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Fig. 1 Evaluation of MSP
expression in human SCLC
cells. a The expression levels of
MSP mRNA in SBC-5 cells and
their subclones were determined
by RT-PCR, as described in
Materials and methods. b The
expression levels of MSP
protein in SBC-5 cells and their
subclones were determined by
Western blotting, as described
in Materials and methods. ¢ The
expression levels of MSP
protein in H1048 cells and their
subclones were determined by
Western blotting ‘
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Fig. 2 Analysis of the bioactivity of MSP secreted by the MSP
transfectant. The bioactivity of MSP, produced by SBC-5-MSP cells,
was measured by a two-chamber migration assay. a The culture
supernatant of SBC-5-MSP cells, but not that of parental cells or the
vector control clone, induced migration of RAW 264.7 cells. b The
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culture supernatant of SBC-5-MSP cells significantly enhanced the
migration of MS1 cells compared with that of SBC-5-Vector cells
(P < 0.05). ¢ The culture supernatant of H1048-MSP cells, but not
that of parental cells or the vector control clone, induced migration of
RAW 264.7 cells
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Fig. 3 The effect of MSP gene transduction on in vitro tumor cell
behavior. a The anchorage-dependent cell growth of SBC-5 cells and
their subclones was determined by a MTT assay, as described in
Materials and methods. b Cell motility of SBC-5 cells and their
subclones was determined by a two-chamber migration assay, as

several human SCLC cell lines, but neither SBC-5 cells nor
H1048 cells expressed human RON (Fig. 4a). Since our
_purpose is to study the effect of MSP to mouse organ
microenvironment, we transfected mouse MSP to human
cancer cell lines not expressing human RON. Hence,
overexpressed mouse MSP was not able to affect cancer
cell themselves.

MSP gene transduction resulted in the promotion
of experimental liver metastasis in vivo

To evaluate whether MSP signaling could affect cancer
metastasis in the presence of the murine microenvironment,
we performed in vivo experiments using a previously
established model of multiple-organ metastasis in NK-cell
depleted SCID mice. In this model, SBC-5 cells produce
metastatic colonies predominantly into the liver, lung, and
bone [21]. The number of liver metastases was significantly
higher in SBC-5-MSP cells than those of parental SBC-5
cells or SBC-5-Vector cells (Table 1; Fig. 5a). There was
no statistically significant difference between the numbers
of bone and lung metastases among these three cell lines.
The expression of MSP mRNA in liver metastatic nodules
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described in Materials and methods. ¢ The anchorage-dependent cell
growth of H1048 cells and their subclones was determined by a MTT
assay. d Cell motility of H1048 cells and their subclones was
determined by a two-chamber migration assay

produced by SBC-5-MSP cells was confirmed to be
maintained (Fig. 5¢).

To certify that these effects were not cell-specific, we
generated another MSP-overexpressing transfectant,
H1048-MSP cells, which were constructed in the same way
as SBC-5-MSP (Fig. Ic, 2c). MSP gene transduction did
not affect the behavior of H1048-MSP cells in vitro
(Fig. 3c, d). H1048 cells also produced metastatic colonies
predominantly in the liver, kidney, and bone in NK-cell
depleted SCID mice. As with SBC-5-MSP, the number og
liver metastases, but not those of kidney and bone metas-
tases, was significantly increased in H1048-MSP cells than
those of parental cells or the vector control clone (Table 2;
Fig. 5b). These results indicated that MSP has the potential
to enhance liver metastases produced by human SCLC
cells.

The expression of the factors involved in MSP/RON
signaling pathway in normal organs of mice

To elucidate the mechanisms of obvious liver tropism in
metastasis formation of MSP-expressing SCLC cells, we
examined the expression of the factors involved in MSP/
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Fig. 4 The expression of RON in several human lung cancer cells,
RAW264.7 and MS1 cells. a The expression levels of human RON
protein in several lung cancer cells were determined by Western
blotting, as described in Materials and methods. b The expression
levels of mouse RON protein in RAW264.7 and MS1 cells were

determined by Western blotting, as described in Materials and

methods

RON signaling pathway in normal organs of mice. Then,
we found that MSP and HGFA are highly expressed in the
liver compared to other organs (Fig. 6a). HGFA is trypsin-
like serine proteases, and is known to activate pro-MSP to
mature MSP [23], leading to increase mature MSP derived
from pro-MSP secreted by tumor cells themselves and/or
tumor stroma. Thus, the microenvironment in the liver is
favorable for pro-MSP to be translated to activated form.
Moreover, RON was phosphorylated in the liver but not in
the kidney and the lung, while RON was expressed in all
three organs (Fig. 6b), suggesting that the MSP/RON axis
was activated in the liver. Taken together, the abundant
MSP can affect liver microenvironment and activate MSP/
RON axis, which leads to promote liver metastases of
MSP-producing SCLC cells.

Microvessel density and tumor-infiltrating macrophages
were significantly increased in liver metastatic lesions
produced by MSP transfectants :

To further explore the mechanism by which MSP enhanced
experimental liver metastases, histological analysis was
performed using metastatic lesions from the liver by SBC-
5, SBC-5-Vector, and SBC-5-MSP cells. For the detection
of tumor-associated microvessels and tumor-infiltrating
macrophages, we used an anti-mouse CD31 and an anti-
mouse CD68 antibody, respectively. Immunohistochemical
staining showed that tumor-associated microvessel densi-
ties and tumor-infiltrating macrophages were significantly
higher in lesions produced by SBC-5-MSP cells, than those
produced by parental SBC-5 cells or SBC-5-Vector cells
(Fig. 7). These results suggest that MSP secreted from
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tumor cells elicited the activation of tumor-infiltrating
macrophages and that activated macrophages induced
angiogenesis, which may promote liver metastases.

Discussion

Molecular interactions between cancer cells and their
microenvironments play crucial roles throughout the mul-
tiple steps of metastasis [24, 25]. In this study, we evalu-
ated the interaction of MSP-positive tumor cells with the
murine microenvironment using a multiple-organ metas-
tasis model in NK-cell depleted SCID mice. While there
was no increase in cell growth or migration in MSP-
overexpressing human SCLC cells, MSP overexpression
enhanced liver metastases produced by these cells. These
findings indicated that MSP may affect organ microenvi-
ronments, rather than the tumor cells themselves, to pro-
mote metastases.

Tumor-associated macrophage (TAM) infiltration is
associated with increased microvessel density, which
results in poor prognosis in lung cancer [26]. Moreover, the
angiogenic factors secreted by activated macrophages in
response to various stimuli in the tumor microenvironment
contribute to tumor growth, angiogenesis, and metastasis.
In this study, we found that tumor-infiltrating macrophages
and microvessel densities were significantly increased in
liver metastases by MSP-overexpressing human SCLC
cells. These results suggested that MSP secreted from
tumor cells elicited chemotaxis and activation of TAMs
and that activated TAMs produced angiogenic factors,
which could promote angiogenesis and liver metastases.
We also demonstrated that the culture supernatant of SBC-
5-Vector cells induced migration of murine endothelial
cells, and this affects were enhanced by MSP-over-
expressing (Fig. 2c). These results indicated that MSP
could enhance angiogenesis via a direct effect on endo-
thelial cells in addition to an indirect effect through mac-
rophage activation. Taken together, these data indicate that
MSP may be one of the major determinants that affect the
properties of tumor stroma and that produce a permissive
microenvironment to promote cancer metastasis.

Interestingly, MSP-overexpressing SCLC cells showed
liver tropism in metastasis formation. While the number of
liver metastases was significantly higher in MSP-over-
expressing SCLC cells than those of parental cells or the
vector control clone, there were no discernible differences
in the numbers of bone and lung metastases among these
three cell lines. The reason for these phenomena remains to
be elucidated. One possible explanation is that the
expression of MSP and HGFA are prominent in the liver
compared with other organs (Fig. 6a). MSP and HGFA are
primarily produced by hepatocytes and secreted mainly
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Table 1 Production of metastasis by SBC-5 cells with or without MSP in NK-cell depleted SCID mice

Cell line Incidence Liver weight Number of metastatic colonies®
of metastasis @* :
Liver Lung Bone
SBC-5 6/6 . 1.3 (1.0-2.2) 70 (50-136) 29°(15-48) 6 (4-8)
SBC-5-Vector 8/8 1.5 (1.2-24) 66 (32-133) 26 (8-54) 4 (3-6)
SBC-5-MSP 17 1.5 (1.3-1.9) 107 (59-139)° 24 (10-47) 537
SBC-5 cells (1 x 106) with or without MSP gene were inoculated intravenously into NK-cell depleted SCID mice on day 0
Mice were killed on day 28 and the formation of metastases was evaluated
Data are representative of five independent experiments with similar results
? Values are the means (range) for the indicated numbers of mice
® Significantly different from SBC-5 and SBC-5-Vector cells (P < 0.05)
P<0.05
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Fig. 5 The effect of MSP gene transduction on experimental liver
metastasis formation produced by human SCLC cells. a The exper-
imental liver metastases by SBC-5-MSP cells significantly increased
compared with SBC-5 and SBC-5-Vector cells. Representative
photographs of the liver (left panel) and the numbers of liver
metastatic colonies in each experimental group (right panel) are
shown. b The experimental liver metastases by H1048-MSP cells

from the liver [27, 28]. RON mRNA and protein are also
expressed in the normal liver, and its expression is localized
to hepatocytes and Kupffer cells, the resident macrophage
population of the liver [27]. These facts means that liver
have the most advanced environment used to convert pro-
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significantly increased compared with H1048 and H1048-Vector
cells. Representative photographs of the liver (left panel) and the
numbers of liver metastatic colonies in each experimental group
(right panel) are shown. ¢ The expression levels of MSP mRNA in
metastatic liver lesions by SBC-5 cells and their subclones were
determined by RT-PCR, as described in Materials and methods

MSP to mature form, and are susceptible organs by pro-MSP
secreted from cancer cells. Therefore, in liver metastatic
lesions, MSP which was secreted by tumor cells may induce
RON activation in hepatocytes and Kupffer cells, which
may produce permissive organ microenvironments for the
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Table 2 Production of metastasis by H1048 cells with or without MSP in NK-cell depleted SCID mice

Cell line Incidence Liver weight (g)* Number of metastatic colonies®

of metastasis -
Liver Lung Bone

H1048 6/6 0.9 (0.6-1.1) 9 (5-14) 24 (11-30) 3 (1-5)
H1048-Vector 6/6 1.0 (0.7-1.5) 8 (2-15) 31 (19-36) 5 (3-6)
H1048-MSP 8/8 1.2 (0.8-1.5) 22 (9-32)° 29 (1543) 3 (1-6)

H1048 cells (1 x 106) with or without MSP gene were inoculated intravenously into NK-cell depleted SCID mice on day 0
Mice were killed on day 56 and the formation of metastases was evaluated

Data are representative of five independent experiments with similar results

? Values are the means (range) for the indicated numbers of mice

b Significantly different from H1048 and H1048-Vector cells (P < 0.05)
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Fig. 6 The expression of the factors involved in MSP/RON signaling
pathway in normal organs of mice. a The expression levels of MSP
and HGFA mRNA in the liver, the kidney and the lung of mice were
determined by quantitative PCR, as described in Materials and

promotion of tumor growth. Another explanation is that
angiogenesis is more important for metastasis formation in
the liver than other organs. Indeed, disease-free and overall
survival of metastatic liver cancer was reported to be closely
associated with the number of microvessels in the tumor
[29], and the liver parenchyma adjacent to synchronous liver
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HGFA

1.5

Relative gene expression

methods. b The expression levels of RON and pRON protein in the
liver, the kidney and the lung of mice were determined by Western
blotting, as described in Materials and methods

metastases provides an angiogenic prosperous environment
for metastatic tumor growth in the presence of the primary
tumor [30]. Moreover, we recently reported that angiogen-
esis is hardly involved in experimental bone metastasis
formation by SBC-5 cells [31]. Further studies are warranted
to ascertain the precise mechanisms for liver tropism in
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Fig. 7 Analyses of the microvessel density and tumor-infiltrating
macrophages in liver metastatic lesions produced by SBC-5 cells
transfected with or without the MSP gene. Immunohistochemical
staining of the liver was performed as described in Materials and

metastasis formation observed in MSP-overexpressing
SCLC cells. ‘

Accumulating evidence indicates that activation of the
MSP/RON axis affected the ability of tumor cells them-
selves to migrate, invade, and/or grow in distant tissues
[11-13]. For example, the overexpression of MSP facili-
tated metastases to various organs, especially to bone,
produced by mammary tumors in transgenic mice [12].
Constitutive expression of RON was shown to induce
epithelial mesenchymal transition, marked by phenotypic
changes and alterations in cell motility [32], and was cor-
related with reduced disease-free survival of breast cancer
patients [33]. In lung cancer, MSP and its receptor, RON,
were also overexpressed in 25-44 % and 62-72 % of
tumors, respectively [22, 34]. In vitro tests of RON activity
in certain lung cancer cell lines demonstrated that MSP
stimulation induced RON phosphorylation and increased
cell motility in an autocrine and/or paracrine manner [22].
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methods. The amount of vascularization determined by CD31 staining
and macrophages by CD68 staining were significantly increased in
SBC-5-MSP tumors than those of SBC-5 and SBC-5-Vector tumors.
*P < 0.05 in comparison to SBC-5 tumors and SBC-5-Vector tumors

Furthermore, MSP expression was up-regulated in bone
metastatic lesions by SCLC cells [13]. These observations
suggested that MSP may affect not only tumor microen-
vironments but also the tumor cells themselves to promote
the progression and metastases of lung cancer. While there
are no clinical reports about MSP expression in SCLC,
recent -evidence has demonstrated that the frequency and
intensity of RON expression was much higher in lung
tumors of neuroendocrine origin such as SCLC and in
secondary tumors which metastasized to the brain [34].
These findings also suggest the importance of MSP/RON
axis to interact with organ microenvironment and promote
distant metastases of SCLC cells.

Recently, a humanized monoclonal antibody, IMC-
41A10, that blocks the interaction of RON with MSP has
been developed. IMC-41A10 not only inhibits the binding
of MSP to RON, but also diminishes RON phosphorylation
and its downstream signaling. In addition, IMC-41A10 also
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significantly decreased tumor growth of murine xenografts
from various subcutaneously injected cancer cell lines,
including lung cancer [35]. These results highlight the
potential therapeutic usefulness of MSP/RON axis inhibi-
tion in human cancers.

In conclusion, we showed that MSP gene transduction
resulted in the facilitation of experimental liver metastases via
the promotion of angiogenesis in NK-cell depleted SCID mice
by human SCLC cells. The capability of MSP to modify organ
microenvironments may uncover a unique and effective
strategy to inhibit liver metastases of SCLC in humans.

Acknowledgments We greatly appreciate Dr. A. L. Welm (Uni-
versity of Utah, Salt Lake City, UT) for providing the replication-
defective mouse stem cell viruses, pMIG and pMIG-MSP. This study
was supported in part by a Grant-in-aid for Cancer Research from the
Ministry of Education, Science, Sports, and Culture of Japan.

Conflict of interest The authors declare that we have no conflict of
interest.

References

1. Sone S, Yano S (2007) Molecular pathogenesis and its thera-
peutic modalities of lung cancer metastasis to bone. Cancer
Metastasis Rev 26:685-689

. Skeel A, Yoshimura T, Showalter SD, Tanaka S, Appella E,
Leonard EJ (1991) Macrophage stimulating protein: purification,
partial amino acid sequence, and cellular activity. J Exp Med
173:1227-1234

. Bezerra JA, Witte DP, Aronow BJ, Degen SJ (1993) Hepatocyte-
specific expression of the mouse hepatocyte growth factor-like
protein. Hepatology 18:394-399

. Yoshimura T, Yuhki N, Wang MH, Skeel A, Leonard EJ (1993)
Cloning, sequencing, and expression of human macrophage
stimulating protein (MSP, MST1) confirms MSP as a member of
the family of kringle proteins and locates the MSP gene on
chromosome 3. J Biol Chem 268:15461-15468

. Wang MH, Skeel A, Leonard EJ (1996) Proteolytic cleavage and
activation of pro-macrophage-stimulating protein by resident
peritoneal macrophage membrane proteases. J Clin Invest
97:720-727

. Nanney LB, Skeel A, Luan J, Polis S, Richmond A, Wang MH,
Leonard EJ (1998) Proteolytic cleavage and activation of pro-
macrophage-stimulating protein and upregulation of its receptor
in tissue injury. J Invest Dermatol 111:573-581

. Ronsin C, Muscatelli F, Mattei MG, Breathnach R (1993) A
novel putative receptor protein tyrosine kinase of the met family.
Oncogene 8:1195-1202 .

. Gaudino G, Follenzi A, Naldini L, Collesi C, Santoro M, Gallo
KA, Godowski PJ, Comoglio PM (1994) RON is a heterodimeric
tyrosine kinase receptor activated by the HGF homologue MSP.
EMBO J 13:3524-3532

. Iwama A, Yamaguchi N, Suda T (1996) STK/RON receptor

tyrosine kinase mediates both apoptotic and growth signals via

the multifunctional docking site conserved among the HGF

receptor family. EMBO J 15:5866-5875

Peace BE, Hughes MJ, Degen SJ, Waltz SE (2001) Point muta-

tions and overexpression of Ron induce transformation, tumor

formation, and metastasis. Oncogene 20:6142-6151

10.

365

11.

12

13.

14,

15.

17.

18.

19.

20.

21

22.

23.

24.

25.

26.

217.

28.

Kretschmann KL, Eyob H, Buys SS, Welm AL (2010) The
macrophage stimulating protein/Ron pathway as a potential
therapeutic target to impede multiple mechanisms involved in
breast cancer progression. Curr Drug Targets 11:1157-1168
Welm AL, Sneddon JB, Taylor C, Nuyten DS, van de Vijver MJ,
Hasegawa BH, Bishop JM (2007) The macrophage-stimulating
protein pathway promotes metastasis in a mouse model for breast
cancer and predicts poor prognosis in humans. Proc Natl Acad
Sci U S A 104:7570-7575

Kakiuchi S, Daigo Y, Tsunoda T, Yano S, Sone S, Nakamura Y
(2003) Genome-wide analysis of organ-preferential metastasis of
human small cell lung cancer in mice. Mol Cancer Res 1:485-499
Kiura K, Watarai S, Shibayama T, Ohnoshi T, Kimura I, Yasuda
T (1993) Inhibitory effects of cholera toxin on in vitro growth of
human lung cancer cell lines. Anticancer Drug Des 8:417-428
Otsuka S, Hanibuchi M, Ikuta K, Yano S, Goto H, Ogino H,
Yamada T, Kakiuchi S, Nishioka Y, Takahashi T, Sone S (2009)
A bone metastasis model with osteolytic and osteoblastic prop-
erties of human lung cancer ACC-L.C-319/bone2 in natural killer
cell-depleted severe combined immunodeficient mice. Oncol Res
17:581-591

. Morita S, Kojima T, Kitamura T (2000) Plat-E: an efficient and

stable system for transient packaging of retroviruses. Gene Ther
7:1063-1066

Tanaka T, Kitamura F, Nagasaka Y, Kuida K, Suwa H, Miyasaka
M (1993) Selective long-term elimination of natural killer cells in
vivo by an anti-interleukin-2 receptor f chain monoclonal anti-
body in mice. J Exp Med 178:1103-1107

Yano S, Zhang H, Hanibuchi M, Miki T, Goto H, Uehara H, Sone
S (2003) Combined therapy with a new bisphosphonate, mi-
nodronate (YM529), and chemotherapy for multiple organ
metastases of small cell lung cancer cells in severe combined
immunodeficient mice. Clin Cancer Res 9:5380-5385

Green LM, Reade JL, Ware CF (1984) Rapid colometric assay for
cell viability: application to the quantitation of cytotoxic and
growth inhibitory lymphokines. J Immunol Methods 70:257-268
Yano S, Nishioka Y, Izumi K, Tsuruo T, Tanaka T, Miyasaka M,
Sone S (1996) Novel metastasis model of human lung cancer in
SCID mice depleted of NK cells. Int J Cancer 67:211-217

Miki T, Yano S, Hanibuchi M, Sone S (2000) Bone metastasis
model with multiorgan dissemination of human small-cell lung
cancer (SBC-5) cells in natural killer cell-depleted SCID mice.
Oncol Res 12:209-217

Willett CG, Wang MH, Emanuel RL, Graham SA, Smith DI,
Shridhar V, Sugarbaker DJ, Sunday ME (1998) Macrophage-
stimulating protein and its receptor in non-small-cell lung tumors:
induction of receptor tyrosine phosphorylation and cell migration.
Am I Respir Cell Mol Biol 18:489-496

Kawaguchi M, Orikawa H, Baba T, Fukushima T, Kataoka H
(2009) Hepatocyte growth factor activator is a serum activator of
single-chain precursor macrophage-stimulating protein. FEBS J
13:3481-3490

Liotta LA, Kohn EC (2001) The microenvironment of the tumor-
host interface. Nature 411:375-379

Fidler IJ (2002) The organ microenvironment and cancer
metastasis. Differentiation 70:498-505

Takanami I, Takeuchi K, Kodaira S (1999) Tumor-associated
macrophage infiltration in pulmonary adenocarcinoma: associa-
tion with angiogenesis and poor prognosis. Oncology 57:138-142
Wagh PK, Peace BE, Waltz SE (2008) Met-related receptor
tyrosine kinase Ron in tumor growth and metastasis. Adv Cancer
Res 100:1-33

Iida I, Johkura K, Teng R, Kubota S, Cui L, Zhao X, Ogiwara N,
Okouchi Y, Asanuma K, Nakayama J, Sasaki K (2003) Immu-
nohistochemical localization of hepatocyte growth factor activa-
tor (HGFA) in developing mouse liver tissues. Heterogeneous

@ Springer



344

Clin Exp Metastasis (2013) 30:333-344

29.

30.

31.

32.

distribution of HGFA protein.
9:1139-1149

Nanashima A, Shibata K, Nakayama T, Tobinaga S, Araki M,
Kunizaki M, Takeshita H, Hidaka S, Sawai T, Nagayasu T,
Yasutake T (2009) Clinical significance of microvessel count in
patients with metastatic liver cancer originating from colorectal
carcinoma. Ann Surg Oncol 16:2130-2137

van der Wal GE, Gouw AS, Kamps JA, Moorlag HE, Bulthuis
ML, Molema G, de Jong KP (2012) Angiogenesis in synchronous
and metachronous colorectal liver metastases: the liver as a
permissive soil. Ann Surg 255:86-94

Gabr AG, Goto H, Hanibuchi M, Ogawa H, Kuramoto T, Suzuki
M, Saijo A, Kakiuchi S, Trung VT, Sakaguchi S, Moriya Y, Sone
S, Nishioka Y (2012) Erlotinib prevents experimental metastases
of human small cell lung cancer cells with no epidermal growth
factor receptor expression. Clin Exp Metastasis (in press)

Wang D, Shen Q, Chen YQ, Wang MH (2004) Collaborative
activities of macrophage-stimulating protein and transforming

] Histochem Cytochem

@ Springer

366

33.

34.

35.

growth factor-f1 in induction of epithelial to mesenchymal
transition: roles of the RON receptor tyrosine kinase. Oncogene
23:1668-1680

Lee WY, Chen HH, Chow NH, Su WC, Lin PW, Guo HR (2005)
Prognostic significance of co-expression of RON and MET
receptors in node-negative breast cancer patients. Clin Cancer
Res 11:2222-2228

Kanteti R, Krishnaswamy S, Catenacci D, Tan YH, El-Hashani E,
Cervantes G, Husain AN, Tretiakova M, Vokes EE, Huet H,
Salgia R (2012) Differential expression of RON in small and non-
small cell lung cancers. Genes Chromosomes Cancer 51:841-851
O’Toole JM, Rabenau KE, Burns K, Lu D, Mangalampalli V,
Balderes P, Covino N, Bassi R, Prewett M, Gottfredsen KJ,
Thobe MN, Cheng Y, Li Y, Hicklin DJ, Zhu Z, Waltz SE,
Hayman MJ, Ludwig DL, Pereira DS (2006) Therapeutic impli-
cations of a human neutralizing antibody to the macrophage-
stimulating protein receptor tyrosine kinase (RON), a ¢-MET
family member. Cancer Res 66:9162-9170



The American Journal of Pathology, Vol. 182, No. 5, May 2013

The American Journal of

PATHOLOGY

ELSEVIER

ajp.amjpathol.org

TUMORIGENESIS AND NEOPLASTIC PROGRESSION

Surfactant Protein A Suppresses Lung Cancer Progression
by Regulating the Polarization of Tumor-Associated
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Surfactant protein A (SP-A) is a large multimeric protein found in the lungs. In addition to its
immunoregulatory function in infectious respiratory diseases, SP-A is also used as a marker of lung
adenocarcinoma. Despite the finding that SP-A expression levels in cancer cells has a relationship with
patient prognosis, the function of SP-A in lung cancer progression is unknown. We investigated the role
of SP-A in lung cancer progression by introducing the SP-A gene into human lung adenocarcinoma cell
lines. SP-A gene transduction suppressed the progression of tumor in subcutaneous xenograft or lung
metastasis mouse models. Immunohistochemical analysis showed that the number of M1 antitumor
tumor-associated macrophages (TAMs) was increased and the number of M2 tumor-promoting TAMs was
not changed in the tumor tissue produced by SP-A—expressing cells. In addition, natural killer (NK)
cells were also increased and activated in the SP-A—expressing tumor. Moreover, SP-A did not inhibit
tumor progression in mice depleted of NK cells. Taking into account that SP-A did not directly activate
NK cells, these results suggest that SP-A inhibited lung cancer progression by recruiting and activating
NK cells via controlling the polarization of TAMs. (Am J Pathol 2013, 182: 1843—1853; http://
dx.doi.org/10.1016/j.ajpath.2013.01.030)

Lung cancer is the major cause of malignancy-related death
worldwide. Mortality is 80% to 90%, which makes this
disease the leading cause of cancer-related deaths.' The high
mortality rate of this disease is primarily due to the difficulty
of early diagnosis, the high metastatic potential, and the poor
responses to chemical therapy and radiotherapy. Because
there is no established curative therapy for advanced lung
cancer to date, clinical management is palliative in many
cases. Therefore, it is crucial to investigate and understand
the underlying biological and molecular mechanisms of lung
cancer progression.

Surfactant protein A (SP-A) is a large multimeric protein
found in the airways and alveoli of the lungs. SP-A is
a member of the collectin family of proteins, characterized
by NH,-terminal collagen-like regions and COOH-terminal
lectin domains. Although other SPs, such as SP-B, function

Copyright ©® 2013 American Society for Investigative Pathology.
Published by Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.ajpath.2013.01.030

to reduce surface tension in the lungs, SP-A (and SP-D)
regulates the pulmonary immune response.® Previous
in vivo studies have shown that SP-A regulates responses
involved in initiation and potentiation of inflammation by
regulating the production of proinflammatory cytokines,
such as tumor necrosis factor oo (TNF-a), in response to
lipopolysaccharide® or by accelerating the clearance of
a variety of pathogens.*”® Because SP-A has the ability to
opsonize and enhance pathogen uptake by phagocytes, the
immunoregulatory roles of SP-A have been studied mainly
in the field of infectious diseases. Recently, we reported that
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SP-A has a role in regulating bleomycin-induced acute
noninfectious lung injury by inhibiting lung epithelial cell
apoptosis.” Pastva et al'® reported that SP-A regulates Ty2
cytokine production in a mouse asthma model. These results
suggest that SP-A has diverse functions to control various
lung diseases. Considering that SP-A contributes to multiple
aspects of pulmonary host defense, we hypothesized that
SP-A might have a role in lung cancer progression.

In a lung cancer study, SP-A was expressed in approxi-
mately 49% of primary non—small cell lung carcinomas'’
and is used as a specific marker of carcinoma that origi-
nates in type II pneumocytes. In addition, a previous study
demonstrated that deletion of the SFTPAI (alias, SPA) gene
in non—small cell lung cancer cells was associated with
tumor progression.'* Tsutsumida et al'? found that patients
with lung adenocarcinoma with relatively high MUC1
mucin expression and low SP-A expression in cancer cells
had a poor outcome. These clinical studies demonstrate that
in addition to use as a diagnostic marker, SP-A expression
in lung cancer cells could be a useful biomarker of good
prognosis. Although these studies suggested that SP-A
might have a role in suppressing lung cancer progression,
the role of SP-A in lung cancer has not been extensively
_studied, and the mechanisms by which SP-A controls lung
cancer progression remain unknown.

In this study, we generated SP-A—overexpressing human
lung adenocarcinoma cells and evaluated the role of SP-A
in lung cancer progression using experimental mouse
models.

Materials and Methods

Cell Lines

The human lung adenocarcinoma cell line PCI4PE6 was
a gift from Dr. Isaiah J. Fidler (The University of Texas MD
Anderson Cancer Center, Houston TX). The human lung
adenocarcinoma cell line A549 was purchased from ATCC
(Manassas, VA). These cell lines were authenticated by BEX
Co. Ltd. (Tokyo, Japan) using a multiplex short tandem repeat
assay. Both cell lines were maintained in RPMI 1640 medium
supplemented with 10% heat-inactivated fetal bovine serum,
100 U/mL of penicillin, and 50 pg/mL of streptomycin and
were cultured at 37°C in a humidified atmosphere of 5%
CO, in air.

Reagents

An anti-mouse IL-2 receptor B~chain monoclonal antibody,
TM-B1 (IgG2b), was a gift from Drs. Masayuki Miyasaka
and Toshio Tanaka (Osaka University, Osaka, Japan).

SP-A Purification

SP-A was purified from the lung lavage fluid of patients
with alveolar proteinosis as previously described'* and was
routinely tested to reduce endotoxin contamination.'*
Briefly, SP-A was suspended in 100 mmol/L octylgluco-
side and 5 mmol/LL Tris, pH 7.4, after butanol extraction.

Table 1 Primer Sequences Used in Quantitative PCR

Forward Reverse Product size (bp)
Gene (mouse)
IL-1B8 5/-TGACGTTCCCATTAGACAAC-3/ 5/ - ATTTTGTCGTTGCTTGGTTC-3' 171
IL-6 5'-GTACCATAGCTACCTGGAGT-3’ 5/-GGAAATTGGGGTAGGAAGGA-3, ' 154
TNF-o 5/-CCTATGTCTCAGCCTCTTCT-3’ 5/-TTGGGAACTTCTCATCCCTT-3’ 107
IL-12 5'-CACACTGGACCAAAGGGACT-3’ 5/ -TGGTTTGATGATGTCCCTGA-3’ 169
IFN-y 5'-TAGCTCTGAGACAATGAACG-3' 5'-CACATCTATGCCACTTGAGT-3' 145
ccLe 5/ -TTCACAGTTGCCGGCTGG-3' 5 - TGAATGAGTAGCAGCAGGTGAGTG-3' 81
ccLs 5'-CAGCAGCAAGTGCTCCAATCTT~3’ 5/-TTCTTGAACCCACTTCTTCTCTGG-3' 91
IL-10 5'-AAGGACCAGCTGGACAACAT-3' 5/-TCTCACCCAGGGAATTCAAA-3' 172
MRC-1 5'-TGCAAGGATCATACTTCCCT-3’ 5/~-TGATGTTCTCCAGTAGCCAT-3' 240
Argl 5'-GAATGGAAGAGTCAGTGTGG-3’ 5'-AATGACACATAGGTCAGGGT-3' 97
(D163 5/-GACGACAGATTCAGCGACTT-3' 5/~-CCGAGGATTTCAGCAAGTCCA-3’ 114
Pif1 5'-GACACAGTAGAGTGTCGCAT-3' 5 -TTTTGAAGTCAAGGTGGAGTG-3/ 70
GzmB 5/~ AGAGAGCAAGGACAACACTC-3’ 5'~-ATCGAAAGTAAGGCCATGTAG-3’ 176
Bz2M (B.M) 5'-GGAAGCCGAACATACTGAACTG-3' 5 -TTTCCCGTTCTTCAGCATTTGG-3' 80
Gene (human)
IL-18 5/ -GACAGGATATGGAGCAACAA-3' 5'~GCTGTAGAGTGGGCTTATCA~3' 147
IL-6 5/-CCTCTTCAGAACGAATTGAC-3’ 5'-AGTCTCCTCATTGAATCCAG-3' 186
TNF-q. 5/~-GGCAGTCAGATCATCTTCTCG-3' 5'-CAGCTGGTTATCTCTCAGCTC-3' 148
ccLz 5'~CTCATAGCAGCCACCTTCATT-3' 5/~ ACAGATCTCCTTGGCCACAA-3' 192
CCL3 5'~-GGCAGTCAGATCATCTTCTCG-3’ 5/~CAGCTGGTTATCTCTCAGCTC-3 / 81
ccLs 5'~-CTGTCATCCTCATTGCTACTG-3’ 5'-GCCACTGGTGTAGAAATACTC-3’ 140
MRC-1 5'-CCATCGAGGAATTGGACTTT-3' 5/-TGTCATTTAAGCCGATCCAC-3’ 78
RPL27 5/-ATCGCCAAGAGATCAAAGATAA~3’ 5/ ~-TCTGAAGACATCCTTATTGACG-3' 123
1844 ajp.amjpathol.org m The American Journal of Pathology
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Polymyxin-agarose (Sigma-Aldrich, St. Louis, MO) was
added 1:5 (v/v) and allowed to incubate at room temperature
for 30 minutes. The mixture was then dialyzed (14,000
molecular weight cutoff value) for four changes >4 hours
each against autoclaved 5 mmol/L. Tris, pH 7.4. The mixture
was then centrifuged, and the supernatant, containing SP-A,
was removed by gentle aspiration. SP-A preparations had
final endotoxin concentrations of <0.1 pg/ug of SP-A as
determined by the Limulus amoebocyte lysate assay
(QCL-1000; BioWhittaker, Walkersville, MD).

SPA Gene Transduction

The human SPA gene—expressed region [SFTPAl
(NM_005411)] (OriGene Technologies, Rockville, MD) was
introduced into the pMIG vector (a gift from Dr. Alana L.
Welm, University of Utah, Salt Lake City). The Platinum-E
packaging cell line (a gift from Dr. Toshio Kitamura, Tokyo
University, Tokyo, Japan)'® was transfected with pMIG or
derivative vector DNA by using FuGENE 6 transfection
reagent (Roche Applied Science, Indianapolis, IN). PC14PE6
or A549 cells were infected using the viral supernatant as
described previously.'6 The proportion of green fluorescent
protein—positive cells was >90% in the entire population.

Animals

Male athymic BALB/c nude mice and SCID mice were ob-
tained from Charles River Laboratories Japan (Yokohama)
and CLEA Japan (Tokyo), respectively, and were maintained
under specific pathogen-free conditions throughout the study.
All the experiments were performed in accordance with the
guidelines established by The University of Tokushima
Committee on Animal Care and Use, Tokushima, Japan. At
the end of each irn vivo experiment, the mice were anesthetized
with isoflurane and euthanized humanely by cutting the
subclavian artery. All the experiment protocols were reviewed
and approved by the Animal Research Committee of The
University of Tokushima.

In Vivo Subcutaneous Xenograft Model

PC14PE6 cells (1.0 x 10° per mouse) or A549 cells (3.0 x -

10° per mouse) suspended in 0.1 mL of PBS were subcu-
taneously inoculated into the right flank of nude mice.
Tumor size was measured using a vernier caliper three times
a week (volume = ab2/2, where a indicates long diameter;
b, short diameter). The mice were euthanized humanely on
day 21, and the tumors were resected for further analyses.

In Vivo Lung Metastasis Model

To establish lung metastasis, nude mice were intravenously
inoculated via the tail vein with 1.0 x 10° tumor cells per
mouse.!” The mice were euthanized humanely on either day
28 (PC14PES6) or day 42 (A549). The lungs were weighed,

The American Journal of Pathology m ajp.amjpathol.org

and the number of metastatic colonies on the surface of the
lungs was determined by visual examination. Because
PC14PE6 cells produce large amounts of pleural effusion,'®
the volume of the effusion was also evaluated. In some
experiments, natural killer (NK) cells were depleted by
treating nude mice with TM-B1 5 days after inoculation of

" PC14PES6 cells."”

Immunofluorescence

The excised tumor tissue was placed into OCT compound
(Sakura Finetechnical Co., Tokyo, Japan) and snap frozen.
Eight-micrometer-thick frozen tissue sections were fixed
with 4% paraformaldehyde solution in PBS and were used
for identification of macrophages using 1:150 rat anti-mouse
CD68 monoclonal antibody (Serotec, Oxford, UK) and of
NK cells using 1:100 goat anti-mouse NKp46/NCR1
monoclonal antibody (R&D Systems, Minneapolis, MN).
Alexa Fluor 488—labeled secondary antibodies (dilution
1:250; Invitrogen, Carlsbad, CA) were used for immuno-
fluorescence (IF) detection. To identify M1 or M2 macro-
phages, the sections were stained with 1:150 fluorescein
isothiocyanate—conjugated rat anti-mouse TNF-o. antibody
(BD Pharmingen, Franklin Lakes, NJ) or 1:150 fluorescein
isothiocyanate—conjugated rat anti-mouse CD206 [mannose
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Figure 1  The effect of SP-A on lung cancer subcutaneous xenografts
in vivo. A: SP-A expression of human SP-A stable transfectants was confirmed
by Western blot analysis. H441 cells were used as a positive control. ACTB,
B-actin. Tumor growth (B) and weight (C) of xenografts produced by PC14PE6
(left panels; n = 6 per group) and A549 (right panels; n = 8 per group)
cells transduced with SP-A or vector. Data are presented as means & SEM
(horizontal lines in ). *P < 0.05.
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receptor C type 1 (MRC-1)] antibody (BioLegend, San
Diego, CA) after CD68 staining. Alexa Fluor 594—labeled
anti-rat secondary antibodies (dilution 1:250; Invitrogen)
were used for CD68 IF detection. M1 or M2 macrophages
were identified as CDG68-positive/TNF-a-—positive or
CD68-positive/MRC-1—positive cells, respectively. Nuclei
were counterstained with DAPI (blue). In each slide, the
number of positive cells was counted in five areas under
fluorescent microscopy at x100 (single staining) or %200
(double staining) magnification.
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Figure 2  The effect of SP-A on the recruitment of

TAMs in xenografts. A: IF staining of CD68 (green).
Nuclei were counterstained with DAPI (blue). B: IF
double staining of (D68 (red) and TNF-o (green) or
MRC-1 (green). C: Gene expression of mouse M1 and
M2 markers in PC14PE6 xenografts determined by RT-
PCR. The increased gene expression in PC14PE6/SP-A
compared with control (vector) is shown as log,-fold
changes. Data are the average of four to five mice per
“group. IFN-y, interferon vy. Data are presented as
means £ SEM. *P < 0.05. Scale bars: 200 pm (A);
100 pm (B).

RT-qPCR

Total RNA was extracted from the tumors using the RNeasy
mini kit (Qiagen, Valencia, CA) and reverse transcribed to
'cDNA using a high-capacity cDNA Reverse Transcription
kit (Applied Biosystems, Carlsbad, CA) according to the
manufacturer’s instructions. RT-PCR was performed using
the CFX96 real-time PCR system (Bio-Rad Laboratories,
Hercules, CA) using SYBR Premix Ex Taq (Takara, Kyoto,
Japan). Human RPL27%° and mouse f2m mRNA were used
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as housekeeping genes, and quantification was determined
by using the AACt method. Specific PCR primer pairs for
each studied gene are shown in Table 1.

SP-A Stimulation of Monocytes, Macrophages, and NK
Cells

Human monocytes were separated from the peripheral blood
of healthy volunteers as described previously.*' The purity and
viability of the monocytes was confirmed to be >98% by
staining with Diff-Quik (Baxter Diagnostics, Deerfield, IL)
and trypan blue, respectively. Mouse alveolar macrophages
(AMs) were collected by using bronchoalveolar lavage as
described previously.” More than 95% of the cells were
confirmed to be AMs. For eliciting mouse peritoneal macro-
phages (PMs), 2 mL of thioglycollate (BD Biosciences, San
Jose, CA) was injected into the peritoneal cavity of SCID
mice. After 3 days, peritoneal exudative cells were harvested
by intraperitoneal lavage with ice-cold PBS. Approximately
80% of isolated cells were macrophages. NK cells from SCID
mice were isolated as previously described.”” These immune
cells were stimulated with 20 pg/ml of human SP-A for 4
hours in RPMI 1640 medium containing 1% fetal bovine
serum. Total RNA was extracted for quantitative RT-PCR.

Cell Migration Assay

The migration assay was performed using §-pum pore size
cell culture inserts (BD Biosciences). After 24 hours of
serum starvation, PMs in serum-free media were added to
the -inner chamber in the presence or absence of 20 pg/mL
of SP-A. RPMI 1640 medium containing 10% fetal bovine
serum was added to the lower chamber. After 17 hours of
incubation, the cells that had migrated to the bottom surface
of the filter were counted in six randomly selected fields on
each filter under a microscope at x200 magnification.

Western Blot Analysis

Twenty micrograms of total protein extracted from tumor
cell lines was resolved by SDS-PAGE (Invitrogen) and was

transferred to polyvinylidene difluoride membrane (Atto
Corp., Tokyo, Japan), and Western blot was performed as
described previously.” Immunoreactive bands were visual-
ized using SuperSignal west femto maximum sensitivity
substrate (Thermo Scientific, Waltham, MA).

Statistical Analysis

" Data are given as means = SEM. Statistical analysis was

performed using the Student’s r-test of unpaired samples or
the U-test. Values of P < 0.05 were considered statistically
significant.

Results

Effect of SP-A on Lung Cancer Xenografts in Vivo

Human lung adenocarcinoma cell lines (PC14PE6 and A549
cells) were transduced with vectors encoding human SP-A
by the retroviral transduction system (termed PC14PE6/SP-
A and A549/SP-A, respectively). The empty vector was
transduced as a control (termed PC14PE6/vector and A549/
vector, respectively) (Figure 1A). To investigate the effect
of SP-A on in vivo tumor growth, we initially injected male
nude mice subcutaneously with these cells. For both cell
lines, the growth of xenografts was significantly inhibited
when cells were overexpressing SP-A compared with the
vector control cells (Figure 1, B and C).

Direct Effect of SP-A on Lung Cancer Cell Proliferation

To explore the underlying mechanism by which SP-A sup-
pressed the growth of xenografts, we performed immunohis-
tochemical staining of Ki-67, CD31, or TUNEL (Supplemental
Figure S1A). The number of Ki-67—positive cells was signif-
icantly decreased in tumors formed by SP-A overexpressing
PC14PES cells, whereas no difference was seen in A549 cells.
The number of TUNEL-positive cells was increased in both cell
lines expressing SP-A. No difference was seen in the number of
CD31-positive cells. These results led us to consider that SP-A
might have a direct effect on cancer cell proliferation or the cell
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Figure 3

The effect of SP-A on NK cell recruitment in xenografts. A: IF staining of NKp46 (green). Nuclei were counterstained with DAPI (blue). Scale bars:

200 pm. B: Gene expression of mouse Prfl and GzmB in PC14PE6 xenografts determined by RT-PCR. Data are the average of four to five mice per group. Data

are presented as means = SEM. *P < 0.05.
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cycle. However, results of the in vitro MTT assay showed
that SP-A—overexpressing cells had the same ability of cell
proliferation with control cells in PC14PE6 and A549 cells
(Supplemental Figure S1B). Propidium iodide staining revealed
that the state of cell cycle and death was also similar by SP-A
transduction in PC14PE6 cells (Supplemental Figure S1C).
Moreover, the effect of SP-A on the cell cycle in PC14PE6 cells
was also investigated by using the fluorescent ubiquitination-
based cell-cycle indicator system, but no difference was
observed (data not shown). Taken together, we considered that
although SP-A inhibited tumor growth in vivo, its effect was not
due to the direct effect on cell proliferation or the cell cycle or to
the inhibition of tumor angiogenesis.

Effect of SP-A on the Recruitment of Tumor-Associated
Macrophages .

We next investigated whether cancer cell—produced SP-A
might affect the tumor microenvironment. A .variety of
studies have shown that tumor-infiltrated tumor-associated
macrophages (TAMs) play an important role in the
progression of various types of cancers, including lung
cancer.”>** It is also known that activated macrophages are
functionally polarized into either M1 (classically activated)
or M2 (alternatively activated) macrophages. M1 macro-
phages produce large amounts of inflammatory cytokines,
such as TNF-« and interferon-vy, and are essential for tumor
suppression and host defense against bacteria.” In contrast,
M2 macrophages play important roles in tumor progression,
tissue remodeling, and angiogenesis. M2 macrophages are
characterized by their high expression of several factors, such
as arginase-1, MRC-1, and IL-10. To determine whether SP-
A affects the recruitment of TAMs, sections from resected
tumors were subjected to IF staining. As shown in Figure 24,
the number of CD68-positive macrophages was significantly
increased in tumors formed by SP-A—transduced cells. We
then assessed whether M1 and M2 macrophage polarizations
were altered by SP-A transduction. We performed IF double
staining of CD68 and TNF-a for M1 and MRC-1 for M2 and
determined M1 and M2 macrophages in the xenografts.
In both SP-A—transduced cell lines, the number of Ml
macrophages was significantly increased versus vector
controls, whereas the number of M2 macrophages was not
changed (Figure 2B). To confirm that the number of M1
macrophages was increased in the SP-A—expressing tumors,
mRNA was extracted from the resected tumor, and the
expression of M1 and M2 markers was determined by RT-
PCR using mouse-specific primers. Multiple M1 markers
were up-regulated in the SP-A—expressing tumors, whereas
M2 markers were not changed compared with the vector
control tumors (Figure 2C). )

Effect of SP-A on NK Cell Recruitment in Xenografts

We next focused on the other important immune cells, NK
cells. Because cytokines/chemokines such as interferon-v,
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CCL5, and IL-12 that were up-regulated in the SP-
A—expressing tumors are known to be potent inducers of NK
cells,>**” we hypothesized that the in vivo tamor regression
could be due to the recruitment of NK cells. Thus, we per-
formed IF staining of NKp46 to determine the number of NK
cells in the xenografts. As shown in Figure 3A, the number of
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Figure 4  The effect of SP-A on various immune cells in vitro. After
exogenous SP-A treatment, the expression of various genes was determined
by RT-PCR in mouse PMs and AMs (A) and human peripheral monocytes (B).
The increased gene expression in SP-A treatment compared with control
(PBS) are shown as log,-fold changes (n = 3 per group). ND, not detected.
C: The effect of exogenous SP-A on the migration of mouse PMs (n = 3 per
group). D: Gene expressions of Prfl and GzmB in mouse NK cells treated
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Table 2  Effect of SP-A on Lung Metastasis Produced by Lung Adenocarcinoma Cell Lines in Nude Mice
Lung ' Pleural effusion
Metastasis

Cell tine Weight (g) Incidence No. ‘ Incidence Volume (pl)
PC14PE6 i

Vector 0.36 (0.30—0.42) 6/6 117.7 (67—183) 5/6 176.7 (0—300)

SP-A 0.27 (0.22—0.31)* 6/6 58.8 (21—111)* 0/6 All 0*
A549

Vector 0.48 (0.30—0.85) 9/9 All >200

SP-A 0.26 (0.19—0.41)" 10/10 All >200

PC14PE6 or A549 cells (1 x 10° per mouse) were i.v. injected into nude mice, and lung metastasis and pleural effusion were evaluated. Values are means

(ranges).

*Statistically significant difference compared with PC14PE6/vector (P < 0.05).
TStatistically significant difference compared with A549/vector (P < 0.05).

recruited NK cells was significantly increased in the SP-
A—expressing tumors. Moreover, the expression of mouse
perforin 1 (Prfl) and granzyme B (GzmB), key factors
produced by NK cells to exhibit cell killing, was strongly up-
regulated in SP-A—expressing tumors (Figure 3B), sug-
gesting that NK cell killing was activated by SP-A in the
tumor microenvironment. Collectively, these results indicate
that in the tumor microenvironment, SP-A led to increased
numbers of activated M1 TAMs and NK cells, which, in turn,
can inhibit tumor growth.

Effect of SP-A on Macrophages and NK Cells in Vitro

Given the observation that the numbers of M1 macrophages
and NK cells were increased in SP-A—expressing tumors,
we performed in vitro experiments using thioglycollate-
elicted mouse PMs, AMs, NK cells, and human peripheral
blood monocytes to further examine the effect of SP-A on
these cells. As shown in Figure 4A, exogenous SP-A
treatment increased the expression of Ml-related genes,
such as CCL5, CCL2, TNF-a, and IL-1B, in mouse PMs.
The expression of M2 markers did not change significantly.
MIl-related gene expression on human peripheral blood
monocytes was also up-regulated by SP-A (Figure 4B).
These results indicate that monocytes and macrophages can
be directly targeted and activated toward the M1 phenotype
by SP-A. Furthermore, the migration activity of PMs was
increased by SP-A treatment (Figure 4C). Mouse AMs were
not affected by exogenous SP-A treatment (Figure 4A),
“suggesting that AMs had developed to not overreact to SP-
A exposure during their development and maturation in the
pulmonary environment. The in vivo results also suggest
that SP-A activated NK cells to demonstrate antitumor
activity; however, exogenous treatment of SP-A did not
directly affect Prfl or GzmB gene expression in NK cells
in vitro (Figure 4D). These results suggest that SP-A acti-
vated and attracted circulating monocytes/macrophages to
obtain the M1 phenotype and that these increased M1
TAM:s then recruited and activated NK cells to exhibit cell
killing. ’
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Effect of SP-A on the Lung Cancer Metastasis Model
in Vivo

We next examined the effect of SP-A on lung metastasis
induced by lung cancer cells. Intravenous injection of
PC14PE6 or A549 cells into nude mice lead to the develop-
ment of metastatic colonies in the lung. In addition, mice
injected with PC14PE6 developed a large volume of pleural
effusion.'”'® We compared the number of lung metastatic
colonies, lung weight, and the amount of pleural effusion
produced by vector control and SP-A—expressing cells. Mice
injected with PC14PE6/SP-A cells produced significantly
fewer lung metastatic colonies and a lower amount of pleural
effusion than those injected with vector control cells (Table 2
and Figure 5A). Similarly, the lung metastasis formed by
A549 cells was also suppressed by SP-A expression. Anal-
ogous to the results we obtained in the xenograft experi-
ments, the numbers of CD68-positive macrophages, M1
macrophages, and NK cells were increased in the SP-
A—expressing metastatic tumors compared with vector
controls (Figure 5, B and C). The expression of multiple M1
markers, as well as Prfl and GzmB, was up-regulated in the
Iung metastatic colonies formed by PC14PE6/SP-A, whereas
the expression of M2 markers was not changed (Figure 5D).

Importance of NK Cells in the SP-A—Mediated
Antitumor Effect in Lung Cancer Metastasis

To confirm that the activation of NK cells was essential in
the antitumor effect of SP-A, we performed a lung metas-
tasis experiment using nude mice depleted of NK cells.” As
shown in Table 3 and Figure SE, PC14PE6/SP-A cells were
confirmed to produce significantly fewer lung metastatic
colonies and a lower volume of pleural effusion compared
with control cells when injected into NK* nude mice.
However, when NK cells were depleted, no difference was
observed in lung metastasis between PC14PE6/SP-A and
control cells. These results indicate that the activation of NK
cells was essential for SP-A—mediated suppression of lung
cancer progression. Taken together, these findings suggest
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that SP-A in the tumor microenvironment displays anti-
tumor activity by mediating the polarization of TAMs
toward an M1-dominant phenotype, which, in turn, activates
NK cells that then limit tumor progression.

Discussion
In this study, we demonstrated that i) SP-A expression in

cancer cells suppresses progression of lung adenocarcinoma
in xenograft and lung metastasis models; ii) SP-A inhibits
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Iung cancer progression not by its direct effect on tumor
cells but by regulating the host microenvironment, including
macrophages and NK cells; and iii) SP-A increases the
number of M1 TAMSs in the tumor microenvironment,
resulting in NK cell recruitment and activation in tumor
tissue. These results suggest new immunoregulatory func-
tions of SP-A, which is frequently expressed in pulmonary
adenocarcinoma.

Tumors comprise not only malignant cells but also many
other nonmalignant cell types, and they produce a unique
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Table 3

Effect of SP-A on Lung Metastasis Produced by PC14PE6 Cells in Nude Mice Depleted of NK Cells

Lung Pleural effusion
Metastasis
PC14PE6 Weight (g) Incidence No. Incidence Volume (plL)
Vector NK* 0.41 (0.24—0.65) 6/6 113.0 (35—197) 6/6 313.3 (20—900)
SP-A NK* 0.21 (0.15-0.26)* 5/5 25.6 (6—34)* 1/5 80.0 (0—400)
Vector NK™ 0.50 (0.26—0.89) 7/7 148.6 (52—207) 7/7 438.6 (20—1000)
SP-A NK~ 0.34 (0.21—0.48) - 5/5 101.2 (41—181) 4/5 400.0 (0—1200)

PC14PE6 cells were i.v. injected into nude mice with or without NK cell depletion, and lung metastasis and pleural effusion were evaluated. Values are means

(ranges).

*Statistically significant difference compared ‘with vector NK* (P < 0.05),

microenvironment that can modify the neoplastic properties of
the tumor cells. Among the cells recruited in the tumor
microenvironment, TAMs are one of the major players known
to have pivotal roles in the progression and metastasis of
tumors.>>?* Although partially contradictive, high numbers of
TAMs often correlate with poor prognosis in various types of
cancer.”® Therefore, a better understanding of the role of TAMs
seems crucial to control cancer progression.

Considering the character of TAMs, it is now generally
accepted that TAMs usually polarize to M2 and represent
protumoral functions.” Indeed, we have seen in this study
that approximately 60% of TAMs had the M2 phenotype in
PC14PE6 and A549 control (vector-transduced) tumors
(Figures 2B and 5C). However, when tumor cells expressed
SP-A, this M1/M2 balance was reversed, and M1 macro-
phages became dominant in both tumors. As far as we have
investigated, the expression of multiple M1 markers was up-
. regulated in SP-A—expressing tumors, whereas the expres-
sion of M2 markers was not altered in xenograft and
metastatic lung tumors. Together with the fact that the
number of M1 TAMs was increased in SP-A—expressing
tumors, these results indicate that SP-A aided in making the
TAMs M1 dominant by increasing the number of recruited
M1 macrophages rather than shifting the M2 TAMs into the
M1 phenotype in the tumor microenvironment.

Numerous studies have shown that macrophages could be
a target cell type that SP-A interacts with to regulate
infectious inflammation, and, to date, diverse and contra-
dictive functions of SP-A against monocytes/macrophages
are re:1301‘te:d.29"32 These studies all indicate that SP-A has
various effects on inflammation induced by different
agonists. Indeed, we also observed that the cytokine/che-
mokine expression profiles of PMs and human monocytes
were different in response to SP-A (Figure 4), suggesting
that SP-A may exert cell- and agonist-specific effects that
contribute to the inflammation state of the host.

In addition to the observations investigating the role of
SP-A during infection, we showed that SP-A activates and
increases M1 macrophages in the tumor microenvironment
and induces the production of inflammatory cytokines,
suggesting that SP-A facilitates inflammation in the tamor to
reduce tumor progression. The precise molecular mecha-
nism by which SP-A activates M1 macrophages in the
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tumor remains unclear with the current observation;
however, several mechanisms should be considered. First,
SP-A may enhance the binding of cytokines to their
respective receptors. SP-A is reported to bind to several
receptors, including Toll-like receptors 2 and 4, and to
regulate inflammatory responses induced by pathogen-
derived products, such as peptidoglycan and lipopolysac-
charide via Toll-like receptors.**>° In addition to its role in
Toll-like receptor—mediated cellular responses induced by
infectious challenges, it is very possible that SP-A regulates
the function of TAMs in the tumor microenvironment
through the interaction with Toll-like receptors. Second,
signal transduction in the TAMs could be regulated by SP-
A. SP-A has been shown to trigger rapid tyrosine, but not
serine or threonine, phosphorylation®® of macrophage
proteins and could possibly enhance/accelerate the initial
phosphorylation steps of the signal transduction pathway,
which leads to the regulation of inflammation in the tumor.
It was also possible that SP-A directly affects tumor cells
and regulates cytokine expression. Thus, we compared the
chemokine expression of SP-A—expressing PC14PE6 and
control (vector-transduced) cells using the PCR array
system. Of 92 chemokine and chemokine-related genes
tested, none were altered by SP-A overexpression (data not
shown), suggesting that SP-A did not directly affect che-
mokine expression of tumor cells.

Of note, we showed the effect of SP-A on M1 macrophage
recruitment and tumor suppression in xenograft and lung
metastasis models. This result indicated two important
aspects of SP-A. First, the lung tumor—specific expression of
SP-A is more important than the host SP-A in the lung to
suppress lung cancer progression. Second, the recruited M1
TAMs by tumor-derived SP-A could be originated from
circulating monocytes. This possibility was supported by the
result that SP-A activated only circulating monocytes/
macrophages (mouse PMs or human monocytes) and showed
no effect on resident AMs in cytokine expression. In the lung,
the sensitivity of resident AMs against SP-A is thought to be
suppressed as they are continuously contacted by SP-A,
which could be a plausible explanation because the host
needs to be protected from the overzealous inflammation in
the resting, normal, noninflamed lungs. The molecular
mechanism of different SP-A sensitivities in different cells is
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not still clearly understood. However, as stated previously
herein, the expression of inflammatory signaling molecules
that might be regulated by SP-A could be different between
AMs and other type of monocytes/macrophages. In addition,
there could be an unknown SP-A receptor(s) that might be
critical in regulating inflammation in macrophages, as SP-A
is reported to bind to multiple receptors.” Further studies are
needed to understand the precise molecular mechanisms of
the diverse and cell-specific function of SP-A against
macrophages in the context of SP-A and lung cancer.

These results indicate that NK cell activation was the
main mechanism by which SP-A lead to the reduction in
tumor burden. The production of Prfl and GzmB was
strongly increased (15- to 30-fold), whereas the number of

NK cells was increased only twofold to threefold in the

SP-A—expressing tumor, suggesting the multiple pathways
regulated by SP-A to recruit and activate NK cells. Because
cytokines produced by M1 macrophages, such as interferon-y
and CCL2, are known to activate NK cells,*”™% it is likely
that SP-A implicitly induces NX cell killing via activating M1
TAMs and increasing various inflammatory cytokines in the
tumor microenvironment.

Two functional genes of SP-A were detected in
a previous report’: SP-A1 and SP-A2. These genes were
differentially regulated by development*' and have a minor
difference in carbohydrate-binding activity.** However, SP-A
protein derived from SP-A1 and SP-A2 genes are reported to
be functional and to enhance TNF-o secretion by the mono-
cytic cell line.*’ Thus, although we have transduced only the
SP-Al gene, we suspect that SP-A proteint from the SP-A2
gene could also contribute to activation of the innate
immune system and suppress tumor progression.

In conclusion, these findings demonstrate that SP-A
regulates the tumor microenvironment by controlling the
polarization of TAMs. SP-A expression by tumor cells leads
to increased numbers and the activation of M1 TAMs. These
activated M1 TAMs then recruit and activate NK cells that
function in tumor suppression. These results indicate that
SP-A plays an important protective role in the progression of
lung cancer. Specifically targeting M1 TAMs (not bulk
TAMs) to induce the activation of a proinflammatory
program in the tumor, generating the pharmacologic modu-
lators of SP-A for example, could be the therapeutic approach
to improve the effect of anticancer therapy.
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A Novel Targeting Therapy of Malignant Mesothelioma Using
Anti-Podoplanin Antibody

Shinji Abe,* Yuki Morita,” Mika Kato Kaneko,* Masaki Hanibuchi,® Yuta Tsujimoto,”
Hisatsugu Goto,® Soji Kakiuchi,®" Yoshinori Aono,} Jun Huang,® Seidai Sato,’
Masatoshi Kishuku,” Yuki Taniguchi,” Mami Azuma,* Kazuyoshi Kawazoe,’

Yoshitaka Sekido,' Seiji Yano,” Shin-ichi Akiyama,’ Saburo Sone,%7 Kazuo Minakuchi,’
Yukinari Kato,* and Yasuhiko Nishioka®

Podoplanin (Aggrus), which is a type I transmembrane sialomucin-like glycoprotein, is highly expressed in malignant pleural me-
sothelioma (MPM). We previously reported the generation of a rat anti-human podoplanin Ab, NZ-1, which inhibited podoplanin-
induced platelet aggregation and hematogenous metastasis. In this study, we examined the antitumor effector functions of NZ-1 and
NZ-8, a novel rat-human chimeric Ab generated from NZ-1 including Ab-dependent cellular cytotoxicity (ADCC) and complement-
dependent cytotoxicity against MPM in vitro and in vivo. Immunostaining with NZ-1 showed the expression of podoplanin in 73%
(11 out of 15) of MPM cell lines and 92 % (33 out of 36) of malignant mesothelioma tissues. NZ-1 could induce potent ADCC against
podoplanin-positive MPM cells mediated by rat NK (CD161a*) cells, but not murine splenocytes or human mononuclear cells.
Treatment with NZ-1 significantly reduced the growth of s.c. established tumors of MPM cells (ACC-MESO-4 or podoplanin-
transfected MSTOQ-211H) in SCID mice, only when NZ-1 was administered with rat NK cells. In in vivo imaging, NZ-1 efficiently
accumulated to xenograft of MPM, and its accumulation continued for 3 wk after systemic administration. Furthermore, NZ-8
preferentially recognized podoplanin expressing in MPM, but not in normal tissues. NZ-8 could induce higher ADCC mediated by
human NK cells and complement-dependent cytotoxicity as compared with NZ-1. Treatment with NZ-8 and human NK cells
significantly inhibited the growth of MPM cells in vivo. These results strongly suggest that targeting therapy to podoplanin with
therapeutic Abs (i.e., NZ-8) derived from NZ-1 might be useful as a novel immunotherapy against MPM. The Journal of
Immunology, 2013, 190: 6239-6249. ‘

sive malignancy arising from the mesothelial cells to various studies, the number of cases is estimated to reach a peak
lining the pleura (1). Previously, MPM was considered between 2010 and 2020 in Europe (2) and ~2030-2040 in Asia
(3). Despite the combined therapies including surgery, radiother-
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