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Figure 3: Analysis of forward/side scatter pattern of PBMCs cultured with
various concentrations of NRC for 20 hr.
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Figure 4: Representative propidium iodide (PI) staining pattern of monocytes
cultured for 20 hr with various concentrations of NRC.
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Figure 5: Effect of NRC (circles) or empty liposomes (triangles) on the viability
of monocytes, as measured by PI negativity. PBMCs were treated for 20 hr with
NRC at the concentrations indicated plus (closed) or minus (open) IFN-y. The
values are the mean * SE from four donors.

Effect of NRC on the expression of costimulatory molecules on monocytes

The effect of NRC treatment on the expression of CD80 (B7-1), CD86
(B7-2), and CD54 (ICAM-1) on monocytes was also studied with a flow
cytometric analysis (Fig. 6). PBMCs were exposed to NRC at concentrations up
to 2.5%, where the reduction of monocyte viability was moderate. Resting
monocytes show significant expressions of CD86 and CD54, but not CD80. A
slight expression of CD80 on monocytes was induced by NRC treatment,
whereas the constitutive expressions of CD86 and CD54 were unchanged.
The activation of monocytes with IFN-y induced the expressions of CD80,
CD86, and CD54 under all conditions tested, but the IFN-y-induced
expressions of CD54 on monocytes tended to be less in the presence of NRC
than those in the absence of NRC.

DISCUSSION
When macrophages and neutrophils ingest particles or are exposed to a
variety of soluble stimuli, they markedly consume the oxygen reduced to
superoxide anion (O2-) and converted to various reactive oxygen species
including H203. In this study, we found that NRC or liposome treatment for up
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Figure 6: Effect of NRC on the expressions of CD80, CD86 and CD54 on
monocytes in the presence or absence of IFN-y. PBMCs were treated for 20 hr
with NRC at the concentrations indicated. The net mean fluorescence intensity
(MFI) was calculated by subtracting the MFI of control immunoglobulin-
stained cells from the MFI of cells with test MoAb. The values are the mean +
SE from three donors.

to 150 min caused the potentiation of superoxide production by human
monocytes in response to PMA. In contrast to the short incubation with NRC,
the longer incubation caused the reduction of PMA-triggered superoxide
production, which was associated with a reduction of monocyte viability. This
effect was not specific to NRC, since the same effect was observed in the case
of empty liposomes. Thus, hemoglobin itself in the liposome was not toxic to
monocytes. The cell death of monocytes caused by NRC or liposome treatment
was not apoptotic, but rather necrotic, as assessed by Annexin-V staining
together with PI (data not shown). ,

Gonzalez-Rothi et al. showed no aberrent effects of liposomes, even at
large concentrations, on the functions of rat plumonary macrophages including
viability, phagocytic and killing activities, surface adherence, and respiratory
burst (10). Moreover, several investigators studied the effects of LEH on
cytokine productions by monocytes/macrophages (6-8). Although cytokine
productions are affected by LEH, the viability appears to be unaffected. The
disparity between the previous results and our present findings may be due to a
number of parameters including the composition of the lipids, net amount of the
lipids, the size of liposomes, the incubation period, and so on. Further study is
needed to clarify these possibilities.

Costimulatory molecules including CD80, CD86 and CD54 are expressed
on antigen-presenting cells such as monocytes and dendritic cells, and
transduce costimulatory signals in interactions with counter-receptors on T
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cells (11). We found that resting monocytes show significant expressions of
CD86 and CD54, but not CD80 (12). Upon the activation of monocytes with
various stimuli or the interaction with T cells, the expressions of these
molecules are upregulated (12). Our preliminary efforts to define the effects of
NRC on these costimulatory molecules showed that NRC treatment caused a
slight induction of CD80. In contrast, the NRC treatment tended to decrease the
IFN-¢ -induced expressions of CDS54. Although the implications of these
results regarding clinical significance reqhire further study, our preliminary
. observations suggest that NRC administration may cause a reduction of
monocyte viability as well as a modification of costimulatory signals, thereby
affecting immunoresponses in patients.
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INFLAMMATORY CYTOKINE PRODUCTION
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ABSTRACT

The effect of Neo Red Cells (NRO), 1iposome—encapsulated
hemoglobin, on production of tumor necrosis factor alpha (TNF-a) and
interleukin-6 (IL-6) were studied in whole blood preparations ex Vivo.
Venous blood was collected with heparin and incubated in a CO2 incubator.
Treatment of blood samples with NRC reduced the constitutive levels of
TNF-o and IL-6. Lipopolysaccharide (LPS) treatment for 24 h increased
production of TNF-c and IL-6 in a dose-dependent manner. Pretreatment
with NRC (5% for 24 h markedly potentiated the LPS-induced TNF-a
production and, that of IL-6 to a lesser extent. Northern bloting analysis of
total RNA in whole blood showed that pretreatment with NRC caused a
marked increase in TNF-a mRNA expression in 1esponse to LPS. It is
concluded that NRC potentiates 1PS-induced TNF-o and IL-6 production in
whole blood ex vivo, and that the potentiating offect of NRC on LPS-
induced TNF-o production can be attributed, at least in part, to an increase
in its mRNA expression.

INTRODUCTION
A large number of studies have been carried out for development and
research of red cell substitutes [1]. The establishment of a red cell substitute
may reduce some problems in transfusion such as risk of viral infection,
requirement of blood typing and short shelf-life.
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Liposome-encapsulated hemoglobin (LEH) is a potential red cell
substitute. Many studies have been performed to evaluate the effects of LEH
on several organs and biological responses [2]. Studies have revealed that
LEH is ingested in reticuloendothelial systems [3] and modifies production
of inflammatory cytokines such as tumor necrosis factor-o. (TNF-o) and
interleukin-6 (IL-6) [4-8]. Evaluation of the influence of LEH or liposomes
on cytokine production has been performed with several in vivo and in vitro
preparations; e.g. rat [6], mouse [7, 8], rabbit alveolar macrophages [4],
human monocytes [5], and rat Kupffer's cells [6]. Due to the variety of
experimental procedures, the modifications of cytokine production by LEH
or liposomes have not been determined, although such information have
gradually accumulated. Furthermore, clinical studies of LEH administration
have not yet been carried out.

Over the last several years, whole blood preparations have been
introduced for evaluation of blood cell functions including cytokine
production [10,11]. Whole blood preparation is simple, and evaluation with
such preparations is likely to mimic the clinical situation because the net
effect of LEH, which may interact with not only blood cells but also serum
elements [12], can be observed. We examined the effects of LEH on
cytokine production with human whole blood samples to obtain further
insight into the biocompartibility of LEH.

MATERIALS AND METHODS

LEH and liposome

Neo Red Cells (NRC), LEH suspended in saline solution, were kindly
provided by Terumo Co. (Kanagawa, Japan); Human stroma-free
hemoglobin was encapsulated in lipid vesicles composed of a 7:7:2:0.28
ratio of soybean hydrogenated phosphatidylcholine, cholesterol, myristic
acid, and oc~focopherol. NRC were approximately 250 nm in diameter.
Liposomes were also provided by Terumo Co. The composition of
liposomes was the same as that of NRC except they did not contain human
stroma-free hemoglobin. Superficial modification of both NRC and empty
liposomes was carried out using  polyethleneglycol-conjugated
phosphatidylethanolamine to prevent agglutination.
Whole blood preparation
Blood was collected from healthy volunteers aged between 20-30 years old.
Venous blood was collected into a bag containing heparin, the final
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concentration of which was 170 U/mL. Collected blood was divided into
three experimental groups: control, NRC, and liposome groups. Blood
samples of control, NRC and liposome groups were supplemented with
saline, NRC and liposomes, respectively, to a final concentration of 5%
(V/V). Four-mL blood samples were added to each well of 6-well plates and
placed in a CO; incubator with or without lipopolysaccharide (LPS; E. coli
0111:B4, Sigma Chemical Co., MO, USA).

Cytokine measurement

After incubation for appropriate periods, cultured blood samples were
centrifuged, then the supernatant was collected. The levels of TNF-oe and
IL-6 proteins in the supernatants were determined in duplicate using
cytokine-specific enzyme-immunosorbent immunoassay (ELISA) kits (R&D
Systems, MN, USA) according to the manufacturer’s recommendations.
Northern bloting analysis

After incubation for appropriate periods, total RNA was isolated from whole
blood using a commercial kit (RNeasy Blood Mini Kits, QTAGEN Inc., CA,
USA) according to the manufacturer’s instructions. Equivalent amounts of
RNA (4 pg) were size-fractionated by electrophoresis in 1% agarose gels
containing 2.2 M formaldehyde. The RNA was then blotted onto Nytran
membranes (S&S, Dassel, Germany). Human TNF-o. cDNA fragments were
obtained by reverse-transcription PCR from total RNA extracted from LPS-
stimulated monocytes. The TNF-o fragment was cloned into pBluescript II
(Stratagene Cloning Systems, La Jolla, CA). The linearlized plasmids
containing the properly oriented insert were transcribed using an in vitro

transcription kit (Ambion Inc., Austin, TX) with 32P-UTP> and used for
hybridization.

RESULTS

To investigate the effects of NRC on constitutive cytokine production,
blood samples were treated with 5 % saline or NRC for 8 or 24 h. As shown
m Fig. 1A, NRC caused a reduction in TNF-a production. Similarly, a
reduction in IL-6 production by NRC was observed (Fig. 1B).

To mimic the clinical situation with bacterial infection, we added LPS
to blood samples and examined the effects of NRC on the LPS-induced
cytokine production. Fig. 2 shows dose-response curves of LPS-induced
cytokine production. As expected, LPS treatment increased TNF-o
production in a dose-dependent manner; at 8 and 24 h NRC slightly and
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Fig.1 Effects of NRC on constitutive production of TNF-o (A) and IL-6 (B).
Whole blood samples were incubated with 5% saline (open bar) or NRC
(hatched bar) for 8 or 24 h. Similar results were obtained in another two

experiments.

markedly potentiated TNF-o. production, respectively (Fig. 2A). The
potentiation by NRC was evident when samples were exposed to higher
concentrations of LPS (Fig. 2A, right panel). LPS treatment increased IL-6
production dose-dependently (Fig. 2B). NRC also potentiated IL-6
production although its effect was weak (Fig. 2B, right panel).

We then investigated the time course of changes in LPS-induced
cytokine production and examined the effect of NRC by two protocols:
concurrent treatment with LPS and NRC, and pretreatment with NRC for 24
h followed by LPS treatment. When blood samples were stimulated with
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Fig.2 Effects of NRC on LPS-induced productions of TNF-a (A) and IL-6
(B). Whole blood samples containing 5% saline (open bar) or NRC (hatched
bar) were incubated with several concentrations of LPS for 8 or 24 h. Similar

results were obtained in other two experiments.

LPS, TNF-a production increased and reached a peak level at around 8 h,
then decreased thereafter (Fig. 3A, left panel). Concurrent treatment with
NRC potentiated the LPS-induced TNF-o level. TNF-a. response to LPS
was attenuated after 24 h of incubation without NRC, while pretreatment
with NRC maintained a prominent TNF-c response to LPS (Fig. 3A, right
panel). LPS treatment caused a gradual increase in IL-6 production in both
protocols (Fig. 3B). In both protocols, NRC treatment slightly potentiated
the IL-6 response to LPS, although the extent of potentiation was much

lower than that of TNF-c.
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Fig.3 Effects of NRC on time course of changes in LPS-induced productions
of TNF-a (A) and IL-6 (B). In the concurrent treatment protocol, whole
blood samples containing 5% saline (closed squares) or NRC (open squares)
were incubated with LPS (1 pg/mL) for 24 h. In the pretreatment protocol,
whole blood samples were preincubated with 5% saline or NRC for 24 h and
incubated with LPS for a further 24 h. Similar results were obtained in

another two experiments.
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We also examined the effects of liposomes which had the same lipid
composition as NRC in whole blood samples, in comparison with NRC
treatment. Whole blood was pretreated with NRC or liposome for 24 h and
then treated with LPS for 24 h. Treatment with empty liposomes as well as
NRC potentiated the LPS-induced TNF-o. production  (Fig. 4A). Similarly,
pretreatment with liposomes potentiated LPS-induced IL-6 production (Fig.
4B). These results indicated that the potentiating effect of NRC on LPS-
induced cytokine level is due, at least in part, to the liposomes themselves.

Pretreatment with NRC markedly potentiated LPS-induced TNF-o
levels in whole blood samples. To determine whether the potentiating effect
of NRC on TNF-a production is due to an increase in TNF-o. mRNA level,
we carried out northern bloting analysis. Blood samples were treated with
NRC for 24 h and subsequently treated with LPS. Two and 4 h after LPS
treatment, we extracted total RNA from blood samples and performed
northern bloting analysis. At 2 h after LPS-treatment, TNF-o. mRNA was
expressed as shown in Fig. 5. Pre-treatment with NRC clearly potentiated
TNF-o mRNA expression. Potentiation of the TNF-a. mRNA level by NRC
treatment was also observed 4 h after LPS-treatment, although at reduced

expression levels. These results were consistent with those of TNF-a. protein
level.

DISCUSSION

A biodistribution study of radiolabeled [99mTc]-LEH in vivo revealed
that LEH clearance from circulation is primarily attributable to phagocytic
systems of lung and spleen [3]. Several studies have been carried out to
investigate the effects of LEH on the functions of phagocytes, including
cytokine production, with in vivo and in vitro preparations [4-9]. As in
clinical situations where LEH would be administered to patients have a
high possibility of underlying infection and/or surgical injury, it 1s important
to clarify whether LEH injection causes or potentiates inflammatory
responses such as febrile reactions by modifying the circulatory levels of
inflammatory cytokines. TNF-a, and IL-6 are regarded as primary indicators
in septic shock or postoperational complications [13-15]. In the present
study, we evaluated these inflammatory cytokine responses to NRC with or
without LPS, using human whole blood as an ex vivo model for studying
cytokine responses.
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LPS LPS+NRC LPS+Liposome

Fig.4 Effects of NRC or liposomes on LPS-induced production of TNF-¢
(A) and IL-6 (B). Whole blood samples were preincubated with 5% saline,
NRC, or liposomes for 24 h and incubated with LPS for a further 24 h.
Similar results were obtained in another two experiments.

In the whole blood system, NRC treatment did not cause any
induction of TNF-a nor IL-6, and conversely inhibited the constitutive
production of these cytokines (Fig. 1). Inhibition of the constitutive TNF-o
production by LEH was reported in human peripheral blood monocytes [5]
and in the murine-derived monocytic cell line RAW264.7 [8]. However, the
decrease in the constitutive IL-6 production by NRC is inconsistent with
other reports that intraperitoneal injection of LEH caused a transient increase
in serum level of IL-6 in mice [7], and that the mRNA level of IL-6 was
elevated by incubation with LEH in the macrophage cell line P388D1 [9]. At
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Fig.5 Effects of NRC on LPS-induced expression of TNF-ao mRNA. Whole
blood samples were preincubated with 5% saline or NRC for 24 h and
incubated with LPS for a further 2 or 4 h. Staining of 28S and 18S ribosomal
RNAs with ethidium bromide is shown as a loading control.

present, we have no explanation for these opposing results regarding IL-6,
but they may be related to differences in species and/or experimental
procedures used.

Most of the previous studies evaluating the effects of LEH on cytokine
production have utilized LPS to induce cytokine production, while a variety
of experimental procedures have been employed. Langdale et al. showed
that pretreatment with LEH for 3 h reduced TNF-a protein production
elicited by LPS without reduction of TNF-oo mRNA level, in cultured rabbit
alveolar macrophages [4]. Inhibition of LPS-induced TNF-a production by
LEH has also been reported in cultured human monocytes [5] and murine-
derived monocytic cell lines [9]. In contrast, it was reported that in vivo
liposome pretreatment of rats potentiated on serum TNF-o and IL-6 levels
after intraperitoneal LPS challenge, and that Kupffer cells isolated from the
liposome-treated rats released more TNF-a and IL-6 after LPS stimulation
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[6]. The present results showed that pretreatment of whole blood samples
with NRC or empty liposomes markedly potentiated TNF-o production, and
to a lesser extent IL-6 production induced by LPS. In addition, northern
bloting analysis indicated that the potentiating effect of NRC on LPS-
induced production of TNF-o protein is attributable, at least in part, to an
increase in TNF-o. mRNA level. The potentiation of LPS-induced TNF-a as
well as IL-6 production by LEH may lead to modification of the overall
severity of the inflammatory response in patients who have underlying
infection and/or surgical injury.

As mentioned above, discrepancies among the results of the present
and previous studies may be due to several factors, such as experimental
procedures, species and/or LEH itself. To our knowledge, this is the first
study to have used the human whole blood system to evaluate the effects of
LEH on cytokine production. In the whole blood system, multiple blood cell
types are capable of responding to LPS, thereby influencing the ultimate
cytokine response by potential cellular interactions. Therefore, this system
may more accurately reflect the complexity of the in vivo situation than
cultures of isolated single cell types. The use of the whole blood system as
an ex vivo model would provide further information in regard to the
biocompatibility of LEH. However, differences in cytokine responses to
LEH under a wide variety of experimental conditions suggests that LEH
administration to human subjects may have variable effects on cytokine
responses depending upon biological conditions. Further in vivo and in vitro
investigations regarding immune responses, including cytokine production
must be carried out before LEH clinically can be used.
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Abstract

Carbon monoxide (CO) derived from heme oxygenase has
recently been shown to play a role in controlling hepatobil-
iary function, but intrahepatic distribution of the enzyme is
unknown. We examined distribution of two kinds of the
heme oxygenase isoforms (HO-1 and HO-2) in rat liver im-
munohistochemically using monoclonal antibodies. The re-
sults showed that distribution of the two isoforms had dis-
tinct topographic patterns: HO-1, an inducible isoform, was
observed only in Kupffer cells, while HO-2, a constitutive
form, distributed to parenchymal cells, but not to Kupffer
cells. Both isoforms were undetectable in hepatic stellate
cells and sinusoidal endothelial cells. Of the two isoforms,
HO-2 in the parenchymal cell rather than HO-1 in the
Kupffer cell, appears to play a major role in regulation of
microvascular tone. In the perfused liver, administration of
HbO,, a CO-trapping reagent that can diffuse across the fen-
estrated endothelium into the space of Disse, elicited a
marked sinusoidal constriction, while administration of a li-
posome-encapsulated Hb that cannot enter the space had
no effect on the microvascular tone. These results suggest
that CO evolved by HO-2 in the parenchymal cells, and, re-
leased to the extrasinusoidal space, served as the physio-
logical relaxant for hepatic sinusoids. (J. Clin. Invest. 1998.
101:604—612.) Key words: heme oxygenase-1 « heme oxyge-
nase-2 « hepatic stellate cells « Kupffer cells. hemoglobin

Introduction

Physiological degradation of heme (iron-protoporphyrin IX)
into biliverdin, iron, and carbon monoxide (CO), is mediated
by heme oxygenase (HO, EC1.14.99.3) which consists of two
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distinct isoenzymes called HO-1 (1) and HO-2 (2). HO-1, also
known as the heat shock protein-32, is induced by a variety of
stressors such as hyperthermia (3). cytokines (4), and intake of
heavy metals (5). This isoform is considered to be present in
spleen, a major organ for destruction of senescent erythro-
cytes, and in liver stimulated with endotoxin (6) or ischemia
reperfusion (7). On the other hand, HO-2 is a constitutive
form known to be abundant in brain, testis, and unstimulated
liver of rodents and humans as reported previously (8).

Recently, several lines of evidence have indicated that the
heme oxygenase reaction serves as a key mechanism to main-
tain the integrity of physiological function of organs such as
liver through the action of the reaction products CO and bil-
irubin. We have shown that in the perfused rat liver, zinc pro-
toporphyrin IX (ZnPP), a heme oxygenase inhibitor, elicits a
marked increase in the vascular resistance as a consequence of
sinusoidal constriction (9, 10). Furthermore, the ZnPP admin-
istration turned out to induce bile acid-dependent choleresis
that coincided with depletion of the venous CO flux and bil-
iary excretion of bilirubin, another product of heme degrada-
tion (11). Therefore, the results have suggested that CO gener-
ated by heme oxygenase serves as a regulator of hepatobiliary
functions under physiological conditions. On the other hand,
bilirubin scavenges various oxidants such as hydroxyl radical
and singlet oxygen, and is thus considered an endogenous anti-
oxidant that protects cells from oxidative insults (12, 13).

In an attempt to understand the aforementioned roles of
heme oxygenase, we investigated the intrahepatic distribution
of HO-1 and HO-2 using newly developed mAbs against these
isozymes. The results indicated distinct distribution patterns of
these isozymes among the liver cells, and thus provided a mi-
crotopographic basis for the mechanism of CO-mediated sinu-
soidal relaxation.

Methods

Animals. Male Wistar rats (260-300 g) were obtained from Saitama
Animal Laboratory (Saitama, Japan). Female BALB/c (6~10 wk old)
and CRJ; CD-1nu mice (7 wk old) were purchased from Charles River
Japan Inc. (Atsugi, Japan). All animals were allowed free access to
laboratory chow and tap water. Rats were anesthetized intraperito-
neally with pentobarbital sodium (50 mg/kg), and the liver, spleen,
and testis were then excised to collect samples for Western blotting
analysis and immunohistochemistry. In separate sets of experiments,
rats were pretreated with intraperitoneal injection of LPS (O-111B4,
4 mg/kg) 6 h before the sample collection.

Transformant cells expressing HO-1 and -2. Rat hepatocytes were
isolated and cultured according to the previous method (14). Total
cellular RNAs were extracted using ISOGEN (Nippon Gene, Tokyo,
Japan) from the cells pretreated with or without heat treatment for
4 h at 42°C. The first-strand cDNAs were synthesized with the mix-
ture of oligo (dT)y primers and random hexamers (pd[NJ) using re-
verse transcriptase. PCR primers (tHO-1: 5'-d[GCC TGA ACT AGC



CCA ATT GCG CGA TGG AGC GCJ-3', 5'-d[CTC TGG GGG
CCA AGT CGA CAT TTA CAT GGC AT]-3'; tHO-2: 5'-d[AGG
GCA GCA CAA AGA ATT CAG CAA CAA ATG TCT]-3',
5'-d[ATG CAA ACA ACA TGT CGA CTC CTT CAC ATG
TA]J-3") were synthesized based on the nucleotide sequences of rat
HO-1 (rHO-1) and -2(rHO-2) reported by Shibahara et al. (1) and
Rotenberg and Maines (15). Using these primers, rHO-1 and -2 were
amplified from first-strand cDNAs based on the PCR using Ampli-
Wax PCR Gem 100 (Takara Biomedicals, Tokyo, Japan). The pEF-
neo plasmid vector containing the EF-la promoter was used to ex-
press rHO-1 and -2 (16). An adaptor was attached to the Sal I site at
the 3" end of both PCR products, resulting in construction of the Not
I'site which was present in multiple cloning sites of the pEFneo plas-
mid vector. The resulting PCR products were sequenced to confirm
their identities, and were named pEFneo-rHO-1 and pEFneo-tHO-2,
respectively. The expression plasmid DNAs, pEFneo-rHO-1 and -2,
were transfected into WR19L cells (mouse T cell line) by electropora-
tion (17). The transfected cells, designed as WR19L-rHO-1 and -HO-2,
were cultured in RPMI 1640 supplemented with 10% FCS under 5%
CO,. After the 24-h incubation, geneticin (Gibco-BRL, Gaithers-
burg, MD) was added to the culture medium at a final concentration
of 0.9 mg/ml to obtain stable transformants.

HO activities in the transformants. Heme oxygenase activities in
transformants were determined by measuring bilirubin formation.
The cells were harvested and washed twice with PBS at pH 7.0. To re-
move insoluble fraction, the cells were lysed in 4 volumes of 1% non-
idet P-40 solution containing 150 mM NaCl, phenylmethylsulfonyl
fluoride (1 mM), and 50 mM Tris HC] (pH 8.0) for 30 min on ice. The
supernatants were collected by centrifugation at 10,000 g for 15 min.
The reaction mixture contained the following in a final volume of 300 ul:
glucose 6-phosphate (1 mM), glucose 6-phosphate dehydrogenase
(0.167 U/ml), NADP (0.8 mM), hemin (15 uM), MgCl, (2 mM),
NADPH-cytochrome P450 reductase (0.01 mg/ml; Gentest, Woburn,
MA), rat liver cytosol (3.3 mg protein/ml), potassium phosphate
buffer (27 mM, pH 7.4), and the supernatant from the transformant
cells. Incubation was carried out at 37°C for 30 min. An equal volume
of chloroform was added to the reaction mixture to stop the reaction,
and bilirubin generated was extracted into the chloroform fraction,
After centrifugation at 10,000 g for 15 min, amounts of bilirubin in
the chloroform extract was examined as previously reported by
Yoshida and Kikuchi (18).

Hybridomas producing the mAbs against rat heme oxygenase iso-
forms. The foot pads of 6-wk-old female BALB/c mice were injected
every week with 1 mg protein of the microsomal fraction obtained
from WRI19L-rHO-1 and -HO-2, emulsified the first time with Freund's
complete adjuvant, and the rest with the incomplete adjuvant. The
immunization was repeated 5-10 times. 48 h after the last immuniza-
tion, bilateral inguinal and parietal abdominal lymph nodes of immu-
nized mice were harvested, and B lymphocytes were fused with
mouse myeloma PAI cells in the ratio of 1:3-5 in 50% polyethylene
glycol 4000 (Boehringer Mannheim, Mannheim, Germany). Hybrido-
mas were cultured in ASF104 medium (Ajinomoto, Tokyo, Japan)
containing 10% FCS and HAT (hypoxanthine, aminopterin, and thy-
midine) medium for 2 wk.

Selection of hybridomas producing mAbs against rHO-1 and -2
was carried out by examining the specific immunoreactivity of the su-
pernatant fraction of their culture medium with membrane-perme-
abilized WRI19L cells that expressed rHO-1 and -2, respectively. To
this end, WR19L cells expressed rHO-1 and their wild-type was col-
lected and fixed with 2% paraformaldehyde for 10 min at 4°C in PBS
at pH 7.4. These cells were washed twice with PBS, and were blocked
for 20 min at 4°C in RPMI 1640 supplemented with 10% FCS. The
cells were then incubated with the supernatants of the hybridomas
and 0.5% saponine in the same plates for 30 min at 4°C. After wash-
ing twice with PBS, these cells were further incubated with sheep
anti-mouse F(ab'), fragments of IgG conjugated with fluorescein
(Organan-Teknika-Cappel, Durham, NC) for 30 min at 4°C. After
the rinse with PBS, the cells served as samples for the analysis using

an EPICS flow cytometer (Coulter Electronics, Hialeah, FL). To ob-
tain a single clone specifically producing the desired mAb, subcloning
of the hybridomas was further carried out by dilution of the cell num-
ber. A similar protocol was applied to screen the hybridomas that
generated anti-rHO-2 mAbs. Finally, the anti-rHO-1 and -2 mAbs
used in this study were named GTS-1 and GTS-2, respectively.

Purification and isotyping of monoclonal antibodies. Ascites were
elicited in 8-wk-old female CRJ; CD-1nu mice that were pretreated
with 2, 6, 10, 14-tetramethyl pentadecane by intraperitoneal injection
of a desired hybridoma at a dose of 2 X 10¢ celis/mouse. The ascitic fluid
was collected, and the mAbs were purified by sequential precipitation
with caprylic acid and 45% ammonium sulfate as previously described
(19). The purity of the mAbs was assessed by SDS-PAGE. The sub-
classes of purified mAbs were determined by a mouse monoclonal
isotyping kit (RPN 29; Amersham International, Little Chalfont, UK).

Western blot analysis. Microsomal fractions isolated from spleen,
liver, and testis of rats were subjected to Western blot analyses. Solu-
ble fractions derived from stable transformant cells pretreated with
1% Nonidet P-40 solution served as the positive control samples, Af-
ter denaturing, these proteins were subjected to 10% SDS-PAGE
and then transferred to an Immobilon polyvinylidene diflucride
transfer membrane (Daiichi Pure Chemicals, Tokyo, J apan). The
membrane was blocked with Block-Ace (Dainippon Pharm. Co., Osaka,
Japan) for at least for 3 h, and was followed by incubation with either
GTS-1 or GTS-2 at 1 pwg/ml overnight at 4°C. After washing with PBS
containing 0.1% Tween 20, the membrane was immersed in a biotiny-
lated anti-mouse IgG F(ab'), fragment (RPN 1061; Amersham Inter-
national) diluted in PBS containing 1%BSA. The samples were then
treated with avidin and horseradish peroxidase (HRP)-conjugated bi-
otin according to manufacturer’s protocol (Vectastain Elite ABC kit;
Vector Laboratories, Inc., Burlingame, CA). Chemiluminescence as-
sociated with the antigen-specific HRP reaction was visualized by the
Molecular Imager (GS-525, Nippon Bio-Rad. Co., Tokyo, Japan) and
the ECL detection kit (Amersham International). The Western blot
analysis was repeated to confirm reproducibility using the samples
collected from at least three individual rats.

Immunohistochemistry. Rat spleen, liver, and testis were fixed
for 4 h at 4°C in periodate~lysine-paraf0rmaldehyde solution. The
samples were washed sequentially for 4 h with PBS containing 10, 15,
and 20% sucrose, and were embedded in OCT compound (Miles
Laboratories, Elkhart, IN). In some experiments, fresh-frozen sec-
tions from these organs were prepared and fixed with acetone. The
sections (10-wm thickness) were treated with normal horse serum to
minimize nonspecific staining. These tissues were incubated with
mAbs GTS-1 or GTS-2 dissolved in 1% BSA/PBS at a final concen-
tration of 1 pg/ml for at least 2 h at 25°C or overnight at 4°C. After
several washes with PBS, the sections were stained with biotinylated
anti-mouse IgG for 1 h (Vectastain Elite ABC kit; Vector Laborato-
ries, Inc.). To prevent endogenous peroxidase reactions, the samples
were pretreated with 0.3% H,0, in cold methanol for 30 min, and
were subsequently incubated with avidin and HRP-conjugated biotin
for 30 min. Finally, 0.1 mg/ml of 3, 3'-diaminobenzidine (DAB) tet-
rahydrochloride were applied to sections for 5 min. The sections were
counterstained with methyl green after fixation with 20% formalde-
hyde for 20 min, and slides were coverslipped with aqueous mounting
medium. To confirm the specificity of immunohistochemical localiza-
tion by the antibodies, the antibodies preabsorbed with an excess of
adequate antigens in advance were used. In separate sets of experi-
ments, sections of the liver were double-stained by a method using
DAB and nickel chloride to identify different types of nonparenchy-
mal cells (20). To this end, anti-rat macrophage mAb Ki-M2R (BMA
Biomedicals Ltd., Augst, Switzerland) and antidesmin II mAb (Bio-
Science Products AG, Emmenbrucke, Switzerland) were used to
stain Kupffer cells and hepatic stellate cells, respectively. By these
protocols, cells reacting only with the initial primary Ab (GTS-1 or -2)
stained light brown, while those reacting with the second primary Ab
stained bright purple. When reacting simultaneously with both pri-
mary Abs, the cells were identified as those stained dark purple.
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Isedared perfused liver preparation,

Phe livers of male Wistar ras
were excised and perfused with Fib-free and albumin-free Krebs
Ringer solution (pHE 7.4, 37°C) gassed with carbogen (3% ()., 3%
€O according o our methods deseribed previousty (10, 21y, The
perfusaie contained 30 pM sodium taurocholate, and was pumped
through the liver at a constant low rate of L0 mbimin/g fiver. The
prepavation atlowed us (o examine the vasoactive responses in sinu-
soids while simultancously monitoring the whole organ vascular resis-
tance, as deseribed elsewhere (10011,

Determination of CO generaied by isolated coltired hepatocvies.,
Primary cultured rat hepatoeytes were prepared by digesting the liver
with type 1V collagenase (Wako Pure Chenical Incdustries. Lid.. Osaka,
Japan) according to the previous method (10, To estimate the rite of
heme degradation in the isolated culiured hepatocyies. coneentra-
tions of CO were determined in the culture medium, To this end. the
hepatoeyte suspension (3

L celis/ml) was incubated in o specially
arranged double-lumen biorcactor as deseribed previously  (mini
PERM: Heraeus Instruments, Inc., Haz, Germany: 22).2 ml of the
culture medium was collected 2 heafter the start of culture, and was
used as asample (o determine COLCO in the sample medium was
determined by Mb-assisted spectrophotometry as described  else-
where (10).

Preparation of U and liposome-cucapsulated b, To o examine
the role of endogenously generated CO in regulating the steady-state
vascutar tone in the liver, free and tiposome-encapsulated Hbs, here-
alter designated as free Hb and TV, respectively, were used as o
tool to trap CO i and around the sinusoidal space. Free T, 1BV,
and met Hboa control ol that can scavenge NO but not CO. were
prepared using outdated buman erythroeytes as desceribed previously
(23, 24). The distribution of the diameter of the HBY was measured
by fight-scattering particle analyzer (Submicron Particle Analyzer
NS Caulter). The mean value of the diameter of BV used in this
study was 280 nm. Previous histochemical studies (23) revealed
that when administered into the systemic cireulation, 1BV with this
size diameter was partly captured in tissue macrophages including
Kuptler cells. but did not enter the hepatic parenchyma, On the other
hand. free Hb was veadily trapped by the parenchymal cells hecause
ol the presence of fenestration in sinusoidal endothelium. the diame-
tev of which ranges from HX o 130 am (20, 27). Both free T and
HBY were used Tor experiments within 10 d afier completing (he
preparation procedures. These samples were added in the perfusate
At L3 g/dbin Hb coneentrations, the value equivalent o+ 10% of the
physiological concentration in vat blaod samples,

Microangiograply of sinusoids in perfused liver, To examine whether
free Lib and BV alter the diameter of sinusoids by an unknown
mechanism, digital microangiography in the perfused liver prepara-
tion was carried out as described previously (10, 28). To obtain a
quality of the microvascular images. real-time laser confocal imaging
system was applied (o intravital microscopy according to our recent
method (29). The surtace of the perfused liver was observed through
aninverted-type intravital microscope assisted by a fine-scan laser
confocal imager (Insight/ TMD300: Meridian tnstrs.. Inc.. Okemos,
M1} and the hepatic micracireulation was visualized by a silicon in-
tensificd target imaging camera (C2400-08: Hamamatsu Photonics.
Hamamatsu City, Japan). To visualize the hepatic sinusoidal vessels,
IO b of 1% FUFC-dextran solution was injected transportally every
S minadter the start of experiments, and the microvaseulature was vi-
sualized by epi-illuminating at 488 am using an argon faser light
source. This system afso alfowed us to examine the topographic rela-
tionship between the sites of sinusoidal constriction and those of he-
patic stellate cells. the liver-specific pericytes. by visualizing their vi-
tamin A autoftuorescence under epi-iltuminating at 360 nm (10, 30).
Imaging of vitamin A-associated autofluorescence was carried oul
right before the start of FITC-dextran transportal injection. Record-
ing intrahepatic vitamin A autofluorescence also helped us (o ex-
amine whether the FITC-dextran-assisted microangiography was
carried out atidentical depths of focus among a series of microfluoro-
graphs taken at different times: When topographic patierns of the
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hepatie stellate colls ina fickd of interest were different among the .
ages recorded in the sahie preparation, a series of FITC dextran

assisted microvascular images were discarded from the data anglvsis
The micn|;||1:\»i“:_.|«u.p],_\»
re used for morphometrical analy
ol the diameter changes as deseribed previoustv (103, Ty brief, .

surcments of the dismeter were carried out ey

for measurements of sinusoidal diamet

were digitally processed. and w

sis
mea-
¥ 10 along the
tongitudinal axis ol sinusoids from the most efferent sites adjacent o

central venudes 1o the affereat sites. This procedure ive 2030
measurements for cach sinusoid, At least 13 sinosoids were eviluated

inasingle experiment.

Results

Monoclonal antibodies against rat lieae oxygenase. "o ver-
ify immunorcactive specilicity ol mAbs against rHO-T (GS-1)
and <2 (GTS-2). flow eytometry and Western blotting analysis
were cartied out using the stable transformants that expressed
rHO-T or -2 proteins as described in Mcethods, As shown in
Fig. T ACGTS-1 stained WRIVL-rHO-T eells positively., while
it stained neither mock-transfected WRI9L, cells nor WRIYL-

rHO-2 celis. On the other hand, WRIEOE-rFHO-2 cells exhibited

a positive immunostaining by GTS-20 whereas the mock-trans-
fected eells and the WRIQL-rHO-1 celis displayed negative
staining, indicating a paucity of cross-reaction between the two
MADbs as o recognition of the heme oxygenase isoforms.
These findings were conflirmed by Western blotting analysis
(Fig. U #): GTIS-1 and GI1S-2 exhibited their specific immu-
noreactivities o rHO-Tand -2 on molecular sizes of 32 kD and
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Figure 1. Characterization of newly developed monoclonal antibod-
ies against rat HO isoforms. (A) Flow eytometric analysis to examine
specific binding of mAbs GTS-1and -2 to WRIYL cells expressing
HO-Tand rHO-2, respectively. (8) Western blotting analysis
showing the specilic binding of mAbs GTS-1 and -2 1o cell lysates
extracted from the stabie transformants WR1YL-rHO- 1 and
WRIYL-rHO-2. Lanes 1 and 4. WRIOL-rHO-1: fanes 2 and 3.
WRIOL-pEFnco: lanes 3 and 6. WRI9L-r110-2. Note that (7
and -2 specifically recognize single bands at 32 kD and 36 kD, respee-
tively. (CYWestern blotting analysis showing the binding of mAbs
GS-and -2 to microsomal fractions (10 pg.per lane) isolated from
rat spleen and testis, respectively. Note the preferential expression of
HO-tin spleen and HO-2 in testis.




