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Aims: CD69 is an early activation marker in lymphocytes and an important signal transmitter in inflammatory
processes. However, its role in acute lung injury (ALI) is still unknown. We used a lipopolysaccharide (LPS)-
induced mouse model of ALI to study the role of macrophage-surface CD69 in this condition.

Main methods: We investigated bronchoalveolar lavage fluid {BALF) cell subpopulations, myeloperoxidase levels
in lung homogenates, lung pathology, and lung oedema in CD69-deficient (CD69~/~) mice 24 h after LPS instil-
lation. We also determined cytokine/chemokine expression levels in BALF and macrophage culture supernatant
from CD69™/~ and wild type (WT) mice, Also, we investigated CD69, keratinocyte-derived chemokine (KC) and
macrophage inflammatory protein (MIP)-2 localization in the lungs after LPS administration. Furthermore, we
examined the effect of anti-CD69 antibody on LPS-induced cytokine/chemokine release from cultured macro-
phages.

Key findings: Our study shows that intratracheal instillation of LPS-induced neutrophilic infiltration, histopath-
ological changes, myeloperoxidase positivity, and oedema in the lung to a lower degree in CD69~/~ mice than
in WT mice. The immunoreactivities for CD69, KC and MIP2 were induced in the lung of WT mice instilled with
LPS and were predominantly localized to the macrophages. Moreover, the cytokine/chemokine expression pro-
file between the two genotypes of cultured macrophages in response to LPS was similar to that observed in the
BALF. In addition, anti-CD69 antibody inhibited the LPS-induced cytokine/chemokine expression.

Significance: These results suggest that CD69 on macrophages plays a crucial role in the progression of LPS-
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induced ALl and may be a potentially useful target in the therapy for ALL

© 2012 Elsevier Inc. All rights reserved.

Introduction

Acute lung injury (ALI) is one of the most important causes of se-
vere respiratory failure. The close association between AL, sepsis, and
pneumonia is important from a clinical perspective. Although its
pathogenesis remains ill-defined, ALl involves intrapulmonary neu-
trophil accumulation (Ware and Matthay, 2000).

The membrane component lipopolysaccharide (LPS), has a vital
function in Gram-negative bacterial viability. The trimolecular complex
of LPS/LPS-binding protein/CD14-stimulated Toll-like receptor (TLR) 4
signalling induces many early response genes, cytokines, and adhesion
proteins, leading to neutrophilic inflammation (Goodman et al., 2003;
Haziot et al., 1996; Hoshino et al., 1999). Therefore, a murine model of
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ALl induced by LPS is used to characterize LPS-induced pulmonary im-
mune responses (Hirano, 1997).

CD69 is a type Il transmembrane glycoprotein, a member of the
natural killer cell gene complex family of cell surface receptors
(Lopez-Cabrera et al,, 1993). CD69 is also known as a very early acti-
vation marker in human and murine lymphocytes (Cebrian et al.,
1988; Marzio et al., 1999). It is constitutively expressed on the sur-
face of platelets and monocytes (Marzio et al., 1999). Moreover,
CD69 induction has been shown in activated neutrophils (Gavioli et
al., 1992) and macrophages (Marzio et al., 1997) and observed in
certain inflammatory diseases (Marzio et al, 1999). Although the
specific ligand for CD69 is still undetermined, analysis of CD69-
mediated cellular output induced by crosslinking with anti-CD69
monoclonal antibody strongly suggests that it is significant in the bi-
ology of hematopoietic cells, and plays a role in T cell activation
(Cebrian et al., 1988), platelet aggregation, nitric oxide production
by monocytes, and neutrophil degranulation (Gavioli et al., 1992;
Marzio et al., 1999). Recent studies in various in vivo models have
shown that CD69 plays a critical role in inflammation (Esplugues et
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al., 2003; Lamana et al., 2006; Miki-Hosokawa et al., 2009; Murata et
al,, 2003).

The aim of this study is to investigate whether disruption of the
CD69 gene affects LPS-induced ALL Here, we show that CD69 plays
a pivotal role in the pathogenesis of ALL

Materials and methods
Mice

Male C57BL/6 mice (8-10 weeks old) were purchased from Clea
Japan (Tokyo, Japan). CD69~/~ mice (C57BL/6 background) were
generated as previously described (Murata et al, 2003). All mice
were maintained under specific pathogen-free conditions. Animal
care was in accordance with the guidelines of Chiba University.

LPS-induced ALl

Mice were anaesthetized with an intraperitoneal injection of tribro-
moethanol before they received a single 50 l intratracheal LPS injection
(Escherichia coli 055:B5, Sigma, St. Louis, MO, USA) in phosphate-buffered
saline (PBS) using a Microsprayer (Penn-Century Inc, Wyndmoor, PA,
USA) to obtain a dosage of 10 pg LPS/30 g body weight. Control mice re-
ceived 50 pl PBS alone. After 24 h, mice were anesthetized with pentobar-
bital and sacrificed.

Collection of bronchoalveolar lavage fluid (BALF)

The trachea was exposed and lavaged 2 times with 1 ml PBS using
a 20-gauge catheter. The lavage fluid was centrifuged, and the cell
pellet resuspended in PBS for total BALF cell count using a haemocyt-
ometer. Diff-Quick staining was then performed to distinguish cell
morphology.

Histological and morphometric examination of lungs

The lung tissue was fixed by infusion of 4% paraformaldehyde
through the tracheal cannula. The left lung was dissected out and
soaked in 4% paraformaldehyde. Paraffin-embedded sections were
stained with haematoxylin-eosin.

Myeloperoxidase (MPO) assay

A part of the right lung lobe was homogenized and MPO was quan-
tified using the MPO enzyme-linked immunosorbent assay (ELISA) kit
(Hycult Biotechnology, Uden, The Netherlands) according to the manu-
facturer's instructions. Briefly, 10 mg of the lungs was homogenized in
200 pl lysis buffer as the following composition: 200 mM NaCl, 5 mM
EDTA, 10% glycerin, 1 mM PMSF, 1 pg/ml leupeptin, 28 pg/ml aprotinin
and Tris~-HCl (pH 7.4). Sample aliquots were applied onto microtiter
well precoated with capture antibody. After washing, biotinylated trac-
er antibody was added to each well. After the incubation for binding of
biotin to streptavidin-peroxidase conjugate, the color development
with tetramethylbenzidine was performed. The color reaction was
stopped by the addition of oxalic acid. The absorbance at 450 nm was
measured with a spectrophotometer. The mouse MPO concentration
of each sample was calculated from the standard curve with various
concentrations of mouse MPO by serial dilution.

Wet-to-dry lung weight ratio (W/D)

As an index of lung oedema, the amount of extravascular lung water
was calculated. A piece of tissue from the right lung was weighed before
and after treatment at 80 °C for 48 h, and wet-to-dry lung weight ratio
was calculated.

Western blot array analysis for cytokines/chemokines

The level of cytokines/chemokines in BALF and macrophage culture
supernatants was measured by the Mouse Inflammation Antibody
Array I (RayBiotech, Norcross, GA, USA) according to the manufacturer's
protocol. This assay employs a qualitative western blot (WB) screening
technique, which detects 40 cytokines/chemokines.

Measurement of chemokines by ELISA

The quantities of keratinocyte-derived chemokine (KC) and mac-
rophage inflammatory protein (MIP)-2 in the BALF and macrophage
culture supernatants were determined by ELISA kits (R&D Systems,
Minneapolis, MN, USA) according to the manufacturer's protocols.

Immunohistochemical analysis

The lung fixed in 4% paraformaldehyde/0.1 M sodium phosphate
buffer (pH 7.4) was embedded in OCT (SAKURA Finetek, Tokyo,
Japan) and cut into 8-pm-thick sections, which were placed on
poly-L lysine-coated slides. The sections were stained with a rat
monoclonal anti-mouse CD69 antibody (R&D Systems), using the
ABC immunohistochemical method, and developed with diamino-
benzidine. The sections were then counterstained with haematoxy-
lin. In immunofluorescent study, the sections were pretreated with
FcR blocking reagent (Miltenyi Biotec, Auburn, CA, USA), then sub-
jected to double staining with rabbit anti-Iba1l polyclonal antibody
(Wako chemicals, Tokyo, Japan) in combination with hamster anti-
CD69 monoclonal antibody (abcam, Cambridge, UK), biotinylated
anti-KC polyclonal antibody (R&D Systems) or biotinylated anti-
MIP-2 polyclonal antibody (R&D Systems) followed by a reaction
with Alexa Fluor 488-conjugated anti-rabbit antibody (Invitrogen,
Carlsbad, CA, USA), Alexa Fluor 594-conjugated anti-hamster anti-
body (Invitrogen) or Alexa Fluor 594-conjugated streptavidin (Invi-
trogen). The sections were simultaneously stained with 4’,6-
diamino-2-phenylindole (DAPI). In some experiments, the sections
were stained with anti-CD69 antibody in combination with anti-KC
antibody or anti-MIP-2 antibody. To confirm the precise localization
of Ibal-positive cells, the sections were stained with biotinylated
anti-podoplanin/gp36 antibody (Biolegend, San Diego, CA, USA),
which detects alveolar epithelial cells and thereby clearly visualizes
the alveolar structure.

Primary cultured peritoneal macrophages treated with LPS

Each mouse was anesthetized, and the peritoneal cavity lavaged
with ice-cold PBS (5 ml). After centrifugation, the resulting precipi-
tate was suspended in minimum essential medium supplemented
with 10% foetal bovine serum. The cells were plated on plastic dishes
and incubated for 2 h. Nonadherent cells were then washed out, and
the remaining adherent macrophages (over 95% of the adherent
cells were Ibal-positive) were further incubated for 24 h. They
were then replated at a density of 5x105cells/well on 24-well
plates and incubated with or without LPS (100 ng/ml) at 37 °Cina
humidified atmosphere (5% CO;) for 24 h. The culture supernatants
were subjected to the western blot array and ELISA. In case of exper-
iments with a neutralizing antibody against CD69 signal (clone
H1.2F3), 10 pg/ml anti-CD69 signal antibody or isotype-matched
control antibody was applied to the cells prior to the LPS stimula-
tion. The antibody, clone H1.2F3 has been originally identified as
an anti-CD69 antibody and thereafter recognized as a neutralizing
antibody against CD69 signal with a possibility that it may react
with CD69 ligand (Miki-Hosokawa et al., 2009).
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Fig. 1. Involvement of CD69 in LPS-induced neutrophilic inflammation.A) Accumulation of neutrophils in BALF from LPS-challenged mice. LPS (10 pg LPS/30 g body weight) was
administered intratracheally to WT and CD69~/~ mice. PBS was administered to both genotypes as a control. BALF was collected from mice 24 h after instillation and cell subpop-
ulations determined. Data are shown as mean with SEM (n =6 per group). **p<0.01 (one-way ANOVA, followed by the post-hoc test). B) Effect of CD69 deficiency on histopath-
ological findings in LPS-induced ALI Histological features of lungs were observed in control- (PBS) and LPS-challenged mice, and the differences between the two genotypes (WT
and CD69 /) compared. Mouse lung sections were stained with haematoxylin and eosin. Scale bar =200 pm. Results were confirmed by similar findings in 3 independent exper-
iments. C) LPS-induced MPO quantification in the lung. Lung homogenates from WT and CD69~/~ mice treated with or without LPS were subjected to ELISA for MPO. Data are
shown as mean with SEM (n =6 per group). **p<0.01 (one-way ANOVA, followed by the post-hoc test). D) Lung oedema formation induced by LPS. Wet/dry lung weight ratio
was measured as an index of lung oedema. Date are shown as mean with SEM {n =6 per group) *p<0.05 (one-way ANOVA, followed by the post-hoc test). LPS: lipopolysaccharide;
BALF: bronchoalveolar lavage fluid; WT: wild type; KO: gene-knockout; PBS: phosphate-buffered saline; ALl: acute lung injury; MPO: myeloperoxidase; ELISA: enzyme-linked im-

munosorbent assay.

Reverse transcription polymerase chain reaction (RT-PCR) detection of
LPS signal-related molecules in macrophages

Macrophages from WT and CD69™/~ mice in the primary culture
were used for RT-PCR to detect TLR-4, myeloid differentiation factor
(Myd88), and CD14. Macrophage RNA was isolated using ISOGEN
(Wako chemicals) according to the manufacturer’s instructions. Single
stranded cDNA was synthesized from the prepared RNA (1 pg), with
Moloney murine leukemia virus reverse transcriptase (Invitrogen)
using an oligo(dT) primer (Invitrogen) in a total volume of 20 pi. The re-
sultant cDNA sample (1 pl) was subjected to PCR for amplification using
specific primers. PCR was performed for amplification of mouse TLR-4,
Myd88, and CD14 using specific primers (for TLR-4, sense primer, 5'-
GCACTGTTCITCTCCTGCCTG-3/, antisense primer, 5-AATTGTGAGCCA-
CATTGAGTTTC-3'; for MyD8S8, sense primer, 5-TAGAGCTGCTGGCCITGT-
TAG-3', antisense primer, 5’-ATTAGCTCGCTGGCAATGGAC-3; for CD14,
sense primer, 5'-GAGAACACCACCGCTGTAAAG-3', antisense primer, 5'-
AGGGCTCCGAATAGAATCCGAC-3"). The settings of the thermal cycler
were 32 cycles of 30 s at 98 °C, 30 s at 54 °C, and 30 s at 72 °C for TLR-4,
32 cycles of 30's at 98 °C, 30 s at 58 °C, and 30 s at 72 °C for MyD88,

32 cycles of 30 s at 98 °C, 30 s at 58 °C, and 30 s at 72 °C for CD14.
We checked the linearity of the reactions to determine the optimal
number of cycles for each PCR product. Specific amplification products
of the expected size (mouse TLR-4, 438 bp; CD14, 403 bp; MyD88,
368 bp) were observed. As an internal control, the expression of
mouse glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
also confirmed.

Statistical analysis

Data are expressed as mean 4= SEM. All parameters were evaluated
with the Student ¢ test or one-way ANOVA, followed by the post-hoc
test. A p-value <0.05 was considered significant.
Results

Attenuated LPS-induced neutrophilic inflammation in CD69 ™'~ mice

To determine whether CD69 deficiency affects the LPS-induced
infiltration of inflammatory cells into airways and parenchyma, we
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Fig. 2. Changes in cytokine/chemokine expression levels in BALF from the two genotypes after LPS instillation.LPS (10 pg LPS/30 g body weight) or PBS was administered intratra-
cheally to WT and CD69~/~ mice. BALF was collected 24 h after instillation and subjected to WB array analysis or ELISA. A) Typical expression profiles of cytokines/chemokines by
WB array analysis. The 11 cytokines/chemokines induced by LPS are indicated with the by membrane map location. B) The change in the expression levels of these 11 cytokines/
chemokines was analyzed by a densitometer. Each bar is normalized to the individual control signal from PBS-treated mice. Data are shown as mean with SEM (n =4 per group). C)
The concentrations of KC and MIP-2 in BALF were determined by ELISA. Data are shown as mean with SEM (n =6 per group) **p<0.01 (one-way ANOVA, followed by the post-hoc
test). BALF: bronchoalveolar lavage fluid; LPS: lipopolysaccharide; PBS: phosphate-buffered saline; WT: wild type; KO: gene-knockout; WB: western blot; ELISA: enzyme-linked
immunosorbent assay; KC: keratinocyte-derived chemokine; MIP: macrophage inflammatory protein.

estimated the cell subpopulations in BALF after the LPS administra-
tion. LPS induced a stronger inflammatory response characterized
by a marked increase in the neutrophil number and total cell count
in BALF than that induced by PBS. This induction was significantly
greater in WT mice than in CD69~/~ mice. On the other hand,
there was no difference in macrophage number between the two ge-
notypes after LPS administration (Fig. 1A).

To elucidate the lung pathology associated with LPS-induced accumu-
lation of neutrophils in BALF, we first observed the histopathological fea-
tures of the lung sections. As shown in Fig. 1B, in the two genotypes of

mice, LPS induced the infiltration of neutrophils in the lung and thicken-
ing of the alveolar walls. However, the severity of LPS-induced inflamma-
tion was more prominent in WT mice than in CD69 ™/~ mice. Next, we
assessed the amount of MPO expressed by activated neutrophils in the
lung homogenates (Fig. 1C). The MPO concentrations in the samples
from the LPS-challenged group were greater than those from the PBS
group in both genotypes. The induction of MPO was significantly higher
in WT mice than in CD69~/~ mice. In accordance with these findings,
the induction of lung oedema by LPS was also suppressed in CD69 ™/~
mice compared with WT mice (Fig. 1D).
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Fig. 3. Immunohistochemical analysis for the localization of CD69, KC and MIP-2 in the lung after LPS instillation.LPS or PBS was administered intratracheally to WT and CD69~/~
mice. Mice were sacrificed 24 h after the chailenge. The lung sections from WT mice were stained with an anti-CD69 antibody followed by ABC staining method (A, PBS adminis-
tration; B and C, LPS administration). Asterisks and arrows indicate alveolar macrophages and neutrophils, respectively. The lung sections from WT mice with PBS (D) or LPS ad-
ministration (E) were stained with anti-Iba1 and biotinylated anti-gp36, followed by a reaction with Alexa Fluor 488-conjugated second antibody and Alexa Fluor 594-conjugated
streptavidin, respectively. Each asterisk and arrowhead points to an alveolar macrophage and an interstitial macrophage, respectively. The lung sections from WT mice with PBS (F)
or LPS administration (G) were stained with anti-lbal and anti-CD69, followed by Alexa Fluor 488-conjugated and Alexa Fluor 594-conjugated second antibodies, respectively. The
lung sections from WT (H and 1) and CD69~/~ mice (J and K) with PBS (H and J) or LPS administration (I and K) were stained with anti-lba1 and biotinylated anti-KC, followed by
Alexa Fluor 488-conjugated second antibody and Alexa Fluor 594-conjugated streptavidin, respectively. The lung sections from WT (L and M) and CD69~/~ mice (N and O) with
PBS- (L and N) or LPS administration (M and O) were stained with anti-lba1 and biotinylated anti-MIP-2, followed by Alexa Fluor 488-conjugated second antibody and Alexa Fluor
594-conjugated streptavidin, respectively. The lung sections from WT mice with LPS administration were stained with anti-CD69 in combination with biotinylated anti-KC (P) or
biotinylated anti-MIP-2 (Q), followed by Alexa Fluor 594-conjugated second antibody and Alexa Fluor 488-conjugated streptavidin, respectively. All sections were stained with
DAPI (D-Q). Each scale bar represents 10 um (A-C) or 50 pm (D-Q). KC: keratinocyte-derived chemokine; MIP: macrophage inflammatory protein; LPS: lipopolysaccharide;
PBS: phosphate-buffered saline; WT: wild type; KO: gene-knockout; DAPL: 4’,6-diamino-2-phenylindole.

Expression of cytokines/chemokines in BALF showed a tendency towards an increase in various cytokine/chemokine
levels in BALF from WT mice in the LPS-instilled group compared with

We determined the expression level in BALF of cytokines/chemo- those from the PBS group (Fig. 2A). Among these cytokines/chemokines,
kines that have been reported to be important in recruiting and activat- the induction ratio of granulocyte-colony stimulating factor (G-CSF),

ing inflammatory cells (Goodman et al, 2003). WB array analysis interleukin (IL) -12 (p70), IL-12 (p40p70), IL-6, MIP-1vy, monocyte
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chemotactic protein (MCP-1), KC and regulated on activation normal T
cell expressed and secreted (RANTES) by LPS was reduced in CD69~/~
mice compared with WT mice (Fig. 2B).

Chemokines such as lipopolysaccharide-induced CXC chemokine
(LIX), KC, and MIP-2 are known to be the murine IL-8 homologues,
and play a critical role in neutrophil recruitment (Tateda et al.,
2001). Although there was no difference in the LIX induction ratio be-
tween the two genotypes, LPS-induced expression of KC was higher
in WT mice than in CD69~/~ mice (Fig. 2B). MIP-2 was not included
in the WB array assay employed in this study. We then performed
ELISA to quantify the expression of KC and MIP-2 in BALF. As shown
in Fig. 2C, the LPS-induced increase in KC and MIP-2 concentration
in BALF from WT mice was significantly higher than in that from
CD69™/~ mice,

Localization of CD69,KC and MIP-2 in the lung after LPS administration

CD69 has been reported to be induced in activated macrophages
and neutrophils (Gavioli et al., 1992; Marzio et al., 1997). Macro-
phages in the lung of WT mice treated with LPS showed clear CD69-
like immunoreactivity (LI), while those in PBS-treated mice did not
express CD69. Other cell types including neutrophils showed minimal
CD69-LI signal even after LPS administration, indicating that macro-
phages play a major role in the mechanisms underlying the attenua-
tion of ALl pathology in CD69™/~ mice (Fig. 3A-C). To further
examine these findings and to evaluate the KC and MIP-2 producing
cells, immunofluorescent study was performed. Iba1 recognized alve-
olar and interstitial macrophages (Fig. 3D and E). A clear CD69-LI was
observed predominantly in Ibal-positive macrophages after instilla-
tion of LPS (Fig. 3F and G). In addition, LPS-induced KC- and MIP-2-
LI in Ibal-positive macrophages in the two genotypes. The number
of KC*/Iba1™ cells or MIP-2*/Ibal™ cells in CD69™/~ mice was
fewer than that in WT mice (Fig. 3H-0). Furthermore, the localization
of KC- and MIP-2-LI was synchronized with that of CD69-LI (Fig. 3P
and Q). As the next step, we used cultured macrophages to elucidate
whether macrophages can conduct the immune response seen in ALL

Response of cultured macrophages to LPS

We utilized peritoneal macrophages for the in vitro assay system.
Although some papers pointed out functional differences between
peritoneal and alveolar macrophages, peritoneal macrophages
have been substituted for alveolar macrophages in most cases
about LPS-induced mouse model of ALl (Hu et al., 2004; Skwor et
al., 2004; Tasaka et al., 2003; Yan et al,, 2006; Yang et al,, 2011). As
shown in Fig. 4A, WB array analysis revealed that various cyto-
kines/chemokines were likely to be induced in the supernatant of
cultured macrophages by LPS application. This profile was very sim-
ilar to that seen in BALF. A densitometric analysis showed that the
induction ratio of G-CSF, IL-12 (p40p70), IL-6, MCP-1, KC, and
RANTES by LPS was reduced in macrophages from CD69 ™/~ mice
compared with those from WT mice. In an analysis by ELISA, the
LPS-induced production of KC and MIP-2 in macrophages from

CD69~/~ mice was significantly lower than in those from WT mice
(Fig. 4B). We further investigated the effects of disruption of the
CD69 gene on the mRNA expression levels of molecules involved
in LPS signal transduction. Gene-knockout studies have revealed
that TLR4, CD14, and MyD88 are known as essential molecules in
LPS response (Haziot et al, 1996; Hoshino et al., 1999; Kawai et
al,, 1999). As shown in Fig. 4C, the mRNA levels of TLR4, (D14, and
MyD88 in macrophages were mostly similar in WT and CD69~/~
mice. Likewise, the LPS-induced cytokine/chemokine expression in
macrophages from WT mice was inhibited by a neutralizing antibody
against CD69 signal, the profile of which mimicked that observed in
the case of macrophages from CD69~/~ mice (Fig. 4D and E).

Discussion

We demonstrated that LPS-induced ALl is clearly attenuated in -
CD69~/~ mice by monitoring the following indices: 1) infiltration of
neutrophils into air spaces and parenchyma in the lung, 2) detection
of MPO, 3) lung oedema, 4) expression levels of cytokines/chemokines
in BALF (Figs. 1 and 2). Notably, we also observed a similar cytokine/
chemokine expression profile in response to LPS in both lungs and
cultured macrophages, which varied with the presence of the CD69
gene (Figs. 2 and 4). Moreover, the expression of CD69 and key chemo-
kines for neutrophil recruitment such as KC and MIP-2 was exclusively
localized to macrophages in the lung instilled with LPS (Fig. 3). These
facts suggest that induction of CD69 in macrophages is likely to partici-
pate in the pathogenesis of LPS-induced ALL

CD69 is routinely investigated as an early activation antigen for lym-
phocytes when studying various immune and inflammatory responses
(Cebrian et al,, 1988). Besides lymphocytes, other hematopoietic cells
such as platelets, monocytes, neutrophils, and macrophages have ability
to express CD69 under resting or activated states (Gavioli et al, 1992;
Marzio et al,, 1997, 1999). In addition to its unique expression profile,
CD69 may have a receptor-like ability to drive intracellular signalling
(Cebrian et al., 1988; Gavioli et al., 1992; Marzio et al., 1999). These re-
ports suggest that CD69 plays a key role in a certain immune reaction
systems. In fact, studies with CD69-null mice have shown that CD69 is
involved in various immune responses under pathophysiological condi-
tions as a positive or negative regulator of T lymphocytes (Esplugues et
al,, 2003; Martin et al., 2010; Miki-Hosokawa et al.,, 2009). With regard
to neutrophilic inflammation, however, CD69 deficiency does not abro-
gate neutrophil recruitment in several acute inflammation models
(Lamana et al,, 2006). Moreover, the possibility that CD69 regulates
the pathogenesis of ALI has never been proven, although a correlation
between ALl and CD69 expression was demonstrated from the view-
point of a diagnostic marker (Schwulst et al., 2008). Thus, this study is
the first to reveal an important role for CD69 in the progression of ALL

Although the pathophysiological mechanisms of ALl are insufficient-
ly understood, histological evaluation of lungs from patients with AL
has indicated the involvement of substantial accumulation of activated
neutrophils, diffuse alveolar damage, loss of epithelial integrity, and in-
creased pulmonary oedema in the development of ALl (Ware and
Matthay, 2000). Moreover, neutrophils depletion has been shown to

Fig. 4. Effects of the CD69 gene disruption and a neutralizing antibody against CD69 signal on LPS-induced immune response in macrophages.A) Expression of cytokines/chemokines in
the macrophages with or without LPS (100 ng/ml) stimulation was detected by WB array analysis. The change in the expression of 11 cytokines/chemokines induced by LPS was analyzed
by a densitometer. Each bar is normalized to the individual signal from macrophages without LPS stimulation. Data are shown as mean with SEM (n =4 per group). B) The concentrations
of KC and MIP-2 in macrophage culture supernatants were determined by ELISA. Data are shown as mean with SEM (n =6 per group). *p<0.05, **p<0.01 (one-way ANOVA, followed by
the post-hoc test). C) The expression of TLR4, CD14, and Myd88 in macrophages. Total RNA was prepared from peritoneal macrophages from WT and CD69™/~ mice and subjected to
RT-PCR. As a control, RT-PCR was performed for GAPDH. Similar results were observed in 3 independent experiments. D) Inhibitory effect of a neutralizing antibody against CD69 signal
on LPS-induced cytokine/chemokine expression in macrophages. Macrophages were stimulated with LPS (100 ng/ml) in the presence or absence of a neutralizing antibody against CD69
signal, and expression of cytokines/chemokines was detected by WB array analysis. The change in expression of LPS-induced 11 cytokines/chemokines was analyzed by a densitometer.
Each bar is normalized to the individual signal from macrophages without LPS stimulation. Data are shown as mean with SEM (n =4 per group). E) Inhibitory effect of a neutralizing
antibody against CD69 signal on the LPS-induced production of KC and MIP-2 in macrophages. The concentrations of KC and MIP-2 in macrophage culture supernatants were determined
by ELISA, Data are shown as mean with SEM (n =6 per group). *p<0.05, **p<0.01 (one-way ANOVA, followed by the post-hoc test). LPS: lipopolysaccharide; PBS: phosphate-buffered
saline; WT: wild type; KO: gene-knockout; WB: western blot; KC: keratinocyte-derived chemokine; MIP: macrophage inflammatory protein; ELISA: enzyme-linked immunosorbent
assay; TLR: Toll-like receptor; Myd: myeloid differentiation factor; RNA: ribonucleic acid; RT-PCR: reverse-transcription polymerase chain reaction; GAPDH: glyceraldehyde-3-

phosphate dehydrogenase; Ctrl: control antibody; Ab: CD69 antibody.
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be protective in a model of lung injury (Looney et al., 2006). These find-
ings strongly suggest that neutrophils are prominent cellular mediators
in ALL The priming of neutrophils by cytokines/chemokines is a neces-
sary event for the targeting and sequestration of neutrophils to the lung
(Perl et al., 2008). In accordance with this notion, several of the most
potent chemoattractants for neutrophils have been studied in BALF
from patients with acute respiratory distress syndrome, a more severe
form of ALl (Goodman et al., 2003). On this basis, we investigated the in-
duction of proinflammatory cytokines/chemokines in BALF from mice
challenged with LPS, which we expected might be closely related to
the mechanisms underlying the attenuated neutrophilic inflammation
in CD69~/~ mice (Fig. 1). As expected, the expression of various cyto-
kines/chemokines, including G-CSF, IL-6, MCP-1, KC and MIP-2 induced
by LPS, was reduced in CD69 '~ mice compared with WT mice (Fig. 2).
Among them, G-CSF, in addition to playing a critical role in neutrophil
recruitment along with KC and MIP-2 as the murine IL-8 homologues
(Tateda et al, 2001), augments LPS-induced neutrophil recruitment
into the lung (Zhang et al.,, 2001). On the other hand, IL-6 and MCP-1
are thought to be important in the formation of ALl (Goodman et al,,
2003). Thus, these cytokines/chemokines may act in concert in neutro-
philic inflammation associated with the development of ALI; their ex-
pression is positively regulated by CD69 in response to LPS. The
proinflammatory cytokines, tumour necrosis factor (TNF)-c, and IL-1B
were not detected in the BALF by WB array analysis under our experi-
mental conditions (24 h after LPS instillation), probably because their
expression kinetics in response to LPS may be faster than those of
other molecules detected in the present study, as demonstrated in pre-
vious reports (Rowe et al,, 2002). The contribution of TNF-a and IL-1B
to LPS-induced airway inflammation, however, is not essential
(Moreland et al,, 2001), supporting the idea that the expression profile
of the CD69-sensitive cytokines/chemokines detected under our exper-
imental conditions is sufficient to explain the attenuation of LPS-
induced ALl in CD69~/~ mice.

Macrophages are one of primary sources of chemoattractants for
neutrophils in the lung. Previous studies in the lungs of macrophage-
deficient mice have clearly demonstrated that the absence of mature
macrophages attenuates the induction of IL-6, KC, and MIP-2, the
degree of neutrophil influx, and lung injury subsequent to septic
challenge (Lomas-Neira et al.,, 2006). Accordingly, the change in
cytokine/chemokine expression induced in cultured macrophages by
LPS was similar to that in the BALF from mice challenged with LPS. Fur-
thermore, the inhibitory effect of the CD69 gene disruption on induction
of cytokines/chemokines by LPS was also consistent between the in vitro
and in vivo approaches (Figs. 2 and 4). This finding can be explained by
our results, which show that macrophage CD69 was upregulated in par-
allel with the induction of KC and MIP-2 in the lungs of mice treated with
LPS (Fig. 3), and a previous report suggesting that macrophages express
CD69 in response to LPS stimulation (Marzio et al., 1997).

The disruption of a certain gene encoding a signalling molecule often
influences a change in expression of other genes. This may lead indirect-
ly to phenomenal phenotypic changes in mutant mice under both rest-
ing conditions and specific pathophysiological states (Eisener-Dorman
et al., 2009). However, in the case of the LPS-mobilizing signal in macro-
phages, the disruption of CD69 gene must be directly connected with its
loss of function because the mRNA levels in macrophages of TLR4, CD14,
and MyD88, key molecules of the LPS signal, did not differ between WT
and CD69~/~ mice (Fig. 4C). Furthermore, the application of a neutral-
izing antibody against CD69 signal exhibited an inhibitory effect on LPS-
induced cytokines/chemokines in cultured macrophages from WT mice,
the profile of which was similar to the case of the CD69 gene-disrupting
macrophages (Fig. 4 AB,D and E). Taken together, these results suggest
that CD69 induced by LPS in macrophages can play a stimulatory role in
the pathogenesis of LPS-induced ALL

The question that then arises is how CD69 on macrophages regu-
lates the initiation of inflammation in response to LPS. In the in vivo
models, a possible scenario is that a putative ligand induced and
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expressed on the inflamed tissues may mediate the stimulation of
CD69 on inflammatory cells (Miki-Hosokawa et al.,, 2009; Murata et
al,, 2003). On the other hand, a previous study has proposed that a pu-
tative CD69 ligand expressed on macrophages functions as a proinflam-
matory molecule (Mclnnes et al., 1997). This notion fits well with the
present data from the in vitro study with cultured macrophages. How-
ever, the similarity in the profiles of LPS-induced cytokine/chemokine
expression between cultured macrophages and the in vivo study sug-
gests that CD69 functions through a common mechanism in both
cases. It is of much interest that CD69 forms a complex with and nega-
tively regulates S1P,, a receptor for Sphingosine-1-phosphate (S1P)
(Shiow et al,, 2006). Previous study showed that the production of
S1P in macrophages could be upregulated by LPS (Hammad et al,
2008). Likewise, it is also known that intravenous administration of
S1P reduces inflammatory lung injury in a model of LPS-induced ALl
(Szczepaniak et al,, 2008). Along these lines, the S1P/S1P; signalling
loop may potentially work as a feedback system to prevent LPS-
induced inflammatory response-associated tissue injury. CD69 may
lock this pathway, and further study would be needed to clarify this
point.

Conclusion

We demonstrated that CD69 on macrophages positively partici-
pates in the pathogenesis of LPS-induced ALL This work gives us a
new insight into the molecular mechanism of ALI and possibly a ther-
apeutic strategy.
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Abstract. In general, intravascular thrombus formation in the
pulmonary arteries is considered to be the most common cause
of chronic thromboembolic pulmonary hypertension (CTEPH).
The current mainstay of therapy for patients with CTEPH is
pulmonary endarterectomy (PEA). Recently, the existence of
myofibroblast-like cells in endarterectomized tissues has been
demonstrated. At the 2nd passage of these myofibroblast-like
cells, a pleomorphic cell type was isolated. Pulmonary intimal
sarcoma is a very uncommon neoplastic tumor thought to
originate from subendothelial-mesenchymal cells of the pulmo-
nary vascular wall. Because these pleomorphic cells were
isolated from the pulmonary vascular beds, it is believed that
the analysis of these cells may contribute to the understanding
of pulmonary intimal sarcoma. We isolated cells from the
endarterectorized tissue from patients with CTEPH and iden-
tified one type as sarcoma-like cells (SCLs). The SCLs were
characterized as hyperproliferative, anchorage-independent,
invasive and serum-independent. Moreover, C.B-17/lcr-scid/
scidJel mice injected subcutaneously with SCLs developed
solid, undifferentiated tumors at the site of injection, and those
injected intravenously with SCLs via the tail vein developed
tumors which grew along the intimal surface of the pulmonary
vessels, thus, demonstrating the high tumorigenic potential of
these cells. The behavior of SCLs indicated that these cells may
have a vascular cell-like potential which can affiliate them with
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the intimal surface of the pulmonary artery, and which may be
shared with pulmonary intimal sarcoma. A further investigation
of this mouse model with SCLs may elucidate the mechanism(s)
underlying the development of pulmonary intimal sarcoma.

Introduction

In general, pulmonary emboli originating from deep vein throm-
bosis are thought to have an important role in the development
of chronic thromboembolic pulmonary hypertension (CTEPH)
(1,2). Organized and incorporated fibrous thrombi promote the
complete obliteration of the pulmonary arteries, thus resulting
in an increase in pulmonary vascular resistance. Therefore, the
current mainstay of therapy for patients with CTEPH is pulmo-
nary endarterectomy (PEA) (3).

Recently, the existence of not only myofibroblast-like cells,
but also endothelial-like cells, in the endarterectomized tissues
from patients with CTEPH has been demonstrated (4-6).
Moreover, our recent study suggested that these myofibro-
blast-like cells might release substances that promote the
endothelial-mesenchymal transition (EnMT) and/or induce
EC dysfunction (7). Indeed, there were transitional cells which
co-expressed both endothelial (CD31) and SM [a-smooth
muscle actin (SMA)] markers in these tissues from patients
with CTEPH (7). At the 2nd passage of the myofibroblast-like
cells, a pleomorphic cell type that varied in size and shape, and
was characterized by a large nucleus, was isolated from the
endarterectomized tissues of patients with CTEPH. Because
these cells seemed to be hyperproliferative and anti-apoptotic,
they were defined as sarcoma-like cells (SCL) (preliminary
data). Pulmonary intimal sarcoma is a very uncommon
neoplastic tumor of the cardiovascular system, and only about
125 cases have been reported in the literature (8). This tumor
is thought to originate from subendothelial-mesenchymal cells
of the pulmonary vascular wall (9). Immunohistochemical
examinations of intimal sarcoma demonstrated that these
tumors undergo endothelial, fibroblastic, or myofibroblastic
differentiation (10). Some studies have demonstrated that
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intimal sarcomas have positive staining for a-SMA (11), while
others have indicated that they are only positive for vimentin,
but not for desmin or 0-SMA (12). The pathobiology of pulmo-
nary intimal sarcoma remains largely unknown because of its
rarity.

Because the SCL were isolated from endarterectomized
tissues, i.e., the pulmonary vascular beds, of patients with
CTEPH, it was hypothesized that the analysis of these cells may
contribute to our understanding of pulmonary intimal sarcoma,
which was defined as a neoplasm arising in the tunica intima of
the pulmonary arteries. The aim of this study was to investigate
the characteristics of SCL in vivo and in vitro.

Materials and methods

Cell isolation. Endarterectomized tissues from patients with
CTEPH were obtained following PEA performed by M.M. at
the Chiba Medical Center, Japan. The details of the cell isola-
tion techniques have been described previously (4). The study
was approved by the Research Ethics Committee of Chiba
University School of Medicine, and written informed consent
was given by all subjects.

Cell lines and reagents. Normal human lung fibroblasts
(NHLF) and human pulmonary microvascular endothelial cells
(HPMVEC) were purchased from Lonza Inc. (Allendale, NJ,
USA) and cultured using EGM and fibroblast growth medium
(FGM) supplemented with 5% fetal bovine serum (Lonza
Inc.). A549 (lung cancer cell line) cells and HT1080 (fibrosar-
coma cell line) cells were obtained from Takara Biomedical
(Othsu, Shiga, Japan) and cultured in RPMI-1640 medium
supplemented with 5% fetal bovine serum (Lonza Inc). The
following Ab were used for the analyses: mouse anti-vimentin
(1:200, Dako, Carpinteria, CA, USA), mouse anti-human
desmin (1:100, Dako), mouse anti-a-SM-actin (aSMA)
(1:1,000, Sigma-Aldrich, St. Louis, MO, USA), mouse anti-
human Ki-67 (1:100, BD Biosciences Pharmingen, San Diego,
CA, USA), anti-mouse IgG conjugated with Rhodamine dye
(1:500, Molecular Probes, Eugene, OR, USA), rabbit anti-von
Willebrand factor (factor VIII) (1:1,000, Dako), and an anti-
rabbit IgG conjugated with Alexa-488 fluorescent dye (1:500,
Molecular Probes). The Bromodeoxyuridine (BrdU) Flow
Kit and the BD BioCoat™ FluoroBlok™ Invasion System
(24-multiwells) were purchased from BD Biosciences.

Immunofluorescent staining. The cells were fixed in a 1:1
mixture of methanol and acetone and incubated with the
primary antibodies, followed by incubation with the secondary
antibodies. Additional details about the method used for immu-
nofluorescent staining have been described previously (4).

BrdU-7-amino-actinomycin D binding assay. The BrdU Flow
Kit was used to detect the rate of DNA synthesis. The details of
this assay technique have been described previously (4).

Colony-forming assay. Six-well flat-bottomed plates with a two-
layer soft agar system including a total of 1x10* cells/well in a
volume of 1.5 ml/well in the upper layer were adapted for the
colony-forming assay. Additional details on the method used for
this assay have been described previously (4).

Cell invasion and migration assay. The BD BioCoat FluoroBlok
Invasion System (24-multiwell) was used for the cell migration
assays. The details of the cell invasion and migration assay
techniques have been previously described (4).

Serum starvation. The cells at passage 4 were seeded at 1x10°
in 25-cm? flasks and were incubated with serum-free medium
for the indicated incubation periods. The details of the serum
starvation assay techniques have been described previously (4).

Tumorigenicity studies. Adult male C.B-17/lcr-scid/scidJcl
(SCID) mice were purchased from a commercial vendor. Tumors
were generated by subcutaneous injection of SCL and intrave-
nous tail vein injection of SCL and A549 into SCID mice (n=10
per group, 20+2.5 g) under Nembutal anesthesia (50 mg/ml).
At a subcutaneous inoculation concentration of 1x10 cells per
mouse, the SCL consistently produced subcutaneous tumors. At
an intravenous injection concentration of 2x10° cells per mouse,
the SCL and A549 cells consistently produced intravenous and
lung tumors. The mice were sacrificed, and the tumors and the
organs were quickly isolated and excised on the appropriate
days after intravenous injection. After that, they were fixed in
10% formalin for 48 h, and embedded in paraffin. These tissues
were sectioned and prepared for the histological analysis. The
animal protocol was approved by the Animal Care and Use
Committee of Chiba University School of Medicine.

Labeling of SCL with PKH-26. The lipophilic fluorescent PKH
dye, PKH-26 (Sigma-Aldrich), was used to label the SCL. The
PKH26 dye was diluted at the recommended concentration and
mixed with the SLC for 5 min, according to manufacturer's
instructions. These cells were injected intravenously via the tail
vein of SCID mice and, on day 21, the mice were sacrificed, and
their lungs were quickly isolated and excised. The existence of
PKH positive SCL with DAPI staining was confirmed under
fluorescent microscopy.

PCR array analysis. RT2 Profiler™ PCR Arrays (SABio-
sciences, Frederick, MD, USA) were used to analyze the
expression of a focused panel of genes involved in various
biological processes. The 96-well plate extracellular matrix
and adhesion molecules PCR array (PAHS-013) which profiles
the expression of 84 key genes involved in the formation of the
extracellular matrix and adhesion molecules, were selected to
detect the differential expression of genes between SCL and
AS549. Additional details on the method used for this analysis
have been described previously (7).

Statistical analysis. The statistical analyses were performed
using data from at least three independent experiments. The
results are expressed as the means + SEM. The data were
analyzed using Student's t-test, as appropriate. A value of p<0.05
was considered to be significant for all tests.

Results

The cellular composition of endarterectomized tissue from
CTEPH patients. As shown previously, a few different cell
types were isolated from the endarterectomized tissues in each
of the 15 patients with CTEPH (4). One of them was determined
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Figure 1. Characterization of the sarcoma-like cells (SCL) from endarterectomized tissue. (A) The SCL from endarterectomized tissue were microscopically
assessed. The magnification was x100. Scale bar, 100 um. (B) SCL derived from endarterectomized tissue were assessed by immunofiuorescent staining for
desmin, vimentin, factor VIII and a-SMA to confirm the phenotypes of the cells. DAPI staining is shown in blue. The magnification was x200. Scale bar, 50 ym.

morphologically to be the myofibroblast-like cells (spindle-
shape with cytoplasmic extensions) (4). At the 2nd passage of
the myofibroblast-like cells, another cell type that varied in size
and shape and was characterized by a large nucleus, was isolated
from one patient described in a previous study (4). These cells
had the morphology of SCL (Fig. 1A). The cells outgrown from
the thrombotic material were further characterized by immu-
nohistochemical staining for desmin, vimentin, factor VIII and
aSMA. The SCL were factor VIII, desmin and aSMA negative,
and vimentin positive (Fig. 1B).

Proliferative activity of SCL. The SCL grew without cell-cell
contact inhibition and started piling up and forming foci in
human fibronectin coated culture dishes (6 cm in diameter)
(Fig. 1C). In order to confirm their proliferative activity, the
number of proliferating cells which had synthesized DNA was
assessed by flow cytometry by immunofluorescent staining of
the incorporated BrdU. The number of BrdU positive cells was
increased in the SCL, but there was no increase in the incorpo-

ration of BrdU by the HPMVEC and NHLF which were used
as controls (Fig. 1D).

Anchorage-independent growth of the SCL. Because the growth
of the SCL without cell-cell contact inhibition suggested that
they would exhibit anchorage-independent growth, we investi-
gated the ability of these cells to form colonies in soft agar. The
SCL showed anchorage-independence in the soft agar colony
formation assays (Fig. 1E). The colony formation was particu-
larly prominent in the SCL compared with the HPMVEC and
NHLF (Fig. 1F).

Invasive and migratory activity of the SCL. Because the SCL
exhibited hyperproliferative potential and the ability to undergo
anchorage-independent growth, which reflected cancer-related
properties (13), we assessed the invasion and migration of the
SCL. Using the BD BioCoat FluoroBlok Invasion assay, the
SCL, an invasive lung cancer cell line (A549), an invasive fibro-
sarcoma cell line (HT1080), and the NHLF were allowed to
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Figure 1. Continued. (C) Light microscopic examination of the SCL at the 3rd passage. The magnification was x100. Scale bar, 100 jim. (D) Quantification of the
proliferating SCL at the 4th passage. The individual cells that had synthesized DNA were determined by the immunofluorescent staining of incorporated bromode-
oxyuridine (BrdU). The incorporated BrdU was stained with specific anti-BrdU fluorescent antibodies. The levels of cell-associated BrdU were measured by flow
cytometry; error bars represent the + SD from experiments done in triplicate. *p<0.05. (E) The results of the colony-forming assay. SCL at the 4th passage were
trypsinized and replated on soft agar. Microphotographs show the colonies grown in soft agar for 2 weeks. The magnification was x40. Scale bar, 100 ym. (F) The
numbers of colonies per microscopic field were counted; error bars represent the + SD from experiments done in triplicate. “p<0.05. (G) The results from the cell
invasion and migration assay in SCL. For the BD BioCoat FluoroBlok Invasion assay, NHLE an invasive fibrosarcoma cell line (HT1080), an invasive lung cancer
cell line (A549) and the SCL were allowed to invade for 16 h; error bars represent the + SD from experiments done in triplicate. *p<0.05. (H) Serum starvation.
A comparison of the growth of HPMVEC, NHLF and SCL in the absence of serum. Cells at passage 4 were seeded at 1x10° in 25-cm? flasks on day 0 and were
incubated with serum-free medium for the indicated incubation periods. On each indicated day, a flask was trypsinized, and the cells counted. The average values
of three experiments are shown. SCL, sarcoma-like cells; HPMVEC, human pulmonary microvascular endothelial cells; NHLE, normal human lung fibroblasts.
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Vimentin

Figure 2. The tumorigenicity of subcutaneously injected SCL. (A) Microphotographs of tumors from a male C.B-17/lcr-scid/scidJcl (SCID) mouse injected subcu-
taneously with sarcoma-like cells (1x10¢ cells per mouse). (B) Hematoxylin/eosin and silver staining of a tumor derived from sarcoma-like cells. Hematoxylin/eosin
and silver staining revealed the presence of pleomorphic cells and immature blood vessels (sarcomatous vessels lacking endothelial cells) which favored the escape of
tumor metastatic cells and were characterized by reduced collagen production (see Fig. 3B). The magnification was x100. Scale bar, 100 gm. (C) Immunofluorescent
staining for factor VIII, aSMA, desmin, vimentin and Ki67 of a tumor derived from sarcoma-like cells. The magnification was x200. Scale bar, 50 gm. “The cells
stained positively were smooth muscle cells in a SCID mouse.
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Figure 3. The tumorigenicity of intravenously injected SCL. (A and B) Hematoxylin/eosin staining of lung tumors from a male C.B-17/lcr-scid/scidJcl (SCID) mouse
injected intravenously with SCL (2x10¢ cells per mouse). Hematoxylin/eosin staining suggested the presence of pleomorphic cells in the pulmonary vessels that
increased and migrated in a time-dependent manner. (A) The magnification was x40. Scale bar, 100 ym. (B) The magnification was x100. Scale bar, 50 pm.

invade for 16 h. The SCL showed high invasive and migratory
activity, similar to the HT1080 and A549 cells in comparison
to the NHLF (Fig. 1G). These findings suggested that the SCL
might share an in vitro invasive potential with sarcomas and
cancer cell lines.

Serum-independent growth of SCL. In the absence of serum, the
HPMVEC could not survive, and rapidly underwent apoptosis.
Likewise, the NHLF stopped proliferating and gradually died
(Fig. 1H). However, the SCL survived indefinitely in the absence
of serum and kept proliferating (Fig. 1H).

Subcutaneous tumorigenicity of SCL. In order to test whether
these proliferating cells displayed tumorigenic potential, the
SCL were injected subcutaneously into SCID mice. Within
4 weeks after s.c. injection (i.e., when tumors had reached a
diameter of about 2 cm), 8/8 animals injected with the SCL had
developed solid, differentiated tumors at the site of the injection

(Fig. 2A), thus demonstrating the high tumorigenic potential of
the sarcoma-like cells.

Hematoxylin/eosin (H&E) and silver staining of the sections
of a tumor revealed the presence of pleomorphic cells and
immature blood vessels (sarcomatous vessels lacking endothe-
lial cells) which favored the escape of tumor metastatic cells and
were characterized by reduced collagen production (Fig. 2B).
Immunofluorescent staining demonstrated that the cells within
the tumors were of mesenchymal origin, neither EC nor SMC,
since they were stained negatively for factor VIII, aSMA,
and desmin (the cells stained positively were SMC in a SCID
mouse) and positively for vimentin (Fig. 2C). The pleomorphic
cells were hyperproliferative, as indicated by their expression of
the proliferation marker, Ki67 (Fig. 2C).

Tumorigenicity of intravenously injected SCL and A549 cells.
In order to test whether the SCL can grow along the intimal
surface of the pulmonary artery in a sheet-like form and result in
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Figure 3. Continued. (C) Hematoxylin/eosin staining of lung tumors from a male C.B-17/lcr-scid/scidJcl (SCID) mouse injected intravenously with A549 cells
(2x10° cells per mouse). Hematoxylin/eosin staining revealed the presence of pleomorphic cells within the lung parenchyma. Left: the magnification was x40, scale
bar, 100 pm. Right: the magnification was x100, scale bar, 50 um. (D) Hematoxylin/eosin staining of the liver and pericardial tumors from a male C.B-17/lcr-scid/
scidJel (SCID) mouse injected intravenously with A549 cells (2x10° cells per mouse). Hematoxylin/eosin staining revealed the presence of pleomorphic cells in the
liver and pericardium. Left: the magnification was x40, scale bar, 100 ym. Right: the magnification was x100, scale bar, 50 ym. (E) Immunohistochemical staining
with an anti-human vimentin antibody, double immunofiuorescent detection of PKH26 and DAPI, and hematoxylin/eosin staining of lung tumors from a male
C.B-17/lcr-scid/scid)cl (SCID) mouse injected intravenously with SCL (2x10° cells per mouse). These findings indicated that pleomorphic cells originated from the
SCL which were injected intravenously via a tail vein. The magnification was x100, scale bar, 50 gm.
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Table I. Human extracellular matrix and adhesion molecules PCR array.

Biological process description Gene name Gene symbol Public ID P-value

Extracellular matrix proteins:

collagens & ECM structural constituents Collagen, type IV, alpha 2 COLA4A2 NM_001846 0.049403
Extracellular matrix proteins:

collagens & ECM structural constituents Collagen, type VI, alpha 1 COL6A1 NM_001848 0.003689
Cell adhesion molecules:

cell-cell adhesion Collagen, type VI, alpha 2 COL6A2 NM_001849 0.031248
Extracellular matrix proteins:

collagens & ECM structural constituents Fibronectin 1 FN1 NM_002026 0.005507
Cell adhesion molecules: Integrin, alpha 2 (CD49B, alpha 2

transmembrane molecules subunit of VLA-2 receptor) ITGA2 NM_002203 0.004663
Cell adhesion molecules: Integrin, alpha 3 (antigen CD49C,

transmembrane molecules alpha 3 subunit of VLA-3 receptor) ITGA3 NM_002204 0.037106
Cell adhesion molecules: Integrin, alpha 4 (antigen CD49D,

transmembrane molecules alpha 4 subunit of VL.A-4 receptor) ITGA4 NM_000885 0.005012
Cell adhesion molecules: Integrin, alpha 5 (fibronectin

transmembrane molecules receptor, alpha polypeptide) ITGAS NM_002205 0.048419
Extracellular matrix proteins:

ECM proteases inhibitors Kallmann syndrome 1 sequence KALLl NM_000216 0.005779
Extracellular matrix proteins:

basement membrane constituents Laminin, alpha 1 LAMAL NM_005559 0.014549
Extracellular matrix proteins:

basement membrane constituents Laminin, beta 3 LAMB3 NM_000228 0.009781
Cell adhesion molecules: Matrix metallopeptidase 14

transmembrane molecules (membrane-inserted) MMP14 NM_004995 0.049414
Extracellular matrix proteins:

ECM proteases

Extracellular matrix proteins: Secreted protein, acidic,

basement membrane constituents cysteine-rich (osteonectin) SPARC NM_003118 0.029498
Extracellular matrix proteins:

ECM proteases inhibitors TIMP metallopeptidase inhibitor 2 TIMP2 NM_003255 0.026376
Extracellular matrix proteins:

other ECM molecules Tenascin C TNC NM_002160 0.014765

Functional classification of highly expressed genes in SCLs in comparison to A549.

artery occlusion, we investigated the time course of cell growth
within the pulmonary artery in comparison to A549 cells.

Hematoxylin/eosin staining of the sections of a lung
revealed the presence of pleomorphic cells within the peripheral
vessels on day 1, thus suggesting that they were trapped in the
pulmonary arteries after intravenous injection [Fig. 3A (small
magnification) and B (large magnification)]. The cells spread
in a time-dependent manner, and were detected in more distal
pulmonary arteries on day 7, grew along the intimal surface
of the pulmonary artery in a sheet-like form on day 14, and
resulted in artery occlusion on day 21 (Fig. 3A and B). To our
surprise, there were no other microscopically visible lesions in
any other organs on day 28 after intravenous injection (data not
shown).

Hematoxylin/eosin stain demonstrated that there were no
pleomorphic cells within the pulmonary vessels on day 21 after
intravenous injection of A549 cells. However, these cells devel-
oped tumor-like lesions within the lung parenchyma (Fig. 3C).

Moreover, there were visible tumor-like lesions within not only
the lungs, but also the liver and pericardium (Fig. 3D).

The origin of pleomorphic cells in the pulmonary vessels. To
determine the origin of these pleomorphic cells, immunohisto-
chemical staining with an anti-human vimentin antibody and
double immunofluorescent detection of PKH26 and DAPI using
fluorescence microscopy were performed. The H&E staining
of the sections of a lung indicated the presence of pleomorphic
cells in the pulmonary vessels (Fig. 3E). These occlusive lesions
were composed of some anti-human vimentin positive cells and
some PKH?26 positive cells (Fig. 3E), thus indicating that these
pleomorphic cells could originate from the SCL which were
injected intravenously via a tail vein.

The gene expression of extracellular matrix and adhesion mole-
cules by the SCL and A549 cells as determined by a PCR array.
The different growth patterns between the SCL and A549 cells
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Table II. Human extracellular matrix and adhesion molecules PCR array.

Biological process description Gene name Gene symbol Public ID P-value
Cell adhesion molecules:
other adhesion molecules Contactin 1 CNTN1 NM_001843 0.004029
Cell adhesion molecules:
other adhesion molecules Collagen, type XII, alpha 1 COLI12A1 NM_004370 0.014824
Cell adhesion molecules:
cell-cell adhesion Collagen, type I, alpha 1 COL1A1 NM_000088 0.039601
Cell adhesion molecules:
other adhesion molecules Versican VCAN NM_004385 0.014957
Cell adhesion molecules:
transmembrane molecules Integrin, alpha 1 ITGAL1 NM_181501 0.015272
Cell-matrix adhesion:
cell adhesion molecules Integrin, alpha 6 ITGA®6 NM_000210 0.01777
Transmembrane molecules
cell-matrix adhesion
Extracellular matrix proteins: Matrix metallopeptidase 7
ECM proteases (matrilysin, uterine) MMP7 NM_002423 0.002811
Cell adhesion molecules:
cell-matrix adhesion Secreted phosphoprotein 1 SPP1 NM_000582 0.000198
Extracellular matrix proteins: Transforming growth factor,
other ECM molecules beta-induced, 68 kDa TGFBI NM_000358 0.003123
Functional classification of low expressed genes in SCLs in comparison to A549.
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Figure 4. The results of the extracellular matrix and adhesion molecule PCR array. (A) The genes that were more highly expressed in SCL in comparison to A549
cells. There were increases in the expression of 15 extracellular matrix and adhesion molecule-related genes in SCL in comparison to A549 cells (P<0.05; n=3). See
Table I for definitions of the abbreviations. (B) The genes that were less expressed in the SCL in comparison to A549 cells. There were decreases in the expression of
9 extracellular matrix and adhesion molecule-related genes in the SCL in comparison to the A549 cells (P<0.05; n=3). See Table II for definitions of the abbreviations.

after intravenous injection suggested that the cells have different
pathophigiological behaviors, which may reflect a difference
between epithelial and mescenchymal tumors. Therefore, an
extracellular matrix and adhesion molecules PCR array was
performed to further characterize the SCL.

The array demonstrated that there were increases in the
expression of 15 genes and decreases in the expression of 9 genes
in the SCL in comparison to the expression in A3549 cells (Fig. 4A
and B). The 15 increased genes were COL4A2, COL6AIL,
COL6A2, FNI1, ITGA2, ITGA3, ITGA4, ITGAS, KALL,
LAMAI1,LAMB3,MMPI4, SPARC, TIMP2, and TNC (Table I).

The 9 genes with an decreased expression were CNTNI,
COL12A1,COL1A1, VCAN,ITGA1,ITGA6, MMP7, SPP1, and
TGFBI (Table II).

Discussion

In this study, we reported the characterization of cells derived
from endarterectomized thrombotic tissues obtained from
patients with CTEPH. These cells were defined by their
morphology and immunohistochemical staining as SCL
(Fig. 1A-C). The SCL were isolated from passaged myofibro-
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blast-like cells which had lost their aSMA expression (Fig. 1B)
and had morphologically changed from spindle-shaped cells
to pleomorphic cells characterized by large nuclei (Fig. 1A).
In vitro, these SCL displayed anchorage-independent growth
and hyperproliferative, invasive and tumorigenic behavior
(Fig. 1D-H), raising the question whether pulmonary vessel wall
cell transdifferentiation, dedifferentiation, and/or transformation
play a role in the development of pulmonary intimal sarcoma.

Angiogenesis, evasion of apoptosis, self-sufficiency in
growth signals, insensitivity to anti-growth signals and tissue
invasion are considered the features that characterize a malig-
nant cell, and were described in the landmark paper entitled
‘Hallmarks of Cancer’ by Hanahan and Weinberg (13). We
herein demonstrated that SCL from endarterectomized tissue
were hyperproliferative (Fig. 1D), anchorage-independent
(Fig. 1E and F), invasive (Fig. 1G) and could grow serum-
independently (Fig. 1H). All of these traits displayed in vitro
assays reflect cancer-defining mechanisms, thus suggesting
that, as the SCL, intimal sarcoma cells might originate from
pluripotent mesenchymal-like cells residing in the conduit
vessel endothelium.

The tumorigenic potential of the SCL that were isolated
from the myofibroblast-like cells was further demonstrated
in SCID mice (Fig. 2A-C). However, these cells were isolated
from a single patient. Therefore, it remained unclear whether the
ex vivo conditions, i.e., factors contained in the culture medium,
allowed or induced this transformation or transdifferentiation.
Whether there is indeed only one cell type which has the high
tumorigenic potential also remains unclear, however, there may
be at least two possible sources of the tumorgenic SCL: i) a
resident stem-like fibroblast which grows after intimal injury,
and ii) a bone marrow-derived precursor cell which migrates to
injured arteries during or after thrombus formation.

We reviewed the mechanistic basis of the vascular lesions
in PAH, comparing them with each of the cancer-defining
mechanisms (13-15). Given this quasi-neoplastic lung vascular
cell growth and the cancer-defining mechanisms demonstrated
in the cells in this study, it raises the question whether the cells
contained in the endarterectomized tissue of the patients with
CTEPH possess a latent malignant potential. However, the SCL
were isolated from specimens obtained from only one PEA
subject, and the SCID mice injected with sarcoma-like cells
developed tumors only from the cells isolated from this patient.
The conduit vessel endothelium in CTEPH does not exhibit
quasi-neoplastic potential, and CTEPH is completely different
from neoplastic disease.

Mesenchymal stem cells (MSCs) have the capacity for limit-
less replicative potential as malignant cells, and could transform
themselves from a normal phenotype into a malignant pheno-
type after in vitro passages (16). After intravenous injection
of MSCs into the tail veins of mice, these cells could expand
rapidly within the lung parenchyma, forming osteosarcoma-like
lesions (17). In this study, the bone marrow-derived MSCs which
migrate to injured arteries during or after thrombus formation
may have developed into the SCL under in vitro conditions.
However, the SCL could grow along the intimal surface of the
pulmonary artery in a sheet-like form and result in the occlu-
sion of the artery (Fig. 3A, B and D), suggesting that the SCL
were different from MSCs in terms of their behavior and tumor
progression. This indicates that the SCL. may themselves have
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vascular cell-like potential which leads to their affiliation with
the intimal surface of the pulmonary artery, and may be shared
with pulmonary intimal sarcoma. This is the reason why our
investigation into the characteristics of the SCL may elucidate
the mechanism of pathogenesis of pulmonary arterial intimal
sarcoma.

Although the SCL grew along the intimal surface of the
pulmonary artery, the A549 cells expanded rapidly within the
lung parenchyma, forming lung cancer-like lesions (Fig. 3C),
and resulted in the formation of metastatic lesions in other
organs (Fig. 3D). The differences between the mesenchymal
cells and epithelial cells may be not sufficient to explain the
observed differences between the SCL and A549 cells in
tumorigenicity, because MSCs injected intravenously have the
potential to develop into tumor-like lesions within the lung
parenchyma, similar to A549 cells. Alterations in the expression
of extracellular matrix and adhesion molecule genes (Fig. 4A
and B) may explain the differences in tumorigenicity between
the SCL and A549 cells.

Cell adhesion molecules, including integrins, are receptors
located on the cell surface, through which cells can receive
important signals from their surroundings, i.e., the basement
membrane and extracellular matrix. Laminin is one of the base-
ment membrane proteins, signals from which are transduced
through integrin a3f1 to activate the Akt signaling pathway.
This activated pathway induces anti-apoptotic effects on these
cells (18). The increase in the expression of laminin and integrin
ol genes in the SCL in comparison to A549 cells (Fig. 4A)
(Table T) suggests that there was activation of the Akt pathway
in the SCL, which may be related to the different cell behaviors
between the SCL and A549 cells.

Matrix metalloproteinase (MMP)-7 exhibits proteolytic
activity against components of the extracellular matrix (ECM).
MMP-7 is frequently overexpressed in invasive cancers of various
organs, such as the colon (19), liver (20), lungs (21), and breast (22).
Indeed, MMP-7 induces cancer cell invasion under in vitro
conditions (19,20,23). The observed decrease in the expression
of MMP-7 mRNA (Fig. 4B) (Table II) supports our finding that
there were no microscopically visible lesions in any other organs
after intravenous injection of SCL, although there were metastatic
lesions after intravenous injection of A549 cells (Fig. 3D).

This is, to the best of our knowledge, the first description
and investigation of cells with in vitro and in vivo tumorigenic
potential that were isolated from the surgically removed throm-
botic material of a patient with CTEPH. Whether, and by what
mechanism, these cells with a tumorigenic potential contribute
to the development of pulmonary intimal sarcoma remains
speculative. However, a further investigation of the affinity of
SCL for vascular surfaces in this mouse model may elucidate the
mechanism underlying the development of pulmonary arterial
intimal sarcoma.
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