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hematoxylin and eosin; IVIg: intravenous immunoglobu-
lin; KD: Kawasaki disease; MLR: mixed lymphocytes
reaction method; MZR: mizoribine; NOS: Nitrous Oxide
Systems: PBS; Dulbecco’s phosphate- buffered saline;
SG: saline containing 0.1% glucose.
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Endogenous molecules from damaged tissue act as danger signals to trigger or amplify the
immune/inflammatory response. In this study, we examined whether free heme induced pro-
inflammatory proteins in cultured cells derived from normal hearts and investigated the cells targeted
by heme, together with its mechanism of action in these cells. We cultured collagenase-isolated heart-
derived cells from normal rats and examined whether free heme induced pro-inflammatory proteins,
reactive oxygen species (ROS) production and NF-kB activation, by quantitative RT-PCR, ELISA and flow

;ﬁg:’n‘:ﬁ;mn cytometry. Free heme increased mRNA of various pro-inflammatory proteins in cultured cardiac resident
Macrophages cells (CCRC) (at least 100-fold) and induced intracellular ROS formation. Approximately 85-90% of CCRC
Oxidative stress are fibroblast/smooth muscle cells and 10-15% are CD11bc-positive macrophages; therefore to exam-
Cytokines ine individual target cells, macrophage-deleted (CD11bc-negative) CCRC, primary cultured cells (cardiac
Chemokines fibroblasts, arterial smooth muscle cells and cardiac microvascular endothelial cells) and macrophage

cells lines (NR8383) were similarly treated. Free heme activated NF-kB and induced expression of some
pro-inflammatory proteins, including IL-1 and TNF-« in NR8383. On the other hand, macrophage-deleted
CCRC strongly increased expression of these proteins on treatment with IL-1 or TNF-a, but not free heme.
Induction of expression of pro-inflammatory proteins by free heme was not inhibited by intracellular ROS
reduction, but by protease and proteasome inhibitors capable of regulating NF-kB. These data suggest that
free heme strongly induces various pro-inflammatory proteins in injured hearts through NF-kB activation
in cardiac resident macrophages and through cross-talk between macrophages and fibroblast/smooth
muscle cells mediated inter alia by IL-1, TNF-c.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

In response to cardiac injury, resident cells such as cardiomy-
ocytes, endothelial cells, pericytes, smooth muscle cells, fibroblasts,
mast cells and resident macrophages are thought to rapidly react to
environmental changes and cross-talk mediated by various medi-
ators (Frangogiannis, 2008; Yoshida et al., 2005). Recent reports
have indicated that endogenous intracellular contents released by
dying cells initiate an intense inflammatory response by activat-
ing the innate immune mechanism. Heat shock proteins (Chen

Abbreviations: CCRC, cultured cardiac resident cells; CRC, cardiac resident
cells; EAM, experimental autoimmune myocarditis; HO-1, heme oxygenase-1; IL-
1, interleukin-1; Lcn2, lipocalin-2; ROS, reactive oxygen species; RASMC, rat aortic
smooth muscle cells; RCF, rat cardiac fibroblasts; RHMVEC, rat heart microvascular
endothelial cells; TLCK, Tosyl-Lys-chloromethylketone; TPCK, Tosyl phenylalanyl
chloromethyl ketone.

* Corresponding author. Tel.: +81 25 227 2185; fax: +81 25 227 0774.
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et al., 1999), hyaluronan (Scheibner et al., 2006), fibronectin frag-
ments (Okamura et al., 2001) and uric acid (Shi et al., 2003) serve
as “danger signals” that trigger an inflammatory cascade. Even in
the absence of microbial pathogens, “danger signals” can activate
the innate immune system (Frantz et al., 2007; Shi et al., 2003;
Trendelenburg, 2008). However, the identity of “danger signals”
in myocardium remains largely unknown; nor is it known which
resident cells react to these signals and produce pro-inflammatory
proteins such as cytokines and chemokines.

On the other hand, our previous gene expression analysis
in hearts of rats with myocarditis by DNA microarray and real
time RT-PCR has demonstrated that gene expression of several
iron metabolism-related proteins, such as lipocalin-2/NGAL/alpha-
2. globulin-related protein (Lcn2/NGAL), hepcidin and heme
oxygenase-1(HO-1),is markedly increased in such cardiomyocytes
(Dingetal., 2010; Isoda et al., 2010; Watanabe et al., 2008). The role
of these proteins in injured hearts still remains largely unknown;
however, this finding led us to hypothesize that resident cells in
injured hearts are rapidly and strongly influenced by a molecule
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Fig. 1. Immunohistochemical staining and flow cytometry of CCRC from normal hearts. CCRC were isolated from the hearts of 8-week old normal rats and cultured for 2 weeks
on chamber slides. (A) May-Giemsa stain, (B) CD11bc, (C) a-smooth muscle actin, (D) collagen type III, (E) factor VIII-related Ag, (F) rabbit serum as a negative control, (G)
mouse IgG2a as a negative control, and (H) flow cytometry of CCRC. Bar represents 50 p.m.

containing iron, which is critically involved in inflammation. In
other words, it has been speculated that this may be one of the
“danger signals” released from damaged cardiac tissue. In fact,
cardiomyocytes are a cell type containing a large amount of iron
(Brown et al., 2007). Cardiomyocytes must maintain high intra-
cellular oxygen levels to generate sufficient energy for contraction
and relaxation (Wittenberg and Wittenberg, 1987); therefore, car-
diomyocytes possess high levels of myoglobin containing heme
(iron protoporphyrin IX), which is involved in oxygen storage and
facilitation of oxygen diffusion to the mitochondria (Wittenberg
and Wittenberg, 2003). On the other hand, serum myoglobin is
also a biomarker for the early detection of myocardial infarction
(Stone et al., 1975). This means that, in case of cardiac injury,
myoglobin is released into the extracellular space and leaks into
the circulation. Moreover, it suggests that dispersed myoglobin is
partially degraded in cardiac lesions, thereby increasing the con-
centration of free heme at the site of damage (Nakahira et al,,
2003). Because free heme is highly lipophilic, it will rapidly inter-
calate into the lipid membranes of adjacent cells (Beri and Chandra,
1993). Recent studies have revealed that free heme is a potent
pro-oxidant by virtue of its ability to promote reactive oxygen
species (ROS) formation (Hasan and Schafer, 2008); furthermore,
ROS are involved in interleukin-1 (IL-1) production by trigger-
ing inflammasome signaling (Allen et al., 2009; Cruz et al., 2007).
Moreover, free heme has also been reported to induce the expres-
sion of pro-inflammatory adhesion molecules both on endothelium
and blood cells (Wagener et al., 1997, 2001), monocyte chemoat-

tractant protein (MCP)-1 in immortalized proximal tubular cells
(Kanakiriya et al., 2003) and tumor necrosis factor (TNF)-« in peri-
toneal macrophages (Figueiredo et al., 2007). Free heme is a major
regulator of gene expression (Tsiftsoglou et al., 2006).

For these reasons, we here investigated whether ferriproto-
porphyrin IX (hemin), into which heme released from globin
is converted by iron oxidation in the presence of chloride ions
(Tsiftsoglou et al., 2006), induced pro-inflammatory proteins in
heart. Approximately 75% of the total cell number in normal heart
is considered to be non-cardiomyocytes in the interstitium (Zak,
1973) and the majority are fibroblasts (Eghbali et al., 1988). On
the other hand, recent studies have suggested that tissue resi-
dent macrophages react to endogenous products of damaged cells
and tissues (Medzhitov, 2008; Zitvogel et al., 2010). In this study,
we have investigated the influence of hemin on cultured car-
diac resident cells (CCRC) with cardiac resident macrophages and
fibroblasts.

2. Materials and methods
2.1. Conditions for culture of cardiac resident cells

Cardiac resident cells (CRC) were isolated by forcing asepti-
cally well-washed hearts of 8-week-old normal male Lewis rats
through a 200-gauge stainless steel mesh after trypsin and col-
lagenase digestion using 0.25% trypsin-EDTA solution (Invitrogen
Life Technologies, Tokyo, Japan) plus 0.0075% collagenase Type
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Fig. 2. Flow cytometric and cytospin analyses (A) of CRC from normal hearts before and after sorting of CD11bc-positive cells and immunohistochemical staining of a normal
heart (B). (A) CD11bc-positive cells of CRC were removed by a MACS magnetic cell sorting system (from 11.91% to 0.32%). Cytospin preparations of CD11bc-positive cells
revealed that they were granulocytes (approximately 40%) and macrophage-like cells (approximately 60%). (B) CD11bc immunostaining of a normal heart. CD11bc-positive

cells (arrows). Bar represents 10 pm.

II (Invitrogen), at 37°C for 20 min. Cells were then hemolyzed
in 0.17M Tris buffer supplemented with 0.83% NH4Cl and were
separated by passing through 125 pum stainless steel sieves to
remove necrotic debris. CRC were cultured for 2-3weeks on
35-mm-well dishes in 2ml RPMI medium supplemented with
10% heat-inactivated FBS, 100 unit/ml penicillin, and 100 pLg/ml
streptomycin. These were the cultured CRC (CCRC) used for hemin-
stimulation experiments. CD11bc-negative CCRC were prepared
as follows. The above-described CRC were separated using PE-
conjugated CD11bc (0X-42) (Pharmingen, San Diego, CA), anti-PE
micro beads (Miltenyi Biotec, Bergisch Gladbach, Germany) and
a MACS magnetic cell sorting system (Miltenyi Biotec). CD11bc-
positive and -negative CRC were confirmed by flow cytometry and
CD11bc-positive CRC were used for cytospin preparations to exam-
ine morphology. CD11bc-negative CRC were purified for culture as
follows: Cells were cultured for 2-3 weeks on 35-mm-well dishes in
the above-mentioned medium and were used as CD11bc-negative
CCRC for hemin-stimulation experiments. Cultured cells for exper-
iments were maintained by changes of the above-described media
every 3-4 days until 80-90% confluent.

2.2. Culture of primary cells and cell lines

Primary rat aortic smooth muscle cells (RASMC) (VEC Tech-
nologies Inc., Rensselaer, NY) and primary rat heart microvascular
endothelial cells (RHMVEC) (VEC Technologies Inc.) were main-
tained in CS-C Medium Kits R (DS Pharma Biomedical Co. Osaka,
Japan) and primary rat cardiac fibroblasts (RCF) were maintained
in rat fibroblast growth medium (CELL Applications Inc.). The
rat NR8383 macrophage cell line (American Type Culture Collec-
tion, Manassas, VA) was maintained in Ham'’s F12K medium with
2 mM L-glutamine and 15% heat-inactivated FBS, 100 unit/ml peni-
cillin and 100 p.g/ml streptomycin. Cultured cells for experiments
were maintained by changes of the above-described media every
3-4days until 80-90% confluent.

2.3. Flow cytometry

Direct staining of CCRC, CRC before sorting and CD11bc-negative
CRC immediately after sorting was carried out with phycoerythrin
(PE)-conjugated mouse monoclonal antibodies against rat CD11bc
(clone OX-42) (BD Pharmingen), fluorescein isothiocyanate (FITC)-
conjugated mouse monoclonal antibodies against rat RT1B (MHC
class I antigen, I-A) (OX-6) (BD Pharmingen); cells were then ana-
lyzed using a FACScan flow cytometer (Becton Dickinson).

2.4. Stimulation and inhibition of cultured cells

Stock solutions of hemin (iron protoporphyrin chloride)
(Sigma-Aldrich, St. Louis, MO) were prepared in 0.01N NaOH.
CCRC (n=4), CD11bc-negative CCRC (n=4), primary cells (n=4)
and NR8383 (n=4) were stimulated with hemin and har-
vested sequentially over the following 24 h. Lipopolysaccharide
(LPS) was purchased from Sigma-Aldrich. The superoxide scav-
enger Tiron (4,5-dihydroxy-1,3-benzenedisulfonic acid, 10 mM)
(Sigma-Aldrich) was added 3h before hemin-stimulation. The
proteinase inhibitors, Tosyl phenylalanyl chloromethyl ketone
(TPCK, 25puM) (Sigma-Aldrich), Tosyl-Lys-chloromethylketone
(TLCK, 300 wM) (Sigma-Aldrich) and the proteasome inhibitor,
Bortezomib (10 wM) (Toronto Research Chemicals, North York,
Canada), which also act as NF-kB inhibitors, were added 1h
before hemin. CD11bc-negative CCRC (n=4) were stimulated with
2.5ng/mlratIL-1a (Peprotech, London, UK) and 10 ng/ml rat TNF-o
(R&D Systems, Minneapolis, MN) and harvested sequentially over
the following 24 h.

2.5. Real-time polymerase chain reaction

Total RNA was isolated from the materials described above
using Trizol (Invitrogen, Tokyo, Japan). cDNA was synthesized from
2 to 5 pg of total RNA with random primers and murine Moloney

— 141 —



K. Hao et al. / Molecular Immunology 48 (2011) 1191-1202

1194

MCP-1

IL-1B

IL-1B

IL-1B

e

<

Wil 0§ el
x
M Ei T 01 uruog
H
Wil 7 urwoy
AT 70 oy
(-) urwoy
2 & = & 3

M 0§ WWOH
W 01 usy
M 7 unuopy

WH 40ty

(-) oy
g 2z & & & 2
Sdd u
[/ [ 81
% (+) Ty sgd ur
* Tw/d [ §d1
i
3
) Sd1
e & & oz
HOEN NI0'0 0
A 0§ uroH
i
% () sy Sgd ut
* Wil 0g unuey
(-) umoy
e 2 £ = &

(8) VN 12301 / szoquunu Adoo yNW

T UAH
R AR
149 unmoy
JYE uuay
Ty uoy
Iy WWoR

') UWoH
(-) unwoy

MCP-1
Ak

Frk
oy FEE FHK g

1010
10°
108
107
108
10°
104
10°

YT URUDK
T URIOH
149 unuoH
Tyg WnuoH
TqZ uoR
1Y unuoy

I4g°Q WMol
(-) oy

o FER KX

IL-6

10°
108
107
106
108
104

N.D.

Jpg uIoH
HZ] uuoy
g utoy
Tyg ufol
Tz unuoy
Jy| uRuoK

TG0 IO
() unwagy

~~,
~-,

ak FRE gy

:

1

10°
108
107
108
10%
04
10°
10
10°
108
107
108
10%
0
10%

pz uwoy
] woE
9 UK
g uuoR
T unoy
Ty ua
s o unwoyy
(<) unuogy

IL-1p

&5 & &% & & %

(84) v 12101 / S1oquinu Adod YR

pT WU
YT UIoE]
A9 ulueH
HYg uway
Y uRusH

CINC-2

[ uwoH
g0 uRal
() wwey

*
*

*

*
*
*
*

*

*

*
»*
*

*
H
*
*
*

1010
10°
108
107
108
103
104
10°

g UOH
T E uway
29 unuoK
Mg uoy
Xz Wy

CINC-1

1wy
TG0 UIOY
(-) unuoy

1010,
10°
108
107
106
10%
104
10°

bz wuaE
gy wwoy
1y unay

Ak EEK

TYE UK

g W
f} U

MIP-1a

TG"Q WK
() vwoy

Ty UTWOE
T wwol
19 uoH
TYE U
Ty oy
J| oy

() UMDY
(=) oy

worr KRk

MIP-2

<
\
\
i
5}
SZ
—
\
\
\
\
\
\
\
=}
z

5858835 2

= s = 2=

(81) v 12103 / srequunu Adod Ny

10

*

Ty uwoy
I o
19 R
g Wy
az C_Eum
| uRuoRy

g°) Uy
(-) umoy

ko KEE

Cox-2

10°
108
107
108

B A
T USR]
g 9 uNuoEY
g WA
Tz Uy
y g

G-CSF
4%
whk
’
! -
o ~.
N.DN.DN.D”"N.D.
] .

54

TG0 WK
() utooy

&

10°
108
107
108
108
104
10

L npg unnoy
[ uuaK
9 urwOFp
¢ U]
g U]
Ty unop]

R
-

Rk

GM-CSF

4
4
7

N.DN.D.= === N.D.N.D.~

G0 WO
() vy

!

ig. 3. IL-13 mRNAs in NR8383 stimulated with hemin and LPS in 0.01 N NaOH or PBS for 12 h (A). Hemin suspension and LPS solution in PBS were filtered with 0.22 pm filter.

[L-18 and MCP-1 mRNAs in CCRC stimulated with serially diluting hemin for 24 h (B) and pro-inflammatory protein mRNAs and iron-related proteins in CCRC (closed circles)

10%
108
107
108
10%
o
1]

1
1

T wwek
nET oK
g o
g UK
Tz umoy
I UIUSH

o REE L
MN.Dem=aN.D.

\

.

CCLS

Ty WHIOH
(-) wway

-
o
NDZ

& 3 5 B

PN
=]

10)0
108

(81) v 12101 / sxoquunu £dos yaRIW

Ng Ul
T Uy
H Y9 unuoK
TyE UnuoK
Ty wweR
T urwoRy

FEE enn

Lipocalin-2/NGAL

TG0 WIOE
(=) uwopy

l

1010
10°
108
107
108
108
104

3 g vIwoH
H TZ] uwoy
B 9 wwoy
g unoR
Tz uwop
[ unuoyy

HO-1
*

GO UIOE
(=) uwoy

10°
108
107
108
108
104

Aypg vwoy
g1 wway
49 UHoH
TYg Uy
YT WwoH
I WweH

10
iINOS ok FEK ok 10

YT WO
(-) vnuoy

10%
108
107
106
10%
104
10

JyyT wsy
| wwayy
g oy
g wwoy
Tz wwoy
Ty UnuoR

TR gn

PGES

HYG"Q UMK
(-} unog

% % % 8 % 3% 3

B - =

(8) VN 12303 / ssequnu Adod Ry

and CD11bc-negative CCRC (open circles) stimulated with 20 WM hemin (C). mRNAs were measured by quantitative RT-PCR. Results are representative of three independent

experiments. Statistical assessment was performed by one-way ANOVA and Bonferroni's multiple comparison test. ***P<0.001 vs hemin (-)

vs hemin ().

*P<0.05

**P<0.01 vs hemin(-);
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Fig. 4. IL-1(3 and TNF-a concentrations in CCRC culture medium (A) and alteration of CD11bc-positive cells morphology 24 h after hemin treatment (B). CCRC were stimulated
with 20 uM hemin. Protein concentrations were measured by ELISA. Statistical assessment was performed by one-way ANOVA and Bonferroni's multiple comparison test.

***P<0.001 vs hemin (—); **P<0.01 vs hemin (—). Bar represents 50 p.m.

leukemia virus reverse transcriptase. To create the plasmids
used for the standard, mRNA of rat IL-1[3, TNF-q, IL-6, MCP-1,
macrophage inflammatory protein (MIP)-1a, MIP-2, cytokine-
induced neutrophil chemoattractant (CINC)-1, CINC-2, chemokine
(C-C motif) ligand 5 (CCL5), granulocyte colony-stimulating
factor (G-CSF), granulocyte-macrophage colony-stimulating
factor (GM-CSF), cyclooxygenase-2 (Cox-2), prostaglandin E
synthase (PGES), inducible nitric oxide synthase (iNOS), HO-
1 and Lcn2/NGAL were amplified from a rat experimental
autoimmune myocarditis heart-derived cDNA library using the
primer pairs (MIP-1a, sense primer 5'-ccttgctgttcttctctgeac-
3’ and antisense primer 5’-catttagttccagctcagtgatgt-3’;
CINC-1, sense primer 5’-acccgctcgcttctctgt-3’ and antisense
primer 5’-cctttagcatcttttggacaatct-3’; CCL5, sense primer 5'-
tgaagatctccacagctgcat-3’ and antisense primer 5'-attcttgaac-
ccacttcttctctg-3’; G-CSF, sense primer 5'-cttaagtccttggagcaagtgag-
3’ and antisense primer 5’-atccaggtgaagcatatccaag-3’; GM-CSF,
sense primer 5’-atgtagatgccatcaaagaagctc-3’ and antisense primer
5’-ctttatgaaatcctcaaaggtggt-3’; HO-1, sense primer 5’-agtctatgcc-
ccactctacttcc-3’ and antisense primer 5'-acgatagagctgtttgaacttggt-
3’) and the primers as reported previously (Chang et al., 2006; Ding
et al., 2010; Elnaggar et al., 2005; Liu et al.,, 2005; Yoshida et al.,
2005). PCR-amplified cDNA inserts were directly inserted into
the pGEM-T easy vector, and recombinant plasmids were isolated
following transformation into Escherichia coli JM109-competent
cells using a MagExtractor plasmid kit (Toyobo, Osaka, Japan).
Absolute copy numbers of their mRNA were also measured by
quantitative real-time RT-PCR using a LightCycler instrument
together with the same primers and SYBR Premix Ex Taq (Takara,
Otsu, Japan) used with our previously reported protocol (Chang
et al., 2006). The absolute copy numbers of particular transcripts

were calculated by LightCycler software using a standard curve
approach.

2.6. Detection of IL-18 and TNF-« in culture medium

The concentrations of IL-1f3 and TNF-a in CCRC (n=4) stimu-
lated by hemin for 0.5, 1, 2, 3, 6, 12, and 24 h were measured using
arat IL-1f3 ELISA kit and a rat TNF-a ELISA Kit (R&D Systems).

2.7. Immunohistochemical staining of cultured cells and normal
rat heart

For characterization of CCRC, the above-described CRC were
cultured for 2 weeks on sterile Lab-Tek II chamber slides (Nalge
Nunc International, Roskilde, Denmark) and were stimulated with
20 M hemin for 24h to examine alterations of cells morphol-
ogy and frozen at —20°C. The heart of a normal 8-week male
Lewis rat was embedded in Tissue-Tek OCT compound (Miles Inc.,
Elkhart, IN) and frozen at —80°C. Transverse sections 6 pm-thick
were cut from the mid-ventricle slice with a cryostat. Slides were
fixed with buffered methanol-acetone for 45s and then placed in
peroxidase-blocking solution (DakoCytomation, Vienna, Austria)
for 30 min to block endogenous peroxidase activity. Slides were
immunostained with mouse monoclonal a-smooth muscle actin
Abs (Sigma-Aldrich), rabbit anti-factor VIII-related Ag Abs (Zymed
Laboratories, South San Francisco, CA), rabbit anti-rat collagen
type III Abs (Monosan, Uden, Netherlands), and mouse anti-rat
CD11bc Abs (0X-42) (BD Pharmingen). The slides were washed
in 0.05M TBS three times. Immunodetection was performed
using biotinylated anti-rabbit and anti-mouse Igs (LSAB2 Kkit;
DakoCytomation) followed by horseradish peroxidase-conjugated
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Fig. 5. Pro-inflammatory protein mRNAs and iron-related proteins in RCF (open circles), RASMC (closed squares), RHMVEC (open squares) and NR8383 (open triangles).
Cultured cells were stimulated with 20 WM hemin and mRNAs were measured by quantitative RT-PCR. Results are representative of three independent experiments. Statistical
assessment was performed by one-way ANOVA and Bonferroni's multiple comparison test. ***P<0.001 vs hemin (—); **P<0.01 vs hemin (-); *P<0.05 vs hemin (-).

streptavidin and 3,3’-diaminobenzidine (DAB) substrate (Dako-
Cytomation). The sections were lightly counterstained with
Mayer's hematoxylin. Negative control slides were incubated
with either mouse IgG2a or normal rabbit serum instead of
the primary Ab. Cytospin preparations of CD11bc-positive CRC
and the slides containing CCRC were also stained with May-
Grunwald/Giemsa.

2.8. ROS detection by flow cytometry

Intracellular ROS levels in CCRC were measured by the
CM-H2DCFDA  assay using 5-(and-6)-chloromethyl-2',7'-
dichlorodihydrofluorescein diacetate, acetyl-ester (Molecular
Probes, Eugene, OR). These analyses were performed four times
independently. CCRC were maintained in the above-described
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Fig. 6. Pro-inflammatory protein mRNAs and iron-related proteins in CD11bc-negative CCRC. Cultured cells of CD11bc-negative CRC were stimulated with 2.5 ng/ml IL-
1a (closed circles) and 10 ng/m! TNF-a (open circles) and mRNAs were measured by quantitative RT-PCR. Statistical assessment was performed by one-way ANOVA and
Bonferroni's multiple comparison test. ***P<0.001 vs stimulation (~); **P<0.01 vs stimulation (—); *P<0.05 vs stimulation (-).

media until 80-90% confluent, switched to 1ml phosphate
buffered saline (PBS) with CM-H2DCFDA and treated with hemin
for 1h. CCRC were washed in PBS and detached by chang-
ing to 2ml 0.25% trypsin—-EDTA. CCRC were suspended in PBS
with 0.002% trypan blue and analyzed using a FACScan flow
cytometer. To inhibit ROS production, Tiron (4,5-dihydroxy-
1,3-benzenedisulfonic acid) (Sigma-Aldrich) was added 3h

before hemin stimulation and was also added in PBS with
CM-H2DCFDA.

2.9. Quantification of NF-xB activation

NR8383 (n=4) were stimulated with 20 pM hemin for 1h and
nuclear protein fractions were prepared using the Nuclear Extract
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Fig. 7. Intracellular ROS levels (A-1 and A-2) and mRNAs of pro-inflammatory proteins and lipocalin-2/NGAL (B) in CCRC. (A) Intracellular ROS levels in CCRC were measured
by flow cytometry. CCRC in PBS with CM-H2DCFDA were stimulated with hemin for 1 h. 10 mM Tiron was added 3 h before hemin stimulation. Flow cytometry results shown
(A-1) are representative of four independent experiments. Mean fluorescence intensities (A-2) were analyzed from four experiments. Statistical assessment was performed
by one-way ANOVA and Bonferroni’s multiple comparison test. **P<0.01. (B) mRNAs were measured by quantitative RT-PCR. CCRC were stimulated with 20 uM hemin in
RPMI medium containing 10% FBS and 10 mM Tiron was added 3 h before hemin stimulation. These analyses are representative of three independent experiments. Statistical
assessment was performed by one-way ANOVA and Bonferroni’s multiple comparison test. *P<0.05 vs hemin (+).

Kit (Active Motif, Carlsbad, CA). The activity of NF-kB subunit p65
was determined with the Trans-AM NF-kB ELISA kit and Recombi-
nant NFkB p65 protein (Active Motif).

2.10. Statistical analysis

Statistical assessment was performed by one-way ANOVA and
Bonferroni’s multiple comparison test or non-paired Student’s
t-test. Differences were considered significant at P<0.05. Data
obtained from quantitative RT-PCR, ELISA and mean fluorescence
intensity were expressed as the mean + SEM.

3. Results
3.1. Characterization of cardiac resident cells and CCRC

Immunohistochemistry of CCRC showed that most cells were
a-smooth muscle actin- and collagen type IlI-positive, which were
concluded to be smooth muscle cells or fibroblasts; some were
CD11bc-positive cells, which were concluded to be macrophages;
however there were no cardiomyocytes and no factor VIlI-related
Ag-positive cells which would have indicated the presence of
endothelial cells (Fig. 1A-E). Flow cytometry of CCRC demon-

strated that approximately 10-15% were CD11bc-positive, 1%
were RT1B (MHC class II)-positive and 80-90% were all-negative
cells, which were concluded to be smooth muscle cells or
fibroblasts (Fig. 1H). Flow cytometry of CRC immediately before
culture demonstrated that approximately 10% were CD11bc-
positive cells, which were almost completely removed after sorting
(Fig. 2A). Most of the CD11bc-positive cells were neutrophils
and macrophages, but after culture, neutrophils disappeared and
only mononuclear cells thought to be macrophages remained
(Figs. 1B and 2A). Immunohistochemical staining of normal rat
heart showed that CD11bc-positive cells concluded to be cardiac
resident macrophages were broadly distributed (Fig. 2B).

3.2. Change of gene expression, protein production and
alterations of morphology by hemin in cultured cells

First, we ruled out possible LPS contamination by two meth-
ods that make use of the different solubilities of hemin and LPS in
phosphate-buffered saline (PBS). Hemin seems to be soluble not in
PBS but in water with NaOH. On the other hand, LPS seems to be
soluble also in PBS. In the first method, we used Endotoxin Detec-
tion System (GenScript USA Inc., Piscataway, NJ) measuring with a
spectrophotometer and did not detect LPS endotoxin contamina-
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Fig. 8. NF-kB activation, pro-inflammatory protein mRNAs and iron-related proteins in NR8383 and CCRC. (A) NF-kB activation in NR8383 was measured by ELISA. NR8383
were stimulated with 20 wM hemin for 1 h. Statistical assessment was performed by non-paired Student’s t-test. ***P< 0.001. (B) mRNAs in CCRC were measured by quantitative
RT-PCR. (C) mRNAs in NR8383 were measured by quantitative RT-PCR. CCRC (B) and NR8383 (C) were stimulated with 20 .M hemin. 25 uM TPCK, 300 .M TLCK and 10 uM
Bortezomib were added 1 h before hemin stimulation. These analyses (B and C) are representative of three independent experiments. Statistical assessment was performed
by one-way ANOVA and Bonferroni's multiple comparison test. ***P<0.001 vs hemin (+); **P<0.01 vs hemin (+); *P<0.05 vs hemin (+).

tion in the hemin-free and colorless filtrate that was obtained by
passing hemin suspension in PBS through 0.22 pm filter (Millipore,
Billerica, MA) (data not shown). In the other method, we examined
induction of IL-1 in NR8383 by previously described hemin-free
filtrate. IL-1 expression in NR8383 was markedly induced not by
hemin-free filtrate but by hemin solution in NaOH (Fig. 3A). Because
LPS is soluble in PBS, LPS in PBS must pass through 0.22 pm filter.
In fact, we found that IL-1 expression was markedly induced by LPS

in PBS passed through 0.22 pm filter as well as by that before fil-
tration (Fig. 3A). These findings indicate no LPS contamination in
hemin.

Next, we examined induction of various gene expressions
by hemin. Surprisingly, hemin induced IL-13 and MCP-1 mRNA
expression in a dose-dependent manner (Fig. 3B) and marked
mRNA expression of various pro-inflammatory proteins in CCRC
(Fig. 3C). In all cases mRNA expression was increased by at least
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100-fold within 24 h after addition of hemin. Protein levels of IL-
1B and TNF-a in CCRC culture medium also markedly increased
after addition of hemin (Fig. 4A). Treatment with hemin dramat-
ically altered the morphology of CD11bc-positive cells. Almost
all CD11bc-positive cells became activated macrophage that were
characterized by an increase in size, and changes of shape (Fig. 4B).
Gene expression of iron metabolism-related proteins such as HO-1
and Lcn2/NGAL also greatly increased, by at least 100-fold (Fig. 3C).
However, in the case of CD11bc-negative CCRC, RASMC, RHMVEC
and RCF, expression of only a few pro-inflammatory and iron-
related proteins slightly increased after hemin stimulation and in
most cases there was no increase (Figs. 3Cand 5). On the other hand,
expression of IL-1[3, TNF-a, MIP-1c, MIP-2, G-CSF, iNOS, HO-1 and
Lcn/NGAL strongly increased in NR8383 (Fig. 5), while expression
levels of some other proteins such as CINC-1,CINC-2, Cox-2, and
PGES did not increase or only slightly increased, unlike the effects
seen in CCRC (Figs. 3C and 5).

3.3. Change of gene expression by IL-1 and TNF-« in
CD11bc-negative CCRC

Expression of pro-inflammatory and iron-related proteins in
CD11bc-negative CCRC did not increase after hemin stimulation
(Fig. 3C); however, on IL-1a- or TNF-a-stimulation, expression of
most of these proteins was strongly increased to a similar extent as
in CCRC after addition of hemin (Fig. 6).

3.4. Intracellular ROS production and NF-«B activation by hemin
and effect of inhibitors of ROS and NF-«kB

Intracellular ROS production in CCRC was significantly induced
by hemin stimulation (Fig. 7A). The superoxide scavenger Tiron
almost completely suppressed the induction of intracellular
ROS (Fig. 7A). However, Tiron did not suppress expression of
pro-inflammatory proteins and iron-related proteins in CCRC stim-
ulated with hemin (Fig. 7B). NF-kB activation in NR8383 was
significantly induced by hemin stimulation (Fig. 8A). TPCK, TLCK
and Bortezomib, which were proteasome inhibitors and therefore
also acted as NF-kB inhibitors, strongly suppressed expression of
most pro-inflammatory proteins in CCRC; in contrast however,
expression of HO-1 was increased (Fig. 8B). These findings were
also observed in NR8383 (Fig. 8C).

4. Discussion

Several novel findings emerged from this study. First, hemin
induced various pro-inflammatory proteins also in CCRC, which
were cultured in ordinary medium, though free iron did not
induce them (data not shown). Hemin itself is thought to induce
them because we ruled out LPS contamination as described above
(Fig. 3A) and bacterial contamination by microscopic observations.
Second, hemin-targeted cells were mainly cultured cardiac res-
ident macrophages. They were also morphologically altered by
hemin stimulation. Third, IL-1 and TNF-a induced various pro-
inflammatory proteins in cardiac resident smooth muscle cells,
fibroblasts, etc. Our study didn’t find that IL-6 induced expres-
sion of proinflammatory proteins such as MCP-1 et al. (data not
shown). In particular, IL-1 and TNF-« are considered to be impor-
tant cytokines because they are widely known to induce many
other pro-inflammatory proteins (Dinarello, 1991; Wallach et al,,
1999). IL-1 and TNF-« are thought to be produced by macrophages
which are hemin-targeted cells. The macrophage cell line NR8383,
as well as CCRC containing CD11bc-positive cells (cardiac resi-
dent macrophages) also increased expression of IL-13 and TNF-a
on hemin stimulation; however, CD11bc-negative CCRC did not.
Our previous studies demonstrated that IL-1 and TNF-a producing

cells in rat autoimmune myocarditis were almost all CD11bc-
positive cells (Liu et al., 2005; Yoshida et al., 2005). On the
other hand, CD11bc-negative CCRC increased expression of vari-
ous pro-inflammatory proteins via IL-1 or TNF-a stimulation but
not via hemin stimulation. These findings indicated that CD11bc-
positive CCRC stimulated by hemin produced IL-1, TNF-q, etc.
while CD11bc-negative CCRC enhanced production of various pro-
inflammatory proteins via IL-1- and TNF-« stimulation.

The existence of cardiac resident macrophages was reported
almost twenty years ago (Smith and Allen, 1992; Spencer and
Fabre, 1990), but little is known about their role. The results of our
immunohistochemical and flow cytometric analyses showed that
CD11bc-positive cells (cardiac resident macrophages) were widely
distributed in normal rat hearts. Cardiac resident macrophages
may be a key cell type in the pathogenesis of cardiac inflamma-
tion and remodeling. Tissue-resident macrophages are thought
to constitute 10-15% of most tissues (Medzhitov, 2008). Recent
studies have revealed that Kupffer cells (Seki and Brenner, 2008),
Langerhans cells (Berger et al., 2006), and microglia (Block et al.,
2007), which are tissue resident macrophages, react to damage-
associated molecular patterns (Medzhitov, 2008; Zitvogel et al.,
2010), and their importance in tissue injury has been empha-
sized. Microglia have been implicated as active contributors to
neuron damage in various neurodegenerative diseases (Block et al.,
2007). Further studies are needed to assess the role of cardiac res-
ident macrophages in various heart diseases such as myocardial
infarction, myocarditis and cardiomyopathy. Moreover, CD11bc-
negative cells (cardiac smooth muscle cells, fibroblasts, etc.) are
suggested to play an important role in enhancing inflammation.
Our previous study of rat autoimmune myocarditis demonstrated
that MCP-1, IL-6, Cox-2, PGES, and CINC-2 were mainly expressed
in these cells rather than in CD11bc-positive cells (Chang et al.,
2006; Yoshida et al., 2005). Though cardiac smooth muscle cells
and fibroblasts have generally been considered to be important for
cardiac repair (Frangogiannis, 2008; Porter and Turner, 2009), our
studies suggested that these cells initially promote inflammation
and injury in hearts and may be supporting players in inflammation
via cross-talk with resident macrophages.

Our recent studies have demonstrated that expression of iron-
related proteins strongly increases in myocarditis and myocardial
infarction (Ding et al., 2010; Isoda et al., 2010; Watanabe et al.,
2008) and these results have provided the motivation for the
present study. In fact, free heme strongly induced expression of
HO-1 and Lcn/NGAL in CCRC. Although it is well known that
hemin induces HO-1 expression (Kanakiriya et al., 2003; Tsiftsoglou
et al., 2006), the induction of Lcn/NGAL by hemin stimulation has
not been previously reported. Expression of Lcn2/NGAL has been
reported to be induced by IL-1 (Cowland et al., 2003; Yndestad et al.,
2009). Our present study demonstrated that Lcn2/NGAL expression
in CD11bc-negative CCRC was induced not by hemin but by IL-1.
The induction of Lecn/NGAL in this study is thought to be due to the
production of IL-1 by hemin stimulation in CD11bc-positive cells.
Lcn2/NGAL transports extracelluar iron into cells or exports intra-
cellular iron from cells. Large amounts of hemin in injured hearts
induce HO-1 production and are catabolized by HO-1; thus iron is
thought to accumulate in such hearts. Lcn2/NGAL may transport
extracellular iron into macrophages, fibroblasts, smooth muscle
cells, etc. Since extracellular iron seems to generate ROS (Halliwell
and Gutteridge, 1992), Lcn2/NGAL may suppress ROS production
and reduce cardiac injury by storage of iron in ferritin (Balla et al.,
1992).

For the first time, we have investigated whether the induction
of pro-inflammatory proteins by hemin stimulation was dependent
on the production of ROS. This was because there have been some
reports of upregulation of Egr-1 and IL-8 expression via ROS (Hasan
and Schafer, 2008; Natarajan et al., 2007); it has also been pro-
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posed that ROS may be important for inflammasome activation,
which is involved in processing and secretion of IL-1f3 (Church
et al.,, 2008; Cruz et al., 2007; Dostert et al., 2008) However, the
results of the present study did not suggest that increase of pro-
inflammatory protein expression was dependent on ROS. On the
other hand, hemin induced NF-«B activation, while protease and
proteasome inhibitors strongly suppressed the induction of pro-
inflammatory protein expression. This suppression by protease and
proteasome inhibitors, which inhibit IkB degradation, suggests that
hemin induces expression of pro-inflammatory proteins via NF-kB
activation. In one report, free heme induced TNF-a secretion by
macrophages in a TLR4-dependent manner (Figueiredo etal., 2007).
The TLR4 ligand LPS produces large amounts of pro-inflammatory
cytokines such as IL-1 and TNF-« (Eskay et al., 1990). and it is well
known that signaling by LPS, IL-1 and TNF-a induces NF-kB acti-
vation by the degradation of IkB in proteasomes (Baldwin, 1996).
On the other hand, the present study showed that protease and
proteasome inhibitors enhanced hemin-induced HO-1 expression,
in contrast to expressed pro-inflammatory proteins. Some previ-
ous studies reported that the protease inhibitor MG-132 increased
HO-1 expression and that the mechanism depends on inhibition of
degradation of Nrf2, a stress-responsive transcription factor (Chen
and Regan, 2005; Dreger et al., 2009). Our results agree with these
previous studies. The induction of expression of various genes by
free heme seems to be caused by a number of different signaling
pathways.

Our study has shown that free heme, a stimulator of ROS produc-
tion, strongly induced expression of pro-inflammatory proteins and
the antioxidant defense enzyme HO-1 in CCRC. Since large amounts
of heme proteins are contained in cardiomyocytes and since, in the
case of cardiac injury, free heme is generated in such cells, further
studies are needed to clarify the influence of free heme on cardiac
resident cells as an important contribution to our understanding of
cardiac injury and cardiac remodeling.
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Abstract

Objective and design This study examines the role of
myeloperoxidase (MPO), a major constituent of neutro-
phils that generates hypochlorous acid, in neutrophil
recruitment into the zymosan-exposed lung of mice.
Methods Mice were inoculated intranasally with zymosan.
The accumulation of neutrophils and other inflammatory
cells within the lung was analyzed by flow cytometry.
Macrophage inflammatory protein 2 (MIP-2) expression
in the lung was quantified, and the contribution of this
chemokine to neutrophil accumulation was examined by
intranasal administration of MIP-2 antibody. The cellular
sources of MIP-2 were identified, and the production of this
chemokine from macrophages and neutrophils was quanti-
fied in vitro.

Results Zymosan exposure led to greater neutrophil
infiltration into the lungs of MPO ™~ mice relative to wild-
type mice. This was associated with higher MIP-2 levels in
the mutant mice. Neutralization of MIP-2 in vivo signifi-
cantly reduced neutrophil infiltration. Neutrophils from
MPO ™"~ mice produced more MIP-2, and the production
was reduced when MPO was added exogenously.
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Conclusions MPO deficiency results in severe lung
inflammation in mice exposed to zymosan. Relatively high
MIP-2 levels likely contribute to the strong inflammatory
response in these animals.
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Introduction

Neutrophil accumulation is a critical event in the pathogen-
esis of lung inflammation. The generation of hypochlorous
acid (HOCI) by myeloperoxidase (MPO) in neutrophils is
crucial to the host—defense response. We previously reported
that this enzyme is essential for killing invading micro-
organisms in mice and that intranasal infection by Candida
albicans and Cryptococcus neoformans results in a more
severe pneumonia in MPO-deficient (MPO™~) mice than in
wild-type controls [1-5].

Impaired reactive oxygen species (ROS) production by
neutrophils has previously been shown to cause an abnor-
mal inflammatory response. Mice deficient in phagocyte
NADPH-oxidase, which lack the production of superoxide
(O3) by phagocytes, exhibit increased peritoneal leukocy-
tosis in response to thioglycollate [6, 7]. Intratracheal
administration of inactivated Aspergillus hyphae produced
a chronic bronchopneumonia with a distinctive neutrophil
infiltrate in mutant mice but not in wild-type mice [8]. The
mutant mice also exhibited granulomatous synovitis and
increased connective tissue destruction in an experimental
arthritis model [9]. These studies suggest that an impair-
ment in O, production results in neutrophil dysfunction
and causes an abnormal inflammatory response. We pre-
viously reported that neutrophils accumulate at ultraviolet
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B (UVB)-exposed sites more rapidly in MPO ™~ mice than
in wild-type controls, which suggests that neutrophil-
derived HOCI is a factor that can modulate neutrophil
infiltration to inflammatory sites [10].

Zymosan, a f-glucan-rich cell wall preparation from
Saccharomyces cerevisiae, has been widely used as a model
of fungus-mediated inflammation, initiating phagocytosis
and the production of inflammatory cytokines and chemo-
kines [11, 12]. Intratracheal administration of zymosan has
been shown to induce pulmonary inflammation in animal
models [13]. It stimulates the oxidative burst in macro-
phages and neutrophils following internalization [14].

In the present study, we found that MPO ™'~ mice
exhibit more severe pulmonary inflammation than wild-
type mice when challenged with an intranasal administra-
tion of zymosan. In addition to measuring the kinetics of
neutrophil accumulation, we also measured the production
of macrophage inflammatory protein (MIP-2) in the lung,
and we correlated the degree of neutrophil accumulation
with the production of this mediator. Our results demon-
strate that MPO regulates the production of MIP-2, which
may modulate neutrophil accumulation during lung
inflammation.

Materials and methods
Animals

Experiments on 8—12-week-old C57BL/6 mice were per-
formed in accordance with the guidelines of Yokohama
City University, Japan. C57BL/6 mice were purchased
from Japan SLC (Hamamatsu, Japan). MPO ™'~ mice were
generated as previously described [1]. All animals were
housed under specific-pathogen-free conditions.

Induction of lung inflammation by zymosan
administration

Mice were anesthetized with 2,2,2-tribromoethanol (Sigma-
Aldrich). Wild-type and MPO™~ mice were intranasally
challenged with 340 pg of zymosan (Invitrogen) in a vol-
ume of 30 pul of phosphate-buffered saline (PBS). As
controls, mice were injected intranasally with 30 pl of PBS
alone.

Lung histology

Mice were killed 6 days after zymosan administration, and
the lungs were removed and fixed in 10% buffered for-
malin. For light microscopy, tissues were fixed overnight,
dehydrated in graded ethanol solutions, embedded in par-
affin, sectioned at 2 pm, and stained with hematoxylin/
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eosin (H&E) using standard protocols. Five well-separated
cross-sections were analyzed by light microscopy.

Bronchoalveolar lavage (BAL) fluid preparation
and immunocytochemistry

Lungs were lavaged in situ with 30 ml of PBS containing
1 mM EDTA. The BAL fluid suspensions were pooled and
kept on ice until centrifugation at 1,200 rpm for 5 min at
4°C, and the resulting cell pellets were re-suspended in
PBS. Total cell counts were determined using a hemocy-
tometer. Cells were preincubated with FcR blocking
antibody (anti-CD16/CD32, clone 2.4G2) to reduce non-
specific binding. FITC-conjugated anti-GR1 (Ly-6G) was
used to characterize pulmonary neutrophils. FITC-conju-
gated anti-CD1lc (HL3) and PE-conjugated anti-I-A"
(AF6-120.1) antibodies were used to identify mouse mac-
rophage and dendritic cell (DC) populations. Macrophages
were defined as CD11c-positive and MHC class II-negative
cells. DCs are defined as cells positively stained for both
CD11c and MHC class II. The following antibodies were
used to label mouse T-cell subpopulations: FITC-conju-
gated anti-CD4 (GK1.5), PE-conjugated anti-CD8 (H35-
17.2), and FITC-conjugated anti-CD3 (17A2) monoclonal
antibodies. FITC-conjugated anti-B220 (RA3-6B2) was
used to characterize B-lymphocytes. All antibodies were
obtained from BD Pharmingen. The cells were incubated
with monoclonal antibodies for 15 min at 4°C, then ana-
lyzed on a JSAN cell sorter (Bay Bioscience, Kobe, Japan).

Measurement of MIP-2 levels

At various time points following the zymosan challenge,
lungs were harvested and homogenized in PBS in the
presence of protease inhibitors (Complete Protease Inhibi-
tor Cocktail Tablets; Sigma-Aldrich). The homogenates
were centrifuged at 19,000g for 10 min to remove cell
debris. The supernatants were frozen at —80°C until
assayed. MIP-2 quantification was performed using a
murine MIP-2 ELISA kit (R&D Systems) according to the
manufacturer’s instructions. Results were expressed as
mean £ SD. The detection limit of the assay was 1.5 pg/ml,
as determined by the manufacturer.

Effect of anti-MIP-2 antibody on neutrophil migration
induced by zymosan

Half an hour before the zymosan challenge, mice were
injected intranasally with a control immunoglobulin G
(IgG) (5 pg/lung, R&D Systems) or a monoclonal IgG
against MIP-2 (10 pg/lung, R&D Systems). Neutrophil
migration into the alveoli was measured 1 and 4 days after
zymosan administration.
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Intracellular cytokine staining

Standard intracellular cytokine staining was performed as
follows: cells were first extracellularly labeled with FITC-
conjugated anti-Gr-1, then fixed and permeabilized with
BD Cytofix/Cytoperm solution (BD Pharmingen). The
cells were subsequently incubated with anti-MIP-2 (R&D
Systems) followed by incubation with PE-conjugated anti-
rat IgG (R&D Systems). Samples were analyzed on a
JSAN cell sorter.

In-vitro stimulation of macrophages and neutrophils
with zymosan

Approximately 10 ml of BAL fluid was harvested per mouse,
resulting in the isolation of 2.5-5 x 10° macrophages per
animal. The alveolar cells were washed with RPMI 1640
medium (Nissui Pharmaceutical, Tokyo, Japan), followed by
cell counting and differential cell analysis. More than 90% of
the cells present in BAL fluid were macrophages in both
wild-type and MPO™~ mice. Macrophages were cultured at
a concentration of 1 x 10° cells/ml in RPMI 1640 medium
supplemented with 10% fetal bovine serum (FBS) for 6 hina
96-well culture plate (Nalge Nunc International), in the
presence or absence of 200 pg of zymosan.

Bone marrow from donor mice was harvested from
femora. Neutrophils were purified using a 3-layer Percoll
gradient (72, 62, and 52%, Sigma-Aldrich), and washed
twice with PBS. Approximately 85% of the isolated cells
were morphologically identified as neutrophils by Diff-
Quick (Sysmex) in both wild-type and MPO ™"~ mice. The
isolated neutrophils were then cultured at a concentration
of 3 x 10° cells per ml in RPMI 1640 medium supple-
mented with 10% FBS for 6 h in a 96-well culture plate in
the presence or absence of 200 pg of zymosan. In some
experiments, purified human MPO (0.1 unit, Sigma-
Aldrich) was simultaneously added to the cells. The dose of
MPO chosen was based on our previous study [15] show-
ing that the MPO activity of mouse neutrophils was
0.41 U/2 x 10° cells. MIP-2 quantification was measured
with ELISA kits as described above.

Determination of mitochondrial transmembrane
potential (AY)

Neutrophils were incubated for 15 min at 37°C with Mito-
Tracker Red CMXRos (200 nmol/L, Lonza), and the
fluorescence was analyzed in a JSAN cell sorter.

Statistical analysis

Data are presented as mean £ SD. Statistical comparison
between two groups was performed with a two-tailed

Student’s unpaired ¢ test. One-way ANOVA and post-hoc
Bonferroni test was performed for multiple comparisons.
P < 0.05 was considered statistically significant.

Results

Development of lung inflammation after intranasal
zymosan administration

To observe whether zymosan had any effect on lung
pathology, we examined H&E-stained lung sections from
wild-type and MPO '~ mice. Lungs from untreated mice
showed negligible or minimal signs of inflammation in
both wild-type (Fig. 1a, panel a) and MPO ™'~ mice (panel
c). The lungs of wild-type mice at 6 days after zymosan
administration showed only localized areas of inflamma-
tion (panel b). In contrast, there was prominent airway
accumulation of inflammatory cells, which frequently
became confluent, in the MPO™'~ mice (panel d and e).

There were obvious differences in the total number of
BAL fluid cells between wild-type and MPO™~ mice
following zymosan exposure (Fig. 1b). In wild-type mice,
the number of total cells increased, peaking 3 days after
treatment and decreasing thereafter. In comparison, a much
greater cellular influx was observed at days 1 through 6 in
MPO ™~ mice, and an approximately fourfold greater
number of cells had accumulated by day 6. Treatment of
both wild-type and MPO ™~ mice with the PBS control had
no effect on cell number (data not shown).

The various cell types present in BAL fluid were mea-
sured at 6 days post-zymosan injection (Table 1). The
number of alveolar macrophages (CD11c*/I-AP™) did not
change significantly. Although zymosan treatment resulted
in a slight increase in the number of infiltrating CD4" and
CD8™ T cells, B cells (B220™"), and DCs (CD11c/I-A),
there was no significant difference in the number of those
cells between wild-type and MPO™'~ mice. Neutrophils
were identified by the expression of a granulocyte marker,
Gr-1. Among the Gr-17 cells, Gr-1"€"" cells mostly showed
morphology with polymorphous or ring-shaped nuclei (see
Fig. 4b), indicating that these cells were neutrophils. The
Gr-1""" neutrophils were the most predominant cell type
in both wild-type and MPO '~ alveoli, which indicates that
intranasal administration of zymosan causes neutrophil-
mediated lung inflammation, and that the lack of MPO
enhances neutrophil accumulation.

MIP-2 is involved in zymosan-induced neutrophil
migration

To gain insight into the molecular mechanisms of zymo-
san-induced lung inflammation, protein levels of MIP-2 in
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Fig. 1 a Lung pathology
observed in mice 6 days after
intranasal administration of
zymosan. Lung tissues were
obtained from wild-type (a,

b) and MPO ™'~ (c—e) mice
exposed to 340 pg zymosan for
6 days (b, d; x10). Lung
sections not exposed to
zymosan (a, ¢; x10) were also
stained with H&E as a control.
Higher magnification (x100) of
the same section as panel d is
shown in panel e. b Number of
BAL fluid cells recovered from
the lung after intranasal
inoculation with zymosan.
Wild-type (black circles) and
MPO™~ mice (white circles)
were inoculated intranasally
with zymosan and analyzed on
days 0, 1, 3, and 6. Five mice
were used for each group.
Results represent mean £ SD.
*P < 0.005 compared to wild-
type exposed mice

Wild type *

MPO*

Number of total cells (x 109)

—
13

10

Table 1 Cell-surface markers expressed on the exdudated cells from wild type and MPO™'~ mice on day 6 of zymosan instillation

Antibody markers

Cells expressing cell surface marker, (x10°)

Sham Day 6

Wild type (n = 5) MPO™~ (n = 5) Wild type (n = 5) MPO™~ (n = 5)
Gr-1high+ ND ND 2.63 + 0.43 (64.7) 10.4 £ 1.2 (84.5)*
CD11c™/1-AP~ 0.43 + 0.08 (100) 0.50 % 0.07 (100) 0.63 £ 0.13 (15.5) 0.83 & 0.22 (6.8)
CD11ct/I-A ND ND 0.21 £ 0.11 (5.3) 0.40 & 0.29 (3.3)
CD4* ND ND 0.17 £ 0.10 (4.2) 0.20 £ 0.04 (1.6)
CD8™* ND ND 0.26 + 0.09 (6.3) 0.26 £ 0.07 (2.1)
B220* ND ND 0.16 £ 0.07 (4.0) 0.22 £ 0.10 (1.7)
NK1.1" ND ND ND ND

Mice were exposed to zymosan. On day 6 post-zymosan, BAL cells recovered were incubated with antibodies described in the table, and were
analyzed by flow cytometry. Data are expressed as mean & SD. Values in parentheses indicate percentage of the number of each cell types

among the total cells
ND not detected

* p < 0.005 compared to wild-type value

lung homogenates were determined 6 h, 1, and 6 days
following injection. A strong and significant increase in the
amount of MIP-2 was observed by 6 h, followed by a
decrease (Fig. 2). Strikingly, MIP-2 levels were approxi-
mately threefold higher in the lungs of MPO ™~ mice
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compared to those of wild-type mice, at both 6 h and 1 day
after zymosan treatment.

The involvement of MIP-2 in zymosan-induced neu-
trophil migration into the lung was investigated using
specific antibodies. MPO ™'~ mice were administered anti-
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Fig. 2 Production of MIP-2 in the lungs of wild-type and MPO ™/~
mice after zymosan exposure. Lung tissues were collected and
homogenized on days 0, 1, and 6 from wild-type (black circles) and
MPO~™/~ (white circles) mice. MIP-2 levels were measured using
specific ELISA kits. The detection limit of the assays was 1.5 pg/ml.
The data are means £ SD of the results from five different mice.
*P < 0.005 compared to wild-type mice
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Fig. 3 Effect of anti-MIP-2 antibody on the development of lung
inflammation. MPO™~ mice were injected intranasally with PBS
(black bars), anti-MIP-2 antibody (white bars), or control rat IgG
(gray bars) 30 min before zymosan challenge. BAL fluid cells were
recovered from the mice 1 or 4 days after zymosan administration,
and the number of Gr-1""* neutrophils was determined using a flow
cytometer. The data are means & SD of the results from five different
mice. *P < 0.01 compared to wild-type mice

MIP-2 antibody intranasally 30 min prior to zymosan
treatment, and the number of neutrophils infiltrating into
the alveoli was determined 1 and 4 days later. Treatment
with the antibody resulted in a marked and significant
reduction of the number of BAL fluid neutrophils harvested
at 1 and 4 days (Fig. 3), strongly suggesting that MIP-2
produced by the lung contributes to neutrophil infiltration.
There was no effect of control IgG as no significant change
in neutrophil infiltration was observed. Taken together,
these results suggest that the neutrophil-mediated inflam-
mation observed following zymosan treatment is, at least

partly, dependent on MIP-2, and that a higher production of
MIP-2 in the lungs of MPO™~ mice contributes to the
severe inflammation.

Generation of MIP-2 by macrophages and neutrophils

There is abundant evidence that lung inflammation is due
to activation of lung phagocytic cells, which produce
numerous chemokines [16]. To address this issue, we
examined the intracellular expression of MIP-2 in Gr-17
cells at the early stage of zymosan treatment. In order to
characterize the Gr-17 cells, the Gr-1"#"*" and Gr-1°%*
cells were sorted from BAL fluid cells at 6 h post injection.
The sorted cells were observed under a microscope. As
shown in Fig. 4b, the sorted Gr-1""" cells showed a
mononuclear morphology, which were probably macro-
phages. In striking contrast, Gr-1"€"" cells mostly showed
morphology with polymorphous or ring-shaped nuclei,
indicating that these cells were neutrophils. As shown in
Fig. 4a, alveolar macrophages of both wild-type and
MPO ™~ mice began to express MIP-2 as early as 3 h after
zymosan treatment, and continued to express it until 6 h,
but then declined to undetectable levels at 72 h. The MIP-
2-expressing neutrophil proportion appeared as early as 3 h
and strongly at 6 h, and then decreased by 72 h. These
results indicate that both alveolar macrophages and infil-
trating neutrophils, at least partly, contribute to the early-
phase production of MIP-2 in zymosan-challenged lungs.

We determined the generation of MIP-2 in vitro in
isolated macrophages and neutrophils. Analysis of super-
natants of the cultured macrophages demonstrated that the
production of MIP-2 was significantly increased by
zymosan treatment (Fig. 5a), indicating that the alveolar
macrophages are a source of MIP-2 in lungs exposed to
zymosan. Strikingly, stimulation of MPO ™~ neutrophils
with zymosan in vitro for 6 h led to a threefold greater
production of MIP-2 compared to wild-type neutrophils
(Fig. 5b). After culture with zymosan, >85% of the cells
maintained high levels of AY in both wild-type and
MPO ™'~ neutrophils, as indicated by the strong mito-
chondrial staining with CMXRos dye (Fig. 5¢). These
results strongly suggest that stimulation of mouse neutro-
phils with zymosan for 6 h scarcely affects the viability
irrespective of genotype for MPO.

To confirm the involvement of MPO in MIP-2 produc-
tion from neutrophils, we examined the effect of
exogenously added MPO enzyme on MIP-2 production. As
shown in Fig. 6, addition of human MPO to MPO-deficient
mutant neutrophils treated with zymosan could signifi-
cantly decrease the production of MIP-2, strongly
suggesting that MPO inhibits the production of MIP-2 from
the zymosan-activated neutrophils.
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Fig. 4 Cellular sources of MIP-
2 production in the lungs of
zymosan-exposed mice. Mice

Wild type

A B
Gr_]lom»

were injected intranasally with
zymosan. At the indicated time
points, lung leukocytes were
recovered and stained with PE-
anti-MIP-2 and FITC-Gr-1
antibodies (a). The stained cells
were analyzed by means of flow
cytometry for the expression

of MIP-2. A representative
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experiments is shown.

b Gr-1"°%7 cells (dashed circle
shown in panel a) and Gr-1"80+
cells (solid circle shown in
panel a) sorted from the BAL
fluid cells of MPO ™'~ mice at
6 h were analyzed for their
morphology
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Discussion

This paper describes the involvement of MPO in the
zymosan-induced recruitment of neutrophils. Our data
demonstrate that the lack of MPO results in severe
inflammation accompanied by neutrophil infiltration. This
inflammatory response in MPO ™~ mice lung was associ-
ated with an increase in MIP-2 levels. These results.suggest
that MPO deficiency exaggerates zymosan-induced lung
inflammation by inducing the production of MIP-2.

To understand the mechanism by which neutrophils
deficient in MPO accumulate largely at zymosan-exposed
sites, we first determined the concentration of MIP-2 pro-
duced in the lung. We found that MIP-2 levels in MPO '~
mice were significantly higher than in wild-type mice
(Fig. 2), and that neutralization of this chemokine by an
anti-MIP-2 antibody led to reduced lung inflammation
(Fig. 3). This strongly suggests that the greater amount of
MIP-2 produced in the mutant mice is involved in the
higher amount of neutrophil infiltration in lung exposed to
Zymosan.

Several cell types, including macrophages [17], epithe-
lial cells [18], mast cells [19], and neutrophils [20-22] have
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been identified as sources of MIP-2. Our results clearly
indicate that both alveolar macrophages and infiltrating
neutrophils are sources of MIP-2 in both wild-type and
MPO ™~ mice at an early stage (up to 6 h) following
zymosan treatment (Fig. 4). Interestingly, neither macro-
phages nor neutrophils produced this chemokine at 72 h.
These results correlate well with the observation that
MIP-2 levels rapidly decreased after 6 h (Fig. 2). It is
thought that the phagocytosis of zymosan results in cellular
activation. Indeed, we observed that both macrophages and
neutrophils, recovered from BAL fluid at 6 h, had phago-
cytosed zymosan (data not shown). Furthermore, none of
those cells recovered at 72 h contained zymosan, perhaps
due to a lack of zymosan in the lung.

Intriguingly, we found that MPO ™'~ neutrophils pro-
duced larger amounts of MIP-2 than did the neutrophils
from wild-type animals, in vitro, in response to zymosan
(Fig. 5b), and that addition of purified MPO enzyme
reduced the production of this chemokine (Fig. 6). These
data indicate that MPO deficiency up-regulates the pro-
duction of MIP-2 from neutrophils. Since an early initial
secretion of MIP-2 can promote the recruitment of addi-
tional neutrophils, the greater production of this chemokine
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