment. All methods were performed in accordance with the protocols approved
by The Institutional Animal Care and Use Committee of Kanagawa Dental University
and that of Kanazawa University, respectively.

Chronic colitis-associated colorectal cancer. Pathogen-free, 8- to 12-week-old
C57BL/6 Wt (Charles River Laboratories, Yokohama, Japan) and CXCL14 Tg
(heterologous line 20) were housed under specific pathogen-free conditions at the
animal facilities of Kanazawa University. Mice were injected (i.p.) with 12-mg/kg-
body weight of AOM (Sigma-Aldrich, Inc. St Louis, MO), a carcinogen that is widely
used to induce tumours in the distal part of colon by O%-methylguanine formation.
AOM was dissolved in physiologic saline. The mice were then given intermittent
additions of 3% DSS (Mw 36K-50K, MP Biochemical Japan, Tokyo, Japan), known to
cause an acute inflammatory reaction and ulceration in the entire colon similar to that
observed in ulcerative colitis, in the drinking water, as shown in Fig. 1a. The animals
were sacrificed at selected times for macroscopic inspection and histologic analysis.
Resected mouse colon tissue was fixed in 10% formalin neutral buffered solution
(Wako Pure Chemical Industries Ltd. Osaka Japan) prior to paraffin embedding.
Sections were cut at 5 pm and stained by common histological techniques (e.g., HE
staining). Paraffin-embedded sections were also deparaffinized for
immunohistological detection of F40/80 (a macrophage marker) and Ly6G (a
neutrophil marker), as described previously™.

Preparation of cell fraction for FACS analysis. Colon tumour tissues were obtained
from the mice at 56 days after the initiation of DSS intake and were opened
longitudinally. Single cell suspension was prepared as described previously™. The
resulting single-cell suspensions were incubated with the combination of FITC-
conjugated hamster anti-mouse CD3 mAb (eBioscience, San Diego, CA) and PerCP-
Cyanine5.5-conjugated mouse anti-mouse NK1.1 mAb (eBioscience) for 20 minutes
on ice. Isotype-matched control immunoglobulins were used to detect nonspecific
binding of immunoglobulin. The stained cells were analyzed on a FACSCanto System
II (BD Bioscience) with gating on lymphocyte fractions based on forward and side
scatter light intensities. CD3—, NK1.1+ gated cells were defined as NK cells and
CD3+, NK1.1+ gated ones were defined as NKT cells.

‘Western blotting analysis. For western blotting analysis, colon tissues were collected
and homogenized with a RIPA lysis buffer (Santa Cruz Biotechnology, Santa Cruz,
CA). After separation with SDS/polyacrylamide gel electrophoresis, proteins were
transferred onto nylon membranes and then reacted with rabbit anti-mouse STAT3
and rabbit anti-mouse Phospho-STAT3 (Tyr705) antibodies (Cell Signaling
Technology, Beverly, MA). Anti-B-actin antibody (Cell Signaling Technology) was
used to confirm that equal amounts of proteins had been used for analysis. Signals
were detected by using an LAS-4000 (GE Healthcare Japan, Hino, Japan).

Immunohistochemical analyses of mouse colon tissues. Resected mouse colon
tissues were fixed in Tissue-Tek Ufix (Sakura Fine Technical Co., Tokyo, Japan) for
paraffin embedding. For antigen retrieval of paraffin sections, the deparaffinized
slides were cither autoclaved in 10 mmol/L citrate buffer (pH 6.0) for 20 min at
121°C. Endogenous peroxidase activity was blocked by using 0.3% H,O, for 15
minutes, followed by incubation with Blocking One Histo (Nacalai Tesque, Tokyo,
Japan) for 15 minutes. The sections were incubated with the anti NF-xB p65 antibody
(Cell Signaling) overnight in a humidified box at 4°C. The resultant immune
complexes were then detected by use of an ABC Elite kit (Vector Laboratories,
Burlingame, CA) and peroxidase substrate 3,3'-diaminobenzidine kit (Vector
Laboratories), according to the manufacturer’s instructions. Representative results
from 5 independent experiments are shown here.

Tumour cell transplants and determination of tumour volume in vivo. C57BL/6
mouse derived LLC cells (RCB0558) and B16 melanoma cells (RCB1283) were
obtained from the Riken Cell Bank and cultured as described previously®. Cells in the
log phase were suspended in Dulbecco’s phosphate buffered saline (DPBS(-); Wako
Pure Chemical Industries, Osaka), and injected subcutaneously into both sides of the
dorso-lateral region of 6 to 10 mice per experimental group. Tumour volume was then
calculated according to the following formula': (a X b*)/2, where a is the longer
dimension and b is the smaller. The volumes calculated with this formula were closely
related to the weight of the tumours isolated after sacrifice. In order to deplete NK cell
activity, an anti-asialo-GM1 rabbit antibody (Wako Pure Chemical Industries, Osaka,
0.5 mg/200 pl DPBS (-)) was injected (i.p.) 3 days before the injection of the tumour
cells and then once a week thereafter.

Experimental metastasis and colonization to the lungs. LLC and B16 melanoma
cells were cultured in Dulbecco’s modified Eagle’s medium containing antibiotics and
10% fetal bovine serum (FBS) as described above. Luciferase expressing B16
melanoma cells (B16-luc2; Caliper Life Sciences, Alameda CA) were cultured in
RPMI-1640 medium (Life technologies, Tokyo) containing antibiotics and 10% FBS.
The metastatic rate of the B16-luc2 cells was lower than that of the original B16-F10
cells; and thus in order to obtain clones of higher metastatic activity, the isolated cell
colonies (B16-luc2) were allowed to metastasized three times in the lungs in vivo
(B16-luc2 LMT-3).

The cells were dispersed by trypsin treatment and then incubated for 1 hour at
37°Cunder 95% air and 5% CO, in FBS containing medium to restore the cell surface
damaged by the trypsin treatment. After recovery from the trypsin treatment, the cells
were rinsed 3 times with DPBS (-) and then resuspended in it, and then injected into
the tail vein of the mouse (200 pL of solution containing 3 X 10° to 2 X 10° tumour
cells). The number of nodules of metastatic tumour cells in the lungs was determined
by using a dissection microscope (Nikon, Tokyo) and the weight of the lungs was
determined after fixing them with 10% formalin. In some experiments, anti-asialo-
GM1 antibody (0.5 mg/200 pL DPBS (-)/animal) was injected (i.p.) 1 or 3 days before
tumour cell injection and then once or thrice a week thereafter, in order to deplete NK
cell activity. Injection of the antibody whether once or thrice a week did not affect the
metastatic rate of the melanoma cells. In other mice, mouse monoclonal anti-NK1.1
antibody (50 pg/50 uL DPBS (-)/animal; BD Pharmingen, Tokyo) was also injected
(i.p.) 3 days before melanoma cell inoculation and once a week thereafter to deplete
NK and NKT cell activity.

Stimulation of NKT cell activity. In order to stimulate NKT cell activity, half of the
experimental groups of animals were injected (i.p.) with a-galactosylceramide (o~
GalCer, KRN7000; Funakoshi Tokyo, Japan) 1 or 2 days before injection of tumour
cells and once (20 pg) or twice (2 pg) per week thereafter.

Determination of chemiluminescence. Luciferase activity of cultured B16-luc2 cells
was determined as described previously™. Fifty cells expressing chemiluminescence
corresponded to 1 pg of luciferase. The metastatic rate of the B16-luc2 cells was lower
than that of the original B16-F10 cells, as explained above; so these cells were allowed
to metastasize and be selected by repeated isolation of metastatic nodules to the lungs.
Notably, cell colonies selected three times, designated B16-luc2 LMT-3, and
expressed levels of luciferase activity comparable to those of the original B16-luc2
cells. In vivo chemiluminescence images were obtained by using an IVIS-50 (Caliper
Life Sciences, Alameda CA) 30 minute after injection of the luciferin solution from
both sides of the peritoneum (3 mg/100 pl DPBS (-); VivoGlo luciferin, Promega,
Tokyo).

Statistical analysis. The Student’s t-test was used to assess statistically significant
differences between two groups. The survival curves were plotted according to the
Kaplan-Meier method and the statistical difference was checked by using the
generalized Wilcoxon test. A value of P < 0.05 was considered statistically significant.
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Natural killer (NK) cells are naturally circulating innate lymphoid
cells that protect against tumor initiation and metastasis and
contribute to immunopathology during inflammation. The signals
that prime NK cells are not completely understood, and, although
the importance of IFN type | is well recognized, the role of type I
IFN is comparatively very poorly studied. IL-28R-deficient mice
were resistant to LPS and cecal ligation puncture-induced septic
shock, and hallmark cytokines in these disease models were dys-
regulated in the absence of IL-28R. IL-28R-deficient mice were
more sensitive to experimental tumor metastasis and carcino-
gen-induced tumor formation than WT mice, and additional block-
ade of interferon alpha/beta receptor 1 (IFNAR1), but not IFN-y,
further enhanced metastasis and tumor development. IL-28R-
deficient mice were also more susceptible to growth of the NK
cell-sensitive lymphoma, RMAs. Specific loss of IL-28R in NK cells
transferred into lymphocyte-deficient mice resulted in reduced
LPS-induced IFN-y levels and enhanced tumor metastasis. There-
fore, by using IL-28R-deficient mice, which are unable to signal
type lli IFN-A, we demonstrate for the first time, to our knowl-
edge, the ability of IFN-A to directly regulate NK cell effector func-
tions in vivo, alone and in the context of IFN-af.

IL-28R | NK cells | anti-tumor | interferon | LPS

FN-A is a group of viral-related interferons (type III IFN) that,

in humans, includes four isoforms [IFN-Al, IFN-A2, and IFN-
A3 (also known as IL-29, IL-28A, and IL-28B, respectively); and
IFN-M as a novel variant upstream of IFN-A3 recently charac-
terized by a genome-wide association study in association with
impaired clearance of hepatitis C virus] whereas, in mice, only
two isoforms exist [IFN-A2 and IFN-A3 (or IL-28A and IL-28B,
respectively)] (1-4). Type III TFN was shown to display a similar
signaling pathway downstream as type I IFN (IFN-of), via JAK1/
TYK2 tyrosine kinases and IRF9. However, IFN-A has an affinity
for a unique heterodimeric IFN-AR composed of an IL-28R
chain and an IL-10R2 chain (which is also shared with the IL-10,
IL-22, and IL-26 receptors) (5). To date, IL-28R cellular ex-
pression is reported to be expressed mainly by plasmacytoid DCs,
B cells, epithelial cells, and hepatocytes (2, 6) whereas IFN-A is
believed to be strictly expressed by plasmacytoid and conven-
tional DCs and type II epithelial cells (7).

NK cells are naturally circulating innate lymphocytes that
trigger cell death in target cells that are stressed or display al-
tered self, including early transformed cells (8, 9). The role of
type I IFN and IFN-y in NK cell-mediated control of tumor
initiation, growth, and metastasis has been well-documented (10,
11). As a major and rapid source of proinflammatory cytokines,
such as IFN-y, NK cells can also contribute to promoting over-
zealous and deleterious inflammation in bacterial infection and
sepsis (12, 13). In contrast, the role of IFN-A in NK cell-mediated
immune responses is poorly understood. In mice, IFN-A dis-
played a potential antiviral role in models of influenza A virus,
herpes simplex virus 2 (HSV2), and hepatitis B and C virus (3,
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14-16). In these models, the direct effect of IFN-A on host NK
cells was not explored. When a mouse MCAZ205 fibrosarcoma
cell line was engineered to express IFN-A, IFN-A displayed sub-
stantial in vivo antitumor properties dependent upon host NK
cells (17). In addition, Lasfar et al. and Sato et al. also showed
that IFN-A-expressing B16F10 cells were rejected in an NK cell-
dependent fashion (18, 19). B16F10 melanoma cells express both
IL-28R and IL-10R2 chains and respond to rIFN-A by up-regu-
lating MHC class I. Abushahba et al. demonstrated that TFN-A
and NK cells played a role in the rejection of IFN-A—expressing
hepatocellular carcinoma cells (HCCs). In that study, a marked
tumor infiltration and cellular cytotoxicity mediated by NK cells
were observed in HCC-expressing IFN-A (20).

From these previous reports, it remained unclear whether NK
cells could respond to IFN-A directly or whether they were ac-
tivated by secondary signals from other cells activated by IFN-A
(e.g., DCs). To this end, Ank et al. recently described an IL-28R
gene-targeted mouse strain (21), and these mice showed an in-
distinguishable natural clearance of different viruses compared
with WT mice. However, the TLR-induced anti-HSV2 response
was abolished in IL-28R™~ mice, similar to that observed in
IFNAR1™" (interferon alpha/beta receptor 1) mice (21). Al-
though HSV2 antigens were recently shown to directly activate
NK cells (22) the role of NK cells was not addressed using the
IL-28R™" mice. Furthermore, these mice have not been used to
explore the role of IL-28R in NK cell-mediated control of tu-
mors, nor has the relationship of host IL-28R and IFNARI1 been
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examined. In this study, we aimed to determine the importance
of TIL-28R in NK cell activation in vivo, with an emphasis on
response to TLR activation and control of tumor initiation
and metastasis.

Results

IL-28R mRNA Is Expressed by Mouse NK Cells. Human NK cells re-
portedly express IL-28R mRNA and potentially respond to
IFN-A (23, 24); however, mouse NK cells have not been exam-
ined in the same manner. To date, monoclonal antibodies
(mAbs) specifically reactive with mouse IL-28R are not avail-
able. Thus, based on the published literature (19, 21), we first
compared IL-28R mRNA expression in NK cells and dendritic
cells (DCs) (CD11bYCD11c™) purified from the spleens of WT
and IL-28R™" mice (as a negative control) and B16F10 mela-
noma cells (as a positive control) (87 Appendix, Fig. 51). Notably,
naive NK cells expressed a significant level of IL-28R mRNA
equivalent to B16F10 melanoma, but reduced levels compared
with DCs. As expected, we failed to detect any IL-28R mRNA in
NK cells or DCs from the TL-28R™ mice or RMAs tumors.

IL-28R-Deficient Mice Have a Normal NK Cell Repertoire. Scveral
studies have associated abnormalities in NK cell function with
changes in their NK cell receptor repertoire (25, 26). To verify
whether the differentiation of NK cells in IL-28R™" mice was
normal, we assessed the NK cell receptor repertoire in blood,
liver, lung, and spleen NK cells (based on the gating of CD3"%
NK1.1"DX5") as previously described (27). However, the ex-
pression of CD43, CD226, Ly49A, Ly49C/T, Ly49D, NKG2A/C/E,
NKG2D, NKp46, and the cellular maturation markers CD27 and
CD11b was similar between the NK cells of WT and IL-28R™~
mice (87 Appendix, Fig. S2).

IL-28R Deficiency Sensitizes Mice to LPS-Induced Endotoxicesis. Using
the TL-28R™ and IFNARI™" mice, we first analyzed the ca-
pacity of NK cells to respond in a model of lethal endotoxicosis
after in vivo LPS challenge. Here, NK cells are significant pro-
ducers of ecarly IFN-y and contribute to the inflammation and
lethality (28-30). We first observed that, compared with WT
mice and as previously reported (31), TFNAR1™" mice were
profoundly resistant to LPS endotoxicosis (Fig. 14). By contrast,
IL-28R™" mice were partially resistant to LPS challenge, dis-
playing an intermediate phenotype between WT and TFNAR1™~
mice (Fig. 14 and 57 Appendix, Fig. S3). All three strains of mice
were completely resistant to LPS when NK cells were depleted
using anti-asialoGM1 antibody (Fig. 14). In concert, IFNAR1 ™~
mice, and not the IL-28R™" mice, displayed a reduced level of
the early activation marker CDG6Y on the surface of spleen NK
cells compared with WT mice post LPS challenge (Fig. 1B). To
address whether spleen NK cell TFN-y production was also altered
in the IL-28R™" mice, intracellular cytokine analysis was per-
formed 6 h post LPS injection. Both IL-28R™" and IFNAR1™~
mice displayed a significantly reduced proportion of IFN-y* NK
cells, compared with WT mice (Fig. 1C). Serum cytokines were
also assessed in the same mice to correlate the strength of the
systemic inflammatory responses. Six hours after LPS challenge,
cytokines characteristic of lethal endotoxicosis (32), such as IFN-y,
were decreased in mice deficient for IFNAR1 or TL-28R. The
early TNF-« signal was significantly decreased in IFNAR1™" mice
only whereas no differences were found in serum KC levels be-
tween WT and TL-28R™ and IFNAR1™" mice (Fig. 1D).

Specific Deletion of IL-28R in NK Cells Renders Their IFN-y Production
Deficient. To confirm whether these results might be explained by
an intrinsic IFN-A (IL-28R) signaling defect in NK cells, we
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Fig. 1. LPS stimulation in vivo. (A) IL-28R™"~ mice display resistance to endotoxicosis compared with WT mice. Groups of WT and various gene-targeted mice
(IL-28R~"~, IFN-y™"~, and IFNAR1™"") were inoculated i.p. with 1.25 mg LPS/30 g mouse. Groups received either 100 g i.p. of clg or anti-asialoGM1 (to deplete
NK cells) on day —1 and 0 (where day 0 is LPS challenge). Statistical analysis was performed using Mantel-Cox Log-rank test, ***P < 0.001, n = 10 in two
independent experiments. (B) Spleen NK cells from IL-28R™~ mice, but not IFNAR1™~ mice, display normal expression of CD69 in vivo, in response to LPS (i.p.
injection of 0.1 mg/20 g - 6 h). Representative FACS plots are shown and mean + SEM. CD69 mean fluorescence intensity (MFl) depicted in bar graphs, with n =
10 from two independent experiments. Statistical analysis was performed using Mann-Whitney test; *P < 0.05, **P < 0.01, ***P < 0.001. (C) IL-28R™"~ and
IFNAR1™" spleen NK cells demonstrated defective IFN-y production compared with WT mice at various time points (0-12 h) post-LPS. Representative FACS plots
are shown and mean + SEM. CD69 MFI depicted in bar graphs, with n = 9 from two independent experiments. Statistical analysis was performed using Mann—
Whitney test; *P < 0.05, **P < 0.01. (D) Serum cytokines at various time points (012 h) post-LPS reveal decreased IFN-y production in the IENAR1™~ and IL-28R™"~
mice. Results are expressed in mean + SEM. Statistical analysis was performed using Mann-Whitney test; *P < 0.05, with n = 5 mice per time point.
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transferred equal numbers of highly purified spleen NK cells macrophage inflammatory proteins (MIPs) (37) and by enhanc-
from WT and TL-28R™~ mice into immunodeficient RAG2™~  ing NK cell IFN-y production (38). On the other hand, neutro-
yc™'~ mice. After 5 d of homeostatic reconstitution, the WT and  phil recruitment-related cytokines (e.g., G-CSF and KC) are
IL-28R™"~ NK cell numbers and proportions in peripheral blood  associated with a survival benefit because they enhance bacterial
were equivalent, suggesting that IFN-A (IL-28R) signaling is not  clearance (39). Beneficial serum inflammatory factors such as
required for NK cell homeostatic proliferation (Fig. 24). On day =~ G-CSF and KC (increased 3 h post-CLP, and increased 3 and 12 h
6, these mice were challenged with LPS, and, 6 h later, in- post-CLP, respectively) were found at higher levels post-CLP in
tracellular IFN-y was measured in spleen NK cells. Clearly, the IL-28R™~ mice. In concert, deleterious proinflammatory
spleen NK cell IFN-y production was decreased in the mice factors were found at lower levels post-CLP in the IL-28R™~
reconstituted with TL-28R™ NK cells compared with WT NK  mice (IL-17A decreased 12 h post-CLP; MIP1a decreased 3 and
cells (Fig. 2B). Serum cytokines from the IL-28R™~ NK cell- 12 h post-CLP; MIP1p decreased 3 h post-CLP; and TNF-«
reconstituted mice revealed decreased levels of IFN-y as ex-  decreased 3 and 12 h post-CLP) (Fig. 3B). These data suggested
pected, but not KC or TNF-a (Fig. 2C). Because IL-28R is  that IFN-A signaling also plays an important role in innate im-
composed of the IL-28R and IL-10R2, one possible simple ex- munity to polymicrobial systemic infection.
planation for the lower IFN-y secretion by IL-28R~deficient NK Ank et al. showed that IL-28R-deficient mice responded
cells in vivo might have been a compensatory increase in IL-10R  normally to a number of different viruses compared with WT
signaling permitted by the accumulation and pairing of otherwise ~ mice, including the following: genital herpes HSV-2; an RNA
free IL-10R2 with IL-10R1. Analysis of NK cells from IL-28R—  virus, lymphocytic choriomeningitis virus (LCMV); an ortho-
deficient mice compared with WT NK cells revealed no signifi- myxovirus, influenza A virus (IAV); and a picornavirus, en-
cant increase in IL-10R nor enhanced direct IL-10 signaling (as  cephalomyocarditis virus (ECMV) (21). Given that production
measured by pSTAT1 and pSTATS3 in response to recombinant  of IFN-y by NK cells is dependent on IL28R signaling, we tested
IL-10) in IL-28R™ NK cells (87 Appendix, Fig. $4). the relevance of this pathway in the control of murine cyto-
megalovirus (MCMYV) infection. NK cells are essential for the
IL-28R~"~ Mice Are Resistant to Septic Shock. To address whether  control of acute MCMYV infection in B6 mice, with NK cell-
the absence of IFN-A signaling also regulated systemic poly-  derived IFN-y playing an important role in limiting viral replication
microbial sepsis and septic shock, a cecal ligation and puncture  (40). IL28R™~ mice were infected with MCMV, and viral rep-
(CLP) model was performed as previously described (33). Be-  lication was assessed in target organs. Quantification of replicating
cause lethality was shown to be dependent upon NK cell IFN-y  virus by plaque assay demonstrated no difference in viral loads
production (32, 34, 35), not surprisingly the IL-28R ™~ mice were ~ between WT and IL28R™~ mice in spleen, liver, and lung during
relatively resistant compared with WT mice (Fig. 34). It is  acute infection (S7 Appendix, Fig. S5). By contrast, [IFNAR1™~
known that proinflammatory cytokines such as TNF-a are asso-  mice were more sensitive to MCMV infection. Thus, activities
ciated with worse prognosis in sepsis (36). In addition IL-17A is  mediated by IL28R are not essential for the control of acute
associated with excessive inflammation by increasing levels of MCMYV infection in B6 mice.
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Fig. 2. (A) Sorted IL-28R™'~ or WT spleen NK cells display normal peripheral blood reconstitution in RAG2™/~yc™~ recipient mice 5 d post cell transfer (2 x 10°

NK cells injected i.v.). Representative FACS plots are shown, and all data from individual mice are depicted by symbols in bar graphs (Lower). (B) IL-28R™~ NK
reconstituted RAG2™"yc™~ mice display decreased NK cell IFN-y expression in spleen 6 h after LPS (0.1 mg/30 g) challenge. Representative FACS plots are
shown, and all data from individual mice are depicted by symbols in bar graphs (Lower). Results are expressed as mean + SEM; n = 15 pooled from three
independent experiments. Statistical analysis was performed using Mann-Whitney test; **P < 0.01. (C) From the same mice as B, cytokines were assessed from
serum after 6 h post LPS challenge. IL-28R™"~ NK cell reconstituted RAG2™~yc™'~ mice displayed decreased levels of IFN-y. Results are expressed as mean + SEM;
n = 8 pooled from two independent experiments, and all data from individual mice are depicted by symbols in bar graphs. Statistical analysis was performed
using Mann-Whitney test; *P < 0.05.
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Fig.3. (A)IL-28R™"" mice display enhanced survival after CLP-induced septic
shock. Statistical analysis was performed using Mantel-Cox Log-rank test;
**P < 0.01, n= 18 pooled from three independent experiments. (B) Cytokine
assessment from serum after 3 and 12 h post-CLP. IL-28R™~ mice have in-
creased levels of G-CSF and KC, and decreased levels of IL-17A, MIP1a, MIP1§,
and TNF-o. Results are expressed as mean =+ SEM, with all data from individual
mice depicted by symbols in bar graphs. Statistical analysis was performed
using Mann-Whitney test; *P < 0.05, **P < 0.01, and ***P < 0.001.

IL-28R~"~ Mice Are Susceptible to Tumor Metastases. We next de-
termined whether IL-28R was critical in NK cell-dependent
control of tumor metastasis. The NK cell-mediated clearance of
B16F10 experimental lung metastases after i.v. inoculation is a
well-characterized and used metastasis assay (28, 41, 42). IL-
28R™~ mice displayed impaired control of lung metastases
compared with WT mice at several different inoculated doses
(Fig. 44). Notably, IFNAR1™" mice displayed an even greater
susceptibility to experimental B16F10 lung metastasis at the
equivalent tumor doses (Fig. 44). To determine whether IL-28R
deletion in NK cells was critical for immune response against
B16F10 lung metastases, we reconstituted immunodeficient
RAG2"yc™ mice with highly purified NK cells from WT and
IL-28R™~ mice. After 5 d of reconstitution, B16F10 cells were
injected i.v., and then lungs were harvested after 14 d. The mice
reconstituted with IL-28R~~ NK cells demonstrated significantly
higher numbers of lung metastases compared with those trans-
ferred with WT NK cells (Fig. 4B). This data corroborated the
LPS experiments (Fig. 2) showing that the IL-28R™~ NK cells
are intrinsically defective in vivo. In addition, a series of de-
pletion and neutralization experiments were performed in the
B16F10 experimental lung metastasis model using WT, TFN-y ™=, IL-

Souza-Fonseca-Guimaraes et al.

28R, and TENARI™™ mice (Fig. 4C). This experiment revealed
the combinatorial effects of IL-28R or IFN-y and IFNARI1 de-
ficiency. Clearly, by contrast, additional IFN-y blockade did not offer
any further increase in metastases in the IL-28R™™ mice than that
observed in IL-28R™" or IFN-y™~ mice alone or WT mice treated
with anti-TFN-y mAb (Fig. 4C). Experiments in mice deficient in
both ITFNARI and TL-28R supported these findings (57 Appendix,
Fig. 86). To support data in the B16F10 melanoma model, we also
showed that TL-28R™" mice were defective in controlling experi-
mental metastasis of RM-1 prostate carcinoma cells and that, once
again, additional IFNARI blockade further enhanced metastases
(Fig. 4D).

We next assessed the antimetastatic activity of IFN-of and
TFN-A [pegylated TL-28A (PEG-IL-28A)], alone and in combi-
nation, in the BI16F10 experimental metastases model (Fig. 5 4
and B). Although IFN-A alone did not significantly suppress
B16F10 lung metastases, IFN-A did enhance the antimetastatic
activity of IFN-aff when in combination (Fig. 54). IFN-af and
IFN-)\ increased the survival of tumor-inoculated mice, and
prolonged survival was observed with the combination (Fig. 5B).
To further examine the specific activity of IFN-A on NK cells in
vivo, RAG2™yc¢ ™ recipients receiving no transfer or WT or IL-
28R~ NK cell transfers were then challenged with B16F10 and
treated with mock or IFN-A. Critically, this experiment showed
that IL-28R™~ NK cells were less protective than WT NK cells
and that TFN-A was able to enhance the antitumor effect of WT
NK cells but was without effect on IL-28R™~ NK cells or in mice
that received no NK cell transfer (Fig. 5C).

Attempts to demonstrate a direct effect of IFN-A (PEG-IL-
28A) on NK cells in vitro did not yield any detectable phos-
phorylation of STAT1 or downstream cytokine production, even
in the context of combinations of NK cell survival and activation
factors such as IL-15, IL-12, and IL-18 (57 Appendix, Fig. S7).
IFN-of was able to induce phosphorylation of STATI in the
same assays; however, no additional effect on pSTAT1 induction
was observed with the addition of both IFN-«f and PEG-IL-28A
(ST Appendix, Fig. 87). The PEG-IL-28A was active as demon-
strated by its effect on Mx1 expression in BI6F10 and RENCA
tumor cells (57 Appendix, Fig. S8).

Lymphoma Growth Is Enhanced in IL-28R-Deficient Mice. We then
examined the capacity of NK cells to control target lymphoma
cells in vivo. The in vivo tumor growth of MHC class I-deficient
RMAs lymphoma cells in the peritoneum is controlled by NK
cells (43). Transduction of RMAs lymphoma with a lentivirus
containing luciferase-venus allows the detection of tumor pro-
gression in a kinetic manner (44). Using this model, we clearly
demonstrated that IL-28R ™~ mice were defective in their in vivo
control of RMAs tumor growth compared with WT mice (Fig. 6
A and B and ST Appendix, Fig. §94). Control of RMAs lym-
phoma is often attributed to NK cell perforin and cytotoxicity
(43). However, assessment of the cytotoxic capability of naive, in
vitro IL-15-IL-15Ra complex-stimulated or in vivo Poly(I:C)-
stimulated spleen NK cells from WT or IL-28R™" mice against
classical targets (YAC-1 and B16F10) revealed no differences in
cytotoxicity (S7 Appendix, Fig. S10). NK cell incubation with
PEG-IL-28A in vitro did not enhance NK cell-mediated target
cell killing. In contrast, IFN-af was able to enhance killing of
YAC-1 target cells in the same assays (57 Appendix, Fig. S10).

Carcinogen-induced Tumor Initiation Is Prevented by IL-28R and
IFNAR1. Host protection from MCA-induced sarcoma is NK
cell-dependent, and many host immune cell types and molecules,
including IFNARI, have been assessed in this mouse model (11,
28, 45). In concert with these findings, at a low dose of MCA
carcinogen (5 pg), IENAR1™~ mice and IFN-y~~ mice treated
with control Ig (cIg) displayed a significantly reduced survival
after MCA inoculation compared with WT mice treated with cIg
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Fig. 4. IL-28R™"~ and IFNAR1™ mice have decreased control of B16F10 and RM-1 experimental lung metastases. (4) Groups of five WT or gene-targeted mice
were injected i.v. with B16F 10 melanoma cells (dose as shown). (B) Groups of seven to eight RAG2~yc™~ recipients reconstituted for 5 d with 2 x 10° IL-28R™"~
or WT NKs (sorted by TCRp™9, NKp46™*, NK1.1%) and injected i.v. with B16F10 melanoma cells (5 x 10%). (C) Groups of five WT or gene-targeted mice were
injected i.v. with B16F10 melanoma cells (5 x 10%). Some mice received clg (250 pg), anti-IFNAR1 (250 ug), anti-IFN-y (250 pg), or anti-asGM1 (100 ug) i.p. on
days ~1, 0, and 7 relative to tumor inoculation as indicated. (D) Groups of 5-10 WT or gene-targeted mice were injected i.v. with RM-1 prostate carcinoma
cells (5 x 10%). Some mice received clg (250 1g), anti-IFNAR1 (250 ug), or anti-IFN-y (250 ug) i.p. on days —1, 0, and 7 relative to tumor inoculation as indicated.
In A-D, 14 d after tumor inoculation, the lungs of these mice were harvested and fixed, and the number of B16F10 or RM-1 colonies was counted under a
dissection microscope. Symbols in scatter plots represent the number of B16F10 or RM-1 tumor colonies in the lung from individual mice (with mean and SEM
shown by cross-bar and errors). Mann-Whitney test was used to compare differences between the groups of mice as indicated (**P < 0.01; ***P < 0.001; ns,

not significant).

(Fig. 6C). TL-28R™" mice also demonstrated a strong trend to-
ward reduced survival (P = 0.056) (Fig. 6D and ST Appendix, Fig.
598). When the WT and IL-28R™" strains were additionally
neutralized for IFNAR1 or IFN-y, the additive effects of IL-28R
deficiency and IFNART! deficiency were observed (Fig. 6D).

Discussion

NK cells play a key role in protecting against tumor initiation and
metastasis and contribute to immunopathology during inflam-
mation. Although the role of type I IFN in priming NK cells is
well-recognized, the other signals that prime NK cells are not
completely understood, and, in particular, the direct effect of
type IIT IFN on NK cells is comparatively very poorly studied.
We have taken advantage of the IL-28R~deficient mice, which
cannot bind type I1T IFN (IFN-}A) to demonstrate in a series of in
vivo experiments that both host IL-28R and, specifically, IL-28R
expressed by NK cells contribute significantly to NK cell function
in models of tumor control and bacterial-induced inflammation.
IL-28R~deficient mice were resistant to LPS and cecal ligation
puncture-induced septic shock, and important cytokines in these
disease models were significantly altered in the absence of host
IL-28R. IL-28R~deficient mice were more sensitive to experi-
mental and spontaneous tumor metastasis, lymphoma growth,
and carcinogen-induced tumor formation than WT mice, and
additional blockade of IFNARI1, but not IFN-y, further en-
hanced metastasis and tumor development. A combination of
type I IFN and type III IFN was significantly more antimetastatic
in the B16F10 model than either IFN alone. IEN-A promoted the
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antimetastatic activity of WT NK cells, but not TL-28R™~ NK
cells. Importantly, specific loss of IL-28R in NK cells transferred
into lymphocyte-deficient mice resulted in reduced LPS-induced
IFN-v levels and enhanced tumor metastasis. These data strongly
suggest that IFN-A can directly regulate NK cell effector func-
tions in vivo, alone and in the context of IFN-of.

IFN type II displays similar signal transduction pathways as
IFN type I but has a more restricted receptor expression (46).
The type III IFN receptors, like IFNARI, activate the ISGF3
complex, but, unlike the IFNARs, they are restricted in their
tissue distribution, are not highly expressed in hematopoietic
cells, and act predominantly at epithelial surfaces. A recent re-
port correlating genomic alterations in colorectal cancer patients
has shown that patients without lymph node metastases had
significantly more amplification of several genes, including
IFNARI, IFNAR2, and IL-10R2 (shared by IL-10, IL-22, IL-26,
and IL-28), than those with lymph node invasion (47). The
highest levels of gene loss mutations were found for IL-15
whereas the TL-28R was the most frequently deleted cytokine
receptor in immune cells (47). IL-15 is a critical NK cell acti-
vating and survival factor for both human and murine cells (48).
By contrast, IL-28R expression and signaling in NK cells have
remained controversial. Although we were able to detect IL-28R
mRNA by RT-PCR in purified NK cells from WT mice, but not
IL-28R~deficient mice, we were unable to demonstrate any
modulation of STAT phosphorylation or downstream effector
cytokine secretion by purified mouse NK cells exposed to PEG-
TL-28A. Previously, by RT-PCR, it was identified that human NK
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Fig. 5. IFN-A (PEG-IL-28A) suppresses B16F 10 metastases in an NK cell-dependent fashion. (A and B) Groups of five WT mice in each panel were injected i.v.
with B16F10 melanoma cells (2 x 10°). Mice received PEG-IL-28A or mIFN-af (25 ug i.p.) daily (days 0-5). (C) Groups of 4-12 RAG2™""yc¢™"~ recipient mice were
reconstituted for 5 d with 2 x 10° IL-28R™" or WT NKs (sorted by TCRE"®9, NKp46*, NK1.1*) and injected i.v. with B16F10 melanoma cells (2 x 10°). Some mice
received no NK cell transfer. Mice then received mock or PEG-IL-28A (25 pg i.p.) daily (days 0-5). in A, 14 d after tumor inoculation, the lungs of these mice
were harvested and fixed, and the number of B16F10 colonies was counted under a dissection microscope. In B and C, survival of mice was plotted, and
statistical analysis was performed by Mantel-Cox Log-rank test; *P < 0.05, **P < 0.01, ****P < 0.0001.

cells can express IL-28R (23, 24); however, they demonstrated
no responsiveness to recombinant IFN-A as measured by phos-
phorylation of STAT1 and STAT3 in vitro (49). Demonstrating
early signal transduction events via IL-28R even in cells that
express significant levels of IL-28R is not straightforward (46).
The interaction of multiple cytokines (e.g., IL-2, IL-15, 1L-12,
IL-18, or IL-21) may be required to allow NK cell responsiveness
to a single cytokine (50, 51); however, this lack of a demonstrable
direct effect of PEG-IL-28A on mouse NK cells in vitro occurred
despite the presence of various mixtures of other NK cell stim-
ulating and survival factors (e.g.,, IL-12, IL-18, IL-15, etc.). It
remains possible that an alternative signaling pathway is trig-
gered via IL-28R in NK cells or that we have not reproduced the
optimal cytokine milieu in vitro to promote IL-28 activity on NK
cells. Certainly, the altered function of IL-28R-deficient NK
cells compared with WT NK cells in RAG2™"yc™~ mice sug-
gests a direct effect of ligand on TL-28R on NK cells. The IL-
28R—deficient NK cells were less responsive to LPS in vivo and
were ineffective in clearing B16F10 lung metastases. Both of
these phenotypes could potentially be attributed to a reduction
in NK cell IFN-y secretion. One potential explanation might be
that the loss of IL-28R on NK cells causes a compensatory in-
crease in free IL-10R2 and enhanced signaling of IL-10. How-
ever, we did not observe any evidence of enhanced IL-10R2
expression or IL-10 signaling in IL-28R~deficient NK cells.
Other receptors that use 1L-10R2, such as IL-26, could not be
assessed due to a lack of suitable reagents. The creation of a
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mouse IL-28R~specific antibody that can detect low levels of TL-
28R expression will shed light on this question.

Regardless of the direct or indirect effects of IL-28 on NK
cells, the combined effect of IL-28R and IFNART1 deficiencies
created a mouse as defective in NK cell-mediated tumor control
as one lacking NK cells. Notably, neutralization of IFN-y was
largely without effect in the IL-28R-deficient mouse but in-
creased tumor metastases in mice deficient for IFNARI1. These
data suggest that a combination of type I and IIT TFN signaling
contributes almost all NK cell-mediated control of tumor initi-
ation and metastases whereas the major role of IFN-y may be
downstream of IL-28R, IL-12R, and IL-18R. Type I IFN has
been used successfully for the treatment of several types of
cancer, including hematological malignancies (hairy cell leuke-
mia, chronic myeloid leukemia, and some B- and T-cell lym-
phomas) and solid tumors (melanoma, renal carcinoma, and
Kaposi’s sarcoma) (52, 53). The antitumor effect of type 1 IFN
therapy is accompanied by severe side effects, including auto-
immune and inflammatory symptoms, as well as direct tissue
toxicity, that are probably responsible for the hematological and
neurological side effects. The use of recombinant IFN-A (PEG-
IL-28A) in combination with IFN-af suggested potential addi-
tive benefit against experimental tumor metastases, and the ac-
tivity and safety of this combination may be further explored
preclinically. Previous approaches using gene transfer of TFN-A
into tumor cells (46) are of less translational value and might not
say much about the mechanism of action of combined soluble
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