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We made further evaluations of the rHSA-heme solution
with 40% blood replacement. In the 40% rHSA group, one rat
died after 3 days. Although the reason is not clear, histopatho-
logic data suggest occurrence of an unexpected disorder in the
urinary system. No significant difference in the blood bio-
chemical tests and organ weights of the 40% rHSA group in
comparison with the control group (except for the decrease in
liver weight after 1 day and an increase in spleen weight after
7 days) could be found. The increase in spleen weight was a
specific biologic reaction to the administration of rHSA to the
rats.

After a 40% blood exchange with the rHSA-heme solution,
some liver function markers (e.g., AST, ALT, and LDH) became
elevated in three samples, and mild focal necrosis was ob-
served in the liver after 1 day. Because these parameters in the
20% rHSA-heme group were similar or lower than those of the
controf group, this implies that some disorder in liver function
might occur with a 40% blood exchange with the rHSA-heme
solution. However, other liver function markers (y-glutamyl-
transferase, total bilirubin, and direct bilirubin) remained un-
altered after sample infusion, so the “disorder” seems to have
been temporary and not serious. Simifar to the 20% rHSA-
heme group after 7 days, the brown pigment deposit in the
Kupffer cells/macrophages, which is presumably heme itself or
a decomposition thereof, was also found. The results of the
blood biochemical tests and the histopathologic observations
returned to normal after 7 days.

In conclusion, the 20 % blood replacement with rHSA-heme
in rats did not yield any toxic side effects for 7 days. A mild
liver disorder occurred in the 40% rHSA-heme group; how-
ever, liver function returned normal within 7 days. Thus, ad-
ministration of the rHSA-heme solution in a volume of 20%
total blood volume did not produce any dysfunction of the
vital organs, which allows us to undertake further advanced
preclinical testing of this synthetic O, carrier as a red blood
cell substitute.
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Hemorrhagic Shock Resuscitation With an Artificial Oxygen
Carrier, Hemoglobin Vesicle, Maintains Intestinal Perfusion
and Suppresses the Increase in Plasma Tumor Necrosis
Factor-a

AKIRA YOSHIZU,* YOTARO [zumi,* SUNGICK PARK, ¥ Hiromi Sakal,F SHiN Takeoka,$ HiroHisA HorinoucH!, * Eii Ikepa, t
EisHUN TsucHIDA,+ AND KoicHl KoBayasHI*

It is known that damage to the intestinal mucosa followed by
systemic inflammatory response is one of the leading causes
of shock related morbidity and mortality. In this study, we
examined the ability of an artificial oxygen carrier hemoglo-
bin vesicle (HbV) to sustain systemic and intestinal perfusion
during hemorrhagic shock. In rabbits, hemorrhagic shock
(40% of the estimated blood volume) was resuscitated with
5% albumin (alb group), HbV suspended in 5% albumin
(HbValb group), or washed red blood cells suspended in 5%
albumin (RBCalb group). Plasma tumor necrosis factor
(TNF)-a level was measured in rats under the same experi-
mental protocol. No significant intergroup differences were
seen in systemic hemodynamics. In contrast, parameters of
intestinal perfusion significantly deteriorated in the alb group
but were equally well sustained in the HbValb and RBCalb
groups. Also, a significant increase in plasma TNF-a level was
seen in the alb group but not in the RBCalb or HbValb groups.
These results indicate the proficient oxygen transporting ca-
pability of HbV and its potential efficacy in shock
resuscitation. ASAIO Journal 2004; 50:458-463.

B lood replacement is the basic therapeutic modality when a
considerable amount of blood is lost because of trauma or
major surgery. Despite the recent progress in transfusion med-
icine, enormous investments are still necessary to establish and
sustain the systems from blood donation to transfusion. Do-
nated blood inspections to avoid the side effects of homolo-
gous blood transfusion, such as transfusion associated infec-
tious disease, alloimmunization, and graft versus host diseases
are still essential.’2 To overcome these problems associated
with transfusion, development of artificial blood substitutes is
important. To this end, we have developed several types of
artificial oxygen carriers and have evaluated the efficacy of
these compounds in various animal models.” Among these
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compounds, hemoglobin vesicle (HbV), a form of liposome
encapsulated hemoglobin, is rapidly approaching clinical tri-
als. The cellular structure of HbV, similar to red blood cells,
shields all of the physiologic effects of acellular Hb solu-
tions.3-> We have studied the oxygen transporting capabilities
of HbV, using several exchange transfusion and hemorrhagic
shock models.-19 In these studies, we have shown that HbV
effectively restores the systemic circulation in hemorrhagic
shock.

It is known that gastrointestinal perfusion is compromised at
a relatively early stage in hypovolemic shock to sustain the
systemic circulation to other vital organs.’” This, however,
causes damage to the intestinal mucosa followed by systemic
inflammatory response syndrome (SIRS) or sepsis, which is one
of the leading causes of shock related morbidity and mortali-
ty.1213 In the present study, we examine the ability of HbV to
sustain not only systemic but also intestinal perfusion to further
evaluate the efficacy of HbV in hemorrhagic shock.

Materials and Methods
Animal Care

The experimental protocol was fully approved by the Lab-
oratory Animal Care and Use Committee of Keio University,
School of Medicine. It also complies with Guidelines for the
Care and Use of Laboratory Animals of Keio University, School
of Medicine. All rabbits and rats were housed in groups of two
in standard cages and were provided with food and water in a
temperature controlled room on a 12 hour dark/light cycle.

Preparation of Hemoglobin Vesicle Suspended in 5%
Albumin

HbV suspension was prepared in a similar manner as pre-
viously reported in the literature.’45 In brief, a purified and
concentrated human hemoglobin solution (40 g/dl) was ob-
tained from outdated red blood cells.’¢ Added to this purified
hemoglobin solution were pyridoxal 5'-phosphate (18 mM,
Merck Co., Frankfurter, Germany) as an allosteric effector and
homocysteine (Aldrich Co., Milwaukee, WI) as a reductant of
methemoglobin. The lipid bilayer of HbV was composed of
Presome PPG-1 (Nippon Fine Chem. Co., Osaka, japan)
containing 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine,
(DPPQC), cholesterol, and 1,2-dipalmitoyl-sn-glycero-3-phos-
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Table 1. Physicochemical Properties of PEG Modified HbV
Suspended in Human Serum Albumin

Hb (g/dl) 10
Lipid (g/dl) 6.2
Hb/lipid (g/g) 1.61
Diameter (nm) 251 = 87
Psq (torr) 32
Hill number 2.2
Viscosity (cP at 358 s77) 3.7
HbCO (%) 2
MetHb (%) 3
PEG,.

phatidylglycerol (DPPG), which were purchased from Nippon
Fine Chem. Co. (Osaka, Japan), and a-tocopherol was added
to these at the composition so that the molar ratios for DPPC:
cholesterol:DPPG: a-tocopherol became 5:5:1:0.1. The sur-
face of the HbV was modified with poly(ethylene glycol) (Mw:
5 kDa, 0.3 mol% of the lipids in the outer surface of vesicles)
using 1,2-distearoyl-sn-glycero-3-phosphatidylethanolamine-
N-poly(ethylene glycol) (Sunbright DSPE-50H, H-form, NOF
Co., Tokyo, Japan). HbVs were suspended in 5% human serum
albumin (alb) containing 160 mEg/L sodium and 107 mEqg/L
chloride (Albumin 5%-cutter, Bayer) and filtered through ster-
ilizable filters (Dismic, Toyo Roshi Co., Tokyo, Japan, pore
size: 0.45 micrometer). The whole procedure was performed
at temperatures below 10°C in a sterile environment.

The properties of HbV suspended in alb (HbValb) are sum-
marized in Table 1. The amount of oxygen release was calcu-
lated to be 6.2/100 ml. This is close to 7.0/100 mi of human
blood (hemoglobin concentration 15 g/dl} because of, theoret-
ically, the increased oxygen transporting efficiency (the differ-
ence in oxygen saturation between 40 and 110 mm Hg PO,) of
HbV compared with human red blood cells (37% to 28%,
respectively).

Preparation of Washed Rabbit (Rat) Red Blood Cells
Suspended in 5% Albumin

Blood samples were withdrawn from rabbits/rats into hepa-
rinized syringes and centrifuged to obtain a red blood cell
concentrate. This was washed twice to remove plasma com-
ponents and buffy coat by resuspension in 5% human serum
albumin and centrifugation (4,300 rpm, 10 min). The hemo-
globin concentration was adjusted to 10 g/dl, equivalent to
that of HbValb.

Hemorrhagic Shock Resuscitation

Animal preparation was performed as follows (Figure 1).
Male Japanese white rabbits (3.0 = 0.4 kg) were anesthetized
with intramuscular injection of ketamine hydrochloride (50
mg/kg) and intravenous injection of pentobarbital sodium (20
mg/kg) through the marginal ear vein. The body temperatures
of the animals were maintained between 36 and 37°C by a
heating lamp during the experiment.

Tracheostomy tubes were placed to secure the airway. The
animals breathed spontaneously during the experiment. A
polyethylene tube (outer diameter 1.7 mm, ATOM Japan) was
introduced into the right carotid artery for blood withdrawal
and connected to a pressure transducer (Polygraph System,

Ear vein

(

Tracheostomy

~3
MA flow probe

#ei . Tonometer

~ Tissue O2
electrode

Figure 1. Schematic representation of the shock resuscitation
experiment in the rabbit is shown. SMA, superior mesenteric artery;
SMV, superior meseriteric vein.

Nihon Koden, Tokyo Japan) for continuous mean arterial pres-
sure (MAP) monitoring. A median abdominal incision was
made, and the superior mesenteric artery (SMA) was identified
and dissected from surrounding tissue close to its origin from
the aorta. A 2 mm ultrasonic flow probe (20 MHz, Crystal
Biotech, Hopkinton, MA) was placed around the root of SMA
and connected to a blood flow meter for measurement of SMA
flow and heart rate. A small vein in the mesentery was ligated
distally and cannulated with polyethylene catheter (PE-20).
The catheter was advanced 5-10 ¢cm proximally until the tip
was located in the superior mesentric vein (SMV) for sampling
of venous blood. For arterial and venous blood gas measure-
ments, Corning 170 pH/blood gas analyzer (Corning Medical,
Medfield, MA) was used. Hemoglobin concentration was de-
termined by hemoglobin analyzer, Sysmex E-400 (Toa Medical
Electronics Co, LTD, Kobe, jJapan).

A sigmoid tonometor (Tonomiter Tonometorics) was posi-
tioned in the duodenum 2-3 cm from the pylorus for intestinal
mucosal pH (pHi) measurements. The pHi was determined
from partial carbon dioxide pressure (PCQO,) in the tonometer
saline, the bicarbonate concentration, and the Henderson-
Hasselbalch equation (I):

pHi = 6.1 + log;o(HCO;7/(0.22-PCOk)) (1)

A needle type polarographic oxygen electrode (Intermedi-
cal, Tokyo, Japan) was inserted into the submucosa of the
small intestine for continuous intestinal submucosal tissue ox-
ygen tension measurements.

Approximately 20 minutes was allowed for MAP, SMA
blood flow, and tissue oxygen tension measurements to stabi-
lize. Hemorrhagic shock was induced by withdrawal of 40%
of the estimated total blood volume of the rabbit from the right
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carotid artery at a rate of 10 ml/min (3 ml/kg/min). Approxi-
mately 10 minutes after bleeding, they were infused with the
lost volume via the marginal ear vein at the same rate with 5%
albumin (alb group, n = 6), HbValb (HbValb group, n = 6), or
washed rabbit red blood cell (RBCalb group, n = 6). This
procedure was repeated twice. Arterial (carotid artery) and
SMV blood samples were drawn before bleeding (BASAL),
after first bleeding (BL1), after first infusion (IN1), after second
bleeding (BL2), after second infusion (IN2), and at 30 min after
the second infusion (AFTER30); pHi was measured at BASAL,
BL2, IN2, and AFTER30.

Histologic Examination

After completion of the experiment, the animals were killed
by pentobarbital overdose. The heart, lung, kidney, liver,
spleen, and small intestine were removed and fixed in 10%
formalin. The tissues were embedded in paraffin, and the
sections were stained with hematoxylin and eosin for light
microscopic examinations.

Tumor Necrosis Factor-a Measurements

Male Wistar rats (364 = 15 g) were used for the experiment.
They were anesthetized with intraperitoneal injections of pen-
tobarbital (50 mg/kg). A longitudinal midline ventral cervical
incision was made, and catheters (PE-20 tubing, outer diame-
ter 0.8 mm, inner diameter 0.5 mm) were introduced into the
right jugular vein for infusion and into the right common
carotid artery for blood withdrawal. Shock resuscitation was
performed following the protocol in the rabbit. Forty percent of
the estimated total blood volume was drawn from the right
carotid artery at a rate of 1 ml/min (3 ml/kg/min). After bleed-
ing, they were infused via the jugular vein with the same rate
and volume of 5% albumin (n = 6), HbValb (n = 6), or washed
rat red blood cell (n = 6). This procedure was repeated twice.
Thirty minutes after the second infusion, corresponding to
AFTER30, blood was sampled from the carotid artery. After
centrifuging the blood at 4,300 rpm for 10 minutes, the plasma
component was separated and stored at —80°C until measure-
ment. TNF-a was measured by enzyme linked immunosolvent
assay (ELISA) using Genzyme-Technic rat TNF-a determina-
tion kit.

Data Analysis

Data are shown as mean = SD, as percentage changes or
differences from basal values. The error bars. in the figures
indicate SD. Data were compared between groups at corre-
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Figure 2. Changes in hematocrit in rabbits. Time points: before
bleeding (BASAL), after first bleeding (BL1), after first infusion (IN1),
after second bleeding (BL2), after second infusion (IN2), and at 30
min after the second infusion (AFTER30). Triangle, alb group; circle,
HbValb group; square, RBCalb group.

sponding time points by Mann-Whitney U test (StatView, In-
stitute Inc., Cary, NC). The level of confidence was placed at
95% for all experiments.

Results
Hemorrhagic Shock Resuscitation

Hemodynamic, blood gas, and intestinal measurements
were performed in rabbits. After IN2, the hematocrit (Hct)
(Figure 2) decreased from approximately 40% to 10% in both
alb and HbValb groups. This indicated that approximately
40% of the circulating blood volume was actually replaced
twice.

In Table 2, values at BASAL are shown for parameters rep-
resenting hemodynamics, arterial blood gas, and intestinal
perfusion. No significant intergroup differences were observed
regarding these parameters. Therefore, the subsequent data
changes are shown as percentage changes or differences from
values at BASAL.

Mean arterial pressure (MAP) (Figure 3a) declined sharply
after bleeding but rapidly recovered after infusion. There were
no significant differences between groups. Heart rate (HR)
(Figure 3b) tended to decrease slightly during the course of the
experiment, but there were no significant differences between
groups. Superior mesenteric aortic (SMA) blood flow (Figure
3¢) declined sharply after bleeding but rapidly recovered after

Table 2. Basal Values of Measured Parameters

Basal Values Alb Group HbValb Group RBCalb Group
Mean arterial pressure (mm Hg) 120 = 13 110 = 21 132 =19
Heart rate (beats/min) 233 + 23 250 = 33 240 = 45
Pa0, (Torr) 97.1 = 11.0 92378 99.0 = 9.7
PaCO, (Torr) 31.0x47 30.1 29 304 +26
Arterial base excess (mmol/L) -3.2*36 —29%42 ~4.8+2.0
Superior mesenteric arterial flow (ml/min/kg) 22.0 +10.0 322+ 11.2 36.9 *21.1
Intestinal mucosal pH 7.4 =01 7.4 =03 7.4 =01
Intestinal tissue PO, (Torr) 214 + 34 184 4.8 19.8 = 6.0
Superior mesenteric venous PO, (Torr) 45.8 + 3.1 42294 514 + 89
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Figure 3. Changes in hemodynamic parameters from basal values in rabbits. Time points: before bleeding (BASAL), after first bleeding
(BL1), after first infusion (IN1), after second bleeding (BL2), after second infusion (IN2), and at 30 min after the second infusion (AFTER30).

Triangle, alb group; circle, HbValb group; square, RBCalb group.

infusion. There were no significant differences between
groups.

Arterial oxygen tension (PaO,) (Figure 4a) tended to in-
crease slightly during bleeding and infusion in all the groups.
There were no significant differences between groups. Arterial
carbon dioxide tension (PaCO,) (Figure 4b) remained stable
throughout the study in all the groups. Systemic base excess
(BE) (Figure 4c) declined significantly in the alb group com-
pared with the RBCalb group at BL2. At IN2 and AFTER30, BE
in the alb group was significantly lower compared with both
HbValb and RBCalb groups.

In the alb group, pHi (Figure 5a) declined significantly com-
pared with both HbValb and RBCalb groups beyond BL2.
Intestinal tissue oxygen tension (Figure 5b) declined after
bleeding but recovered to baseline by infusion in the HbValb
and RBCalb groups but not in the alb group. The differences
were significant beyond IN2. Superior mesenteric venous
(SMV) oxygen tension (Figure 5¢) declined sharply after bleed-
ing but rapidly recovered close to baseline after infusion in all
the groups. However, at AFTER30, it significantly increased in
the alb group compared with both HbValb and RBCalb groups.

Histologic Examination

No significant abnormalities or differences among groups
were observed in any of the organs examined in the rabbits.

Plasma Level of Tumor Necrosis Factor-a

In the rats, TNF-a concentration in plasma (pg/ml) was
increased approximately 40-fold in the alb group (4,634 =
4,276) compared with the HbValb group (124 = 65). In the
RBCalb group, it was below detection limit (<25).

Discussion

Peripheral tissue perfusion is controlled in response to
changes in systemic hemodynamics. Intestinal perfusion is
known to be one of the first to decline in hemorrhagic shock
when the redistribution of systemic blood flow occurs to other
vital organs such as the heart and the brain. However, it is also
known that the loss of adequate intestinal function caused by
insufficient perfusion leads to serious complications such as
bacterial translocation and cytokine production,?” which can
eventually lead to mortality even when other vital organs are
initially well sustained. It has been shown that indices such as
intestinal mucosal pH are valid in assessing the severity of
shock, as well as predicting prognosis.'® To this end, in this
study, we observed parameters of intestinal perfusion in addi-
tion to systemic hemodynamic parameters to evaluate the
applicability of HbV in hemorrhagic shock resuscitation.

In the present study, in the rabbits, shock resuscitation with
albumin satisfactorily restored parameters such as MAP and
HR. Lung function was also maintained as shown by the
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Figure 4. Changes in arterial blood gas parameters from basal values in rabbits. Time points: before bleeding (BASAL), after first bleeding
(BL1), after first infusion (IN1), after second bleeding (BL2), after second infusion (IN2), and at 30 min after the second infusion (AFTER30).
Triangle, alb group; circle, HbValb group; square, RBCalb group. *p < 0.05 vs. HbValb and RBCalb groups; **p < 0.05 vs. RBCalb group.

systemic oxygen and carbon dioxide tension. However, sys-
temic base excess significantly declined in the alb group indi-
cating peripheral hypoperfusion, and our data show that one
such organ is the intestine. Even though SMA blood flow was
maintained, lack of peripheral perfusion in the alb group was
depicted by the significant decline in pHi and intestinal tissue
oxygen tension. The subsequent significant increase in SMV
oxygen tension was most likely brought about by the shutdown
of peripheral circulation leading to shunting of SMA blood. We
consider that all of these changes resulted from the impairment
in cardiac function caused by decreased oxygen content in the
alb group, which subsequently limited the oxygen delivery to
the cardiac muscles. It is likely that a longer observation period
was required for these changes to become morphologically
apparent on histology. However, most of the animals in the alb
group could not survive beyond 30 minutes after the second
infusion in this study design.

TNF-a is believed to be an important mediator of SIRS. It has
been reported that the intestine is a major source of TNF-a
production during hemorrhagic shock.’® We used rats for the
measurement of plasma TNF-a. Ideally, the assay for TNF-a
should have been performed in rabbits. However, we were not
able to find an appropriate TNF-a antibody to perform ELISA in
rabbits. On the other hand, we had previously performed
TNF-a assay in the rat, and the assay technique was well
established. In our preliminary shock resuscitation experi-
ments in rats, we found that withdrawal of 40% of estimated

circulating blood volume reduced MAP to approximately 40%
of baseline (data not shown). Also, we have previously re-
ported that withdrawal of 50% of estimated circulating blood
volume in rats reduced MAP to approximately 20% of base-
line, and base excess declined from 0 to approximately 6.9
From these data, we extrapolated that the hemodynamic
changes would be similar in rats compared with rabbits under
the same shock resuscitation protocol. Therefore, we decided
to perform the TNF-a measurements in rats. Under the same
experimental protocol, we saw a significant increase in the
plasma levels of TNF-a in the alb group. This was effectively
suppressed in the HbValb group, although not quite to the
level of RBCalb group. In this particular experiment, there is no
evidence to show that the hemodynamic changes or the
changes in the intestinal parameters were the same in the rats
compared with the rabbits, However, we believe that the
substantial intergroup differences in TNF-a in the rats, al-
though not directly, provide support that intestinal, and possi-
bly other organ damage, was reduced by shock resuscitation
with HbV.

These data show that significant covert damage to the intes-
tine is present in the alb group despite seemingly adequate
systemic hemodynamics. This was because of the deficiency of
blood oxygen content despite sufficient volume. In contrast,
systemic, as well as intestinal, perfusion in the HbValb group
were well sustained and were comparable with the RBCalb
group. Plasma TNF-a level was also effectively reduced in the
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Figure 5. Parameters representing intestinal perfusion are shown
as percentage changes or difference from basal values in rabbits.
Time points: before bleeding (BASAL), after first bleeding (BL1),
after first infusion (IN1), after second bieeding (BL2), after second
infusion (IN2), and at 30 min after the second infusion (AFTER30).
Triangle, alb group; circle, HbValb group; square, RBCalb group. *p
< 0.05 vs. HbValb and RBCalb groups.

HbValb group, close to the RBCalb group. These data collec-
tively indicate the proficient oxygen transporting capability of
HbV and its potential efficacy in shock resuscitation. One of
the powerful advantages of HbV is that its properties, such as
oxygen binding and release, viscosity, and colloid osmotic
pressure, can be manipulated by changing the amount of
allosteric effector in HbV and the plasma expander in which to
suspend HbV. We believe that currently ongoing optimization

of these properties will further improve the efficacy of HbV in
shock resuscitation.
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Importance of Tumor Necrosis Factor-a Cleavage
Process in Post-Transplantation Lung Injury in Rats
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Tumor necrosis factor-a (TNF-a) has two forms with apparently
different biological activities: a membrane-associated form and a
soluble form. TNF-a—converting enzyme (TACE) mediates a cleav-
age of membrane-associated TNF-a to induce its bioactive soluble
forim. We hypothesized that inhibition of TACE might prevent TNF-
a-induced tissue injury while preserving the benefits of TNF-a. In
this study, we evaluated the role of TACE in acute inflammation
using an inhibitor of the enzyme in a rat model of lung transplanta-
tion. Inbred Lewis rats underwent left lung isotransplantation, and
the donor lungs were kept in Euro-Collins solution with or without
the inhibitor. After 6 hours of ischemia, the left lung was trans-
planted into the recipient rat and reperfused for 4 hours. Inhibition
of TACE significantly attenuated endothelial and alveolar septal
damage, as assessed by radiolabeled albumin leakage after trans-
plantation. The inhibition also attenuated neutrophil accumulation
in the alveolar space and other histopathologic findings, including
intercellular adhesion molecule-1 expression. In addition, signifi-
cantly lower levels of monocyte chemotactic protein-1, cytokine-
induced neutrophil chemoattractant-1, high mobility group box-1,
and soluble epithelial cadherin and decreased neutrophil elastase
activity were observed in bronchoalveolar lavage fluid from the rats
treated with the inhibitor. We conclude that TACE mediates a critical
step in the development of post-transplantation lung injury.

Keywords: acute inflammation; epithelial cadherin; high mobility group
box-1; lung transplantation; TNF-a~converting enzyme

Although much progress has been made in transplantation im-
munology in recent years, reimplantation injury is still a serious
problem. Indeed, severe acute injury has been reported to occur
in 15 to 30% of patients after lung transplantation (1-4). It has
also been reported that acute lung injury in the early stage
after lung transplantation aggravates rejection via expression of
various cytokines and adhesion molecules (5, 6). Despite the
well-known proinflammatory effects of tumor necrosis factor-o
(TNF-a), its role in the pathogenesis of lung injury after lung
transplantation remains unclear. Much experimental work has
addressed this issue with a view to develop procurement tech-
niques, allowing such effective organ preservation as that
achieved in liver and kidney transplantation. TNF-a plays a
critical role in certain physiologic defensive response, but when
produced in excess, it causes severe cellular and tissue damage
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in the host (7). TNF-« has two forms with apparently different
biological activities: a membrane-associated form and a soluble
form generated from the membrane-bound protein by proteo-
lytic cleavage mediated by TNF-a—converting enzyme (TACE).
TACE is present on the surface of macrophages, the major TNF-
a—producing cells (8). TNF-a produced in response to various
stimuli, such as bacterial challenge and tumor burden, is transported
by the trans-Golgi network, expressed on the membrane surface,
and transiently present as membranous TNF-a (memTNF-a).
Within 1 hour, memTNF-« is processed by TACE and converted
to soluble TNF-«, which is incorporated into tissues and plasma
in the form generally called TNF-a (9-11). In the pathologic
state of systemic inflammatory response syndrome, autotissue
injury may be caused by excess expression of soluble TNF-a
and other proinflammatory cytokines (12). When TACE is inhib-
ited, a number of memTNF-o molecules remain on the macro-
phage surface because of blockade of memTNF-a processing.
It has been suggested in recent years that these remaining
memTNF-a molecules serve as a protection function such as
defense against infection, tumor cell cytotoxicity, productive
T cell-B cell interactions, and thymocyte proliferation (13-18).
Thus, inhibition of TACE preserves beneficial memTNF-a and
blocks the production of soluble TNF-a.

In this study, we performed orthotopic left lung transplanta-
tion in an inbred rat strain and investigated the involvement of
soluble TNF-a in post-transplantation acute lung inflammation.
We focused on chemokines and high mobility group box-1
(HMGB-1) as downstream mediators of TNF-a and examined
their involvement in lung injury. To investigate the involvement
of alveolar epithelial disorder in post-transplantation acute lung
inflammation, we attempted detection of epithelial cadherin
(E-cadherin)-soluble form in bronchoalveolar lavage fluid
(BALF) of the injured lung.

METHODS

A more detailed description of the methods is available in the online
supplement.

Animal Model

Specilic pathogen-{ree inbred Lewis rats were used as both donor and
recipient animals. All procedures described in this report were approved
by the institutional review board for animal studies.

To perform orthotopic left lung transplantations in the rats, we have
modified surgical techniques described by other investigators (19, 20).
Donor animals were injected with heparin (1,000 U/kg) intravenously.
A 14-gauge catheter was inserted into the main pulmonary artery
through the right ventricle. Immediately after the inferior vena cava
was divided and the left and right atrial appendages were amputated,
the pulmonary artery was flushed with 100 ml/kg of one of the cold
(4°C) preservation solutions described later here at a pressure of 18 cm
H,O. After the trachea was ligated and cut at an end-inspiratory phase
during the ventilation, the donor heart and lungs were removed en
bloc. Among five donor lung territories (right upper, middle and lower
lobe, caudal lobe, and left lung), the right lower and caudal lobes
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immediately after excision were designated as “preischemic lung” and
used for the evaluation of lung injury. Both the left lung and the right
upper and middle lobes were wrapped in a bed of gauze soaked with
50 mi of preservation solution and stored at 4°C for a cold ischemic
period. Then an orthotopic left lung transplantation was performed
using a cuff technique for vessel and bronchial anastomoses, and blood
flow and ventilation Lo the transplanted lung were reestablished alter
6 hours of ischemia. The right upper and middle lobes of the donor
were recovered from the preservation solution at the initiation of reper-
fusion and were designated as “postischemic lung” and used for the
evaluation of lung injury. After the chest closure and awakening from
the anesthesia, recipient animals were housed freely in room air. The
rats were killed after 4 hours of reperfusion, and both the right and
left lungs were evaluated for lung injury. Additional details are provided
in the online supplement.

Experimental Protocol

Twenty-five Lewis rats were divided into three experimental groups
(Figure 1). (/) In the transplantation group (n = 10), Euro-Collins
solution was used as lung preservation solution, and physiologic saline
was continuously infused via the tail vein at 0.75 ml/hour during 4 hours
of reperfusion. (2) In the treatment group (n = 10), 1 mg/ml of TACE
inhibitor (Y-41654) was added to the Euro-Collins solution. This modi-
fied Euro-Collins solution was used as lung preservation solution, and
Y-41654 dissolved in physiologic saline was continuously infused via the
tail vein at 3 mg/kg/hour (0.75 ml/hour) during 4 hours of reperfusion.
(3) In the sham group (n = 5), after the same anesthesia, intubation,
and artificial ventilation were given as in the previously mentioned two
groups, only thoracotomy, dissection of the left hilum, and chest closure
were performed. After dissection of the left hilum, physiologic saline was
continuously infused via the tail vein at 0.75 ml/hour for 4 hours.

At 3 hours after transplantation, the recipient animals received an
intravenous injection of 37-kBq '“I-labeled bovine serum albumin into
the tail vein as a permeability tracer. Next, 10 minutes before killing,
a 10-kBq *'Cr-labeled red blood cell was injected into the tail vein as
a pulmonary blood tracer. Animals were killed by an intraperitoneal
injection of 50 mg pentobarbital after 4 hours of reperfusion.

Blood samples were collected by cardiocentesis from each recipient
at two points during the process: at the time of surgery (just before
reperfusion) and at the time of killing. Bronchoalveolar lavage was
performed in four specimens: (/) preischemic lung, (2) postischemic
lung, (3) contralateral lung (recipient’s right lung obtained at killing),
and (4) graft lung (recipient’s transplanted left lung obtained at killing).
The BALF was centrifuged at 400 X g and 4°C for 10 minutes, and the
supernatant was stored at —80°C until needed. Cell counts were done
using a modified hemacytometer method. For diflerential counting of
BALF cells, cell monolayers were prepared from BALF by cytocentrifu-
gation. Differential counts were performed on 200 cells from smears
stained with a modified Wright’s stain. Additional details are provided
in the online supplement.
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Lung Water and '®{-labeled Albumin Index

Pulmonary edema was assessed by using a wet-to-dry weight ratio (W/D
ratio). The isotopc-specific radioactivity of cxcised lungs, blood, and
BALF samples was measured. Transvascular flux of *I-albumin was
assessed by using the concentration ratio of lung tissue to plasma and
that of BALF supernatant to plasma per unit weight, which were used
as parameters of pulmonary endothelial and alveolar septal damage,
respectively. Blood contamination in lung tissue and BALF was cor-
rected using *'Cr counts. Additional details are provided in the online
supplement.

Cytokine Determination

The cytokine concentration of TNF-a, monocyte chemotactic protein-1
(MCP-1), and cytokine-induced neutrophil chemoattractant-1 (CINC-1)
in each sample was determined using commercially available ELISA kits.
Additional details are provided in the online supplement.

Measurement of Neutrophil Elastase Activity

Neutrophil elastase (NE) activity in BALF was determined with the
synthetic substrate N-methoxysuccinyl-Ala-Ala-Pro-Val p-nitroaniline,
which is highly specific for NE, by the method described by Yoshimura
and colleagues (21).

Histopathologic Examination

A portion of each lung was fixed with 4% paraformaldehyde for histo-
pathologic and immunohistochemical examinations. After incubation
with anti-rat TNF-a antibody, sections 5 um thick were treated sequen-
tially with rabbit anti-goat IgG conjugated to peroxidase. In the same
manner, dewaxed paraffin sections were stained by the immunoperoxi-
dase method using anti-rat intercellular adhesion molecule-1 (ICAM-1)
antibody and goat anti-mouse IgG conjugated to peroxidase. Finally,
color was developed with diaminobenzidine, and the sections were
counterstained with hematoxylin.

Hematoxylin and eosin—stained sections of the graft lung tissue (n =
4 in each experimental group) were examined under light microscopy
for a histologic scoring of lung injury. A pulmonary pathologist, who
was blinded to the animals’ group assignments, scored the histologic
level of lung injury according to the following scoring system: grade 0,
no abnormal findings; grade 1, patchy alvcolar cdema with widened
interstitium with occasional erythrocytes in air spaces; grade 2, patchy
hemorrhage and diffuse alveolar edema with widened interstitium; and
grade 3, diffuse alveolar hemorrhage, massive hemorrhage, and necrosis
of parenchyma.

Next, a quantitative morphometric analysis was performed on the
findings in 10 randomly selected ficlds per slide of graft lung tissue
subjected to TNF-a immunostaining or ICAM-1 immunostaining. The
staining intensity of TNF-a- and ICAM-1-immunostained images in
the lung tissue was measured as previously published (22-25). The total
staining intensity was calculated as the summation of optical density
of the positive area and was shown using the arbitrary units. Fields

Figure 1. Schematized experimental protocol. First, the heart
and lungs were excised en bloc from the donor, immersed in
the preservation solution, and kept in a refrigerator for a cold
ischemic period. The recipient operation was started at an ap-
propriate time. The recipient’s left lung was excised, and the
preserved left lung was transplanted orthotopically. Subse-
quently, the recipient’s chest was closed, and after recovery
from anesthesia, the recipient was housed freely in room air.
After 4 hours of reperfusion, the recipient was killed and evalu-
ated for right and left lung injury. Thus, we established a model
of ischemia-reperfusion lung injury resulting from 6 hours of
ischemia and 4 hours of reperfusion. At 3 hours after the start
of reperfusion, 37 kBq of '#I-bovine serum albumin (BSA) were
injected into the tail vein as a permeability tracer, and 10 kBq
of S'Cr-labeled erythrocytes were injected as a pulmonary blood
tracer 10 minutes before killing. RBC = red blood cell.
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containing large vessels or bronchi were excluded. The total staining
intensity was normalized to alveoli per ficld to control for inflation of
the lung. The results were averaged from four rats in each experimental
group. An observer, blinded to the experimental group, examined com-
plete digitized images of specimens with Canvas 9J and Photoshop,
version 7.0. Additional details are provided in the online supplement.

Measurement of HMGB-1 Protein

HMGB-1 protein in BALF was quantified by ELISA with monoclonal
antibodies, which do not cross-react with HMGB-2 by the method
described by Yamada and colleagues (26).

Western Blot Analysis of Soluble E-cadherin Fragments

To detect the soluble fragments of E-cadherin in BALF, a Western
blot analysis was performed using a rabbit polyclonal antiserum against
the synthetic peptides for rat E-cadherin. Additional details are pro-
vided in the online supplement.

Statistical Analysis

All data were expressed as the mean * SEM. One-way analysis of
variance and a Tukey-Krammer multiple comparisons test were used
to detect statistical significance between groups. Student’s ¢ test for
paircd data was uscd to detect significant changes in plasma TNF-a
level within a group. A p value of less than 0.05 was used to determine
significant differences between means.

RESULTS

TNF-a Level in Plasma and BALF

The plasma TNF-a level at the time of killing significantly in-
creased as compared with at the time of surgery in the trans-
plantation group, but not in the other two groups (Figure 2A).
In BALF of the transplantation group, the TNF-a level increased
in the bilateral lungs (graft and contralateral lungs) after the
transplantation, particularly in the graft lung (Figure 2B). In
the treatment group, however, the BALF TNF-a levels in the
bilateral lungs after the surgery were not significantly different
from those in the sham group and were significantly lower than
those in the transplantation group.

Lung Water and 'Zl-labeled Albumin Index

In the transplantation group, the W/D ratio significantly in-
creased in the graft and contralateral lungs compared with those
in the preischemic and postischemic lungs (Figure 2C). Further-
more, the W/D ratio was significantly higher in the graft lung
than in the contralateral lung. In comparison of W/D ratios
between the transplantation and treatment groups, the W/D
ratio of the graft lung was significantly lower in the treatment
group than in the transplantation group. However, no significant

differences were observed in the W/D ratio of the preischemic,-

postischemic, or contralateral lungs between the transplantation
and treatment groups.

Both lung tissue to plasma and BALF supernatant to plasma
ratios in the graft lung were significantly lower in the treatment
group than in the transplantation group (Figures 2D and 2E).
In contrast, in the contralateral lung, there were no significant
differences in the lung tissue to plasma or BALF supernatant to
plasma ratio between the transplantation and treatment groups.

BALF Findings

In the transplantation group, no significant differences were ob-
served in either the total or differential cell counts between
the preischemic and postischemic lungs, and macrophages were
predominant in the differential cell count in both lungs, which
may have been the BALF feature of an almost normal lung
(Table 1). The total cell count in BALF increased after reperfu-
sion in the bilateral lungs, and the increase was marked in the
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Figure 2. Tumor necrosis
factor-oe (TNF-a) level, lung
water, and '*|-labeled al-
bumin index. (4) In the
transplantation group,
plasma TNF-a significantly
increased with reperfusion
(p = 0.018) (closed triangle,
sham-operated group;
closed square, transplanta-
tion group; closed circle,
treatment group). *p <
0.05. (8) Inthe transplanta-
tion group, bronchoal-
veolar lavage fluid (BALF)
TNF-o increased in the bi-
lateral lungs (graft lung in
particular) after reperfu-
sion. In contrast, in the
treatment group, BALF
TNF-a in the bilateral lungs
after reperfusion was signif-
icantly lower than that in
the transplantation group.
(C) In the transplantation
group, the wet-to-dry
weight ratio (W/D ratio)
was significantly higher in
the bilateral lungs (graft
lung in particular) after re-
perfusion. In the graft lung,
the W/D ratio was signifi-
cantly lower in the treat-
ment group than in the
transplantation group. (D
and ) Both lung tissue to
plasma and BALF superna-
tant to plasma ratios in the
graft lung were significantly
lower in the treatment group
than in the transpiantation
group. (B-£) Gray bar, sham
group; black bar, trans-
plantation group; white bar,
treatment group. *p < 0.05.
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TABLE 1. BRONCHOALVEOLAR LAVAGE FLUID CELL PERCENTAGE DIFFERENTIAL

Total Cell Neutrophil Lymphocyte Macrophage Eosinophil
(Vul) (%) (%) (%) (%)

Sham Group

Right 245 * 58 5.8+09 2403 91.8 = 0.6 0

Left 304 =19 295+72 47+1.0 65.8 79 0
Transplantation Group

Preischemic 291 * 52 2308 33+0.5 94.4 x 1.1 0

Postischernic 268 * 53 29 £ 0.6 54+17 91.6 £ 1.8 0.1 = 0.1

Contralateral 557 £ 79 11422 45%1.2 84.0 = 3.0 0.1 0.1

Graft 927 £ 79 50.6 = 5.7 16.7 £ 3.2 327 £ 6.8 0
Treatment group

Preischemic 267 * 63 0.9 £ 0.2 3.7*x1.6 954 £ 15 0

Postischemic 229 + 43 2202 25%0.6 95.3 + 0.6 0

Contralateral 286 * 64 25.6 = 5.5 81x53 66.3 = 7.0 0

Graft 343 £ 58 36.3* 6.8 42.6 + 9.6 21.1 = 3.8 0

Values shown are mean = SEM.

graft lung. As for the differential counts, neutrophils increased
after reperfusion in the bilateral lungs, particularly in the graft
lung. In the treatment group, the total and differential cell counts
were similar to those in the transplantation group in both preisch-
emic and postischemic lungs, and increases with reperfusion in
the total cell and neutrophil counts in the graft lung BALF were
less than those in the transplantation group.

In comparison of the BALF cell differential by the actual
number of cells in the transplantation group graft lung and treat-
ment group graft lung, the number of lymphocytes was similar,
but the numbers of neutrophils and macrophages were signifi-
cantly lower in the treatment group (Figure 3). As for differential
cell count in BALF in the contralateral lung, the numbers of
neutrophils and lymphocytes were similar in the transplantation
and treatment groups, and only the number of macrophages was
significantly lower in the treatment group.

Histopathologic Findings

In the transplantation group, graft lung, alveolar hemorrhages,
and interstitial thickening were marked, and growth of type II
alveolar epithelial cells was observed (Figures 4B and 4D). In
contrast, in the treatment group graft lung, only faint alveolar
hemorrhages were present, and no obvious interstitial thickening
was noted (Figures 4C and 4D).

In TNF-a immunostaining, no staining was observed in the
lung tissue or macrophages in the sham group left lung, sug-
gesting that TNF-a synthesis was not induced (Figures 4E and
4H). In the transplantation group graft lung, pale staining of the
macrophage cytoplasm was mainly observed (Figures 4F and
4H). In contrast, macrophages were entirely stained deeply in
the treatment group graft lung (Figure 4G). MemTNF-o on
macrophages may have increased because of inhibition of
TACE. We found also deeply stained TNF-«a in the alveolar
epithelium and interstitium, which may have been memTNF-a
originating from alveolar epithelial cells, fibroblasts, and vascular
endothelial cells (Figure 4H).

Chemokine, Adhesion Molecules, and NE Activity

MCP-1 and CINC-1 in graft lung BALF were significantly lower
in the treatment group than in the transplantation group (Figures
5A and 5B). In the contralateral lung, no significant differences
were observed in the BALF MCP-1 or CINC-1 level between
the transplantation and treatment groups.

On ICAM-1 immunostaining, almost no staining was observed
in the lung tissue in the sham group left lung (Figures 5C and 5F).
The vascular endothelium and alveolar epithelium were deeply

stained in the transplantation group graft lung but were only
weakly stained in the treatment group graft lung (Figures 5SD-5F).

The NE activity in BALF increased in the transplantation
group graft lung, whereas it remained significantly lower in the
treatment group graft lung (Figure 5G). In the contralateral
lung, the NE activity in BALF of transplantation and treatment
groups was similar.

HMGB-1 and E-cadherin Soluble Form

HMGB-1in BALF was significantly higher in the transplantation
group graft lung than in the sham group left lung (Figure 6A).
In the treatment group, the HMGB-1 level in graft lung BALF
was significantly reduced compared with that in the transplanta-
tion group.

The soluble form of E-cadherin in BALF can be a parameter
of lung epithelial damage. In this study, the BALF supernatants
of the bilateral lungs after surgery in each experimental group
were subjected to Western blotting described in the METHODS
section (Figure 6B). A band corresponding to the molecular
weight of E-cadherin soluble form, 85 kD, was detected in all
samples. The variations in band intensity were concordant with
the changes in BALF supernatant to plasma ratio, an isotopically
derived index of alveolar septal damage, and the band intensity
was macroscopically different between the transplantation group
graft lung and treatment group graft lung.
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Figure 3. BALF cell count of the graft lung. In the treatment group, the
number of lymphocytes was similar to that in the transplantation group,
but the neutrophil and macrophage counts were significantly lower,
resulting in significant decrease in the total cell count (gray bar, sham
group; black bar, transplantation group; white bar, treatment group).
*p < 0.05.
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D Figure 4. Histopathologic find-
ings. (A-D) Hematoxylin and
eosin staining of the graft lung
tissue. (A) Sham group. (B)

Transplantation  group. (C)
® Treatment group. In the trans-
8 plantation  group, alveolar
@ hemorrhages and interstitial

thickening  were  marked,

whereas only faint alveolar hem-
orrhages were observed in the
treatment group. Scale bars,
150 um (top row) or 25 um (bot-
tom row). (D) Histologic score for
the graft lung injury. Data are
shown as mean * SEM (for grad-

=

g 0.25n ﬁ ing, see thevMEI'HODS s.ection).
F T (E-H) TNF-a immunostaining of
§ 0.24 the graft lung tissue. (E) Sham
@ group. (F) Transplantation
5 0.5 group. (G) Treatment group.
& The top row presents immuno-
§ N stained lung tissues, and arrows
" < 0,054 indicate alveolar macrophages.
£ The bottom row presents immu-
g gl nostained macrophages alone.

In the sham group, lung tissue
or macrophages were not im-
munostained. Inthe transplanta-
tion group, macrophage cyto-
plasm was mainly stained. In the
treatment group, the entire
macrophage, the alveolar epi-
thelium, and the interstitium
were prominently stained. Scale
bars, 25 um (top row) or 2 um

Graft lung bssue

(bottom row). (H) Quantification of TNF-o immunostaining intensity in the graft lung tissue. In the graft lung, TNF-a staining was significantly
increased in the treatment group. AU = arbitrary units. *p < 0.05. (D and H) Gray bar, sham group; black bar, transplantation group; white bar,

treatment group.

DISCUSSION

In this experiment, TACE inhibitor was used to inhibit cleavage
of memTNF-a and release of soluble TNF-« in a rat lung trans-
plantation model. Regional and systemic treatment with TACE
inhibitor attenuated the severity of reimplantation injury of the
graft lung with decreased lung local concentration of soluble
TNF-q, suggesting the involvement of soluble TNF-a in post-
transplantation acute lung inflammation. The decrease in soluble
TNF-« inhibited chemokine production and ICAM-1 expression
in the lung local region, reducing accuamulation of inflammatory
cells and tissue-injuring activity.

In this study, lung injury was evaluated 4 hours after reperfu-
sion, whereas previous reports described lung injury evaluated
within a relatively short time after reperfusion, such as 15 minutes
to 2 hours (19, 27, 28). In an experiment tracing the time course
of lung ischemia-reperfusion disorder in rats, the development of
the disorder was biphasic (29). Neutrophil-independent mild lung
injury occurred approximately 30 minutes after reperfusion, and
neutrophil-dependent severe lung injury occurred approximately
4 hours after reperfusion (29). Based on investigations of myelo-
peroxidase activity in lung homogenates and histology (29, 30),
accumulation of neutrophils in the lung is considered to require
2 or more hours after reperfusion. In this experiment, therefore,
lung injury was evaluated 4 hours after reperfusion because our
main objective was to investigate the role of TACE in neutrophil-
dependent lung injury.

We used alveolar—septal permeability calculated from the leak-
age of radiolabeled albumin for the evaluation of lung injury. In
previous lung transplantation experiments, acute lung injury was
evaluated mostly based on oxygenation capability (e.g., arterial O,
tension), hemodynamics of the pulmonary circulation (pulmonary
vascular resistance, pulmonary arterial flow), lung compliance,
‘W/D ratio, or histologic examinations (19, 27, 28). We selected the
isotopically derived indices because an accurate and quantitative
evaluation of lung injury was anticipated (31, 32).

Inhibition of the release of soluble TNF-a decreased neutrophils
and macrophages in the local graft lung. Thus, we investigated
whether TACE inhibition affects recruitment of inflammatory
cells, including chemokine induction and expression of adhesion
molecules (33). In the treatment group, the levels of CINC-1, a
C-X-C chemokine, and MCP-1, a C-C chemokine, in BALF
recovered from the graft lung were significantly lower in cooper-
ation with a decrease in the local concentration of soluble TNF-a
compared with those in the transplantation group. In a prelimi-
nary in vitro study, we confirmed that the TACE inhibitor itself
had no inhibitory action on CINC-1 or MCP-1 (data not shown).
We inferred that the impaired release of TNF-a could be respon-
sible for the decreased production of CINC-1 and MCP-1, which
we observed. It was also revealed that the expression of ICAM-1,
an adhesion molecule on endothelial cells mediating firm adhe-
sion of neutrophils and endothelial cells, in the graft lung tended
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Figure 5. Cnhemokine, adhesion molecule, and
neutrophil elastase (NE) activity. (A and B) Both
monocyte chemotactic protein-1 (MCP-1) and
cytokine-induced neutrophil chemoattractant-1
(CINC-1) in the graft lung BALF were signifi-
cantly lower in the treatment group than in the
transplantation group. (C-F) Intercellular adhe-
sion molecule-1 (ICAM-1) immunostaining of
the graft lung tissue. (C) Sham group. (D) Trans-
plantation group. (E) Treatment group. In the
transplantation group, vascular endothelium
and alveolar epithelium were deeply stained,
whereas these were only weakly stained in the
treatment group. Scale bars = 25 pm. (F) Quan-
tification of ICAM-1 immunostaining intensity
in the graft lung tissue. In the graft lung, ICAM-1
staining was significantly increased in the trans-
plantation group. AU = arbitrary units. (G) BALF
NE activity increased in the transplantation
group graft lung, but it was significantly decreased
in the treatment group graft lung. N.D. =
not detected; p-NA = p-nitroaniline. (4, B, F,
and G) Gray bar, sham group; black bar, trans-
plantation group; white bar, treatment group.
*p < 0.05.
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to be lower in the treatment group. Based on the findings men-
tioned previously here, we concluded that soluble TNF-o plays
a critical role in the development of reimplantation lung injury
by regulating accumulation of neutrophils and macrophages via
induction of chemokines (CINC-1 and MCP-1) and upregulation
of ICAM-1, which are consistent with previous reports (29, 30,
34, 35). Several investigators have shown that the administration
of an antineutrophil antibody, a neutralizing monoclonal anti-
body against interleukin-8, or an anti-P-selectin antibody pre-
vented neutrophil infiltration and tissue injury in the setting of
lung transplantation (29, 30, 34). Also, the blocking antibody
to MCP-1 was reported to be highly protective against lung
reperfusion injury (35).

NE activity in the graft lung was decreased in the treatment
group compared with the transplantation group. Because NE
activity reflects the magnitude of neutrophil sequestration in
the lung, decreased NE activity might be due to the decreased
neutrophil recruitment by TACE inhibition, leading to attenu-
ated lung injury.

In this study, we observed increased TNF-« levels in BALF
after the transplantation, particularly in the graft lung, and in
plasma 4 hours after transplantation, not during surgery, which

suggests that the TNF-a production after reperfusion was mostly
due to residential macrophages in the graft lung directly stimu-
lated with ischemia—reperfusion and that plasma TNF-a may
have been spilled over from the graft lung. It has been reported
that during reperfusion oxidant stress activates macrophage nu-
clear factor-kB, leading to increased production of mRNA for
TNF-a (36). Furthermore, soluble TNF-« in epithelial lining
fluid, which is produced in the graft lung, may be more critical
than TNF-a in plasma in the development of reimplantation
injury. From this perspective, controlling the injurious potential
of neutrophils and macrophages in the local lung may be effective
as therapeutic strategy for reimplantation injury, and the addi-
tion of TACE inhibitor to the preservation solution may have
significant clinical benefits. TACE inhibitor in the lung preserva-
tion solution could be distributed sufficiently in the lung tissue
during 6 hours of preservation and may have formed the prepara-
tory condition for inhibition of TNF-« release from residential
macrophages after reperfusion (37). In addition, when the lung
was stored in the preservation solution with TACE inhibitor,
the total number and differential of BALF cells did not change
after storage, which suggests exposure to the drug had no harmful
effects.



Goto, Ishizaka, Kobayashi, et al.: TNF-a Cleavage in Lung Injury

Figure 6, High mobility
group box-1 (HMGB-1) pro-
tein and epithelial cadherin
(E-cadherin)-soluble  form.
(A) The BALF HMGB-1 level
was increased in the trans-
plantation group graft lung,
but it was significantly de-
creased in the treatment
group graft lung (gray bar,
sham group; black bar, trans-
plantation group; white bar,
Graft treatment group). *p < 0.05.
(B) Western blot analysis of
E-cadherin-soluble form in
- the BALF from the bilateral
lungs after the surgery. Molec-
ular markers were applied in
the extreme right lane (blue,
206 kD; magenta, 124 kD;
green, 83 kD; violet, 42 kD; or-
ange, 32 kD; red, 19 kD; and
blue, 7 kD). A band consistent
with the molecular weight of
E-cadherin soluble form, ap-
proximately 85 kD, was de-
tected in all samples. The BALF
& supernatant to plasma ratios
were from the left, 0.0056,
0.0190, 0.0320, 0.1446,
B 0.0271, and 0.0683, and the
band intensity changed in
concordance with the BALF
supernatant to plasma ratio.

Contra = contralateral.
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In this experiment, TACE inhibitor did not significantly atten-
uate a slight increase in lung transvascular permeability in the
contralateral lung, which could be induced by inflammatory me-
diators in systemic circulation (35). In the transplantation group,
the TNF-a level in the BALF recovered from the contralateral
lung was significantly higher than in other two groups. In con-
trast, no significant differences were observed in the BALF
MCP-1 level, CINC-1 level, NE activity, or number of BALF
neutrophils between the transplantation and treatment groups
in the contralateral lung. Lung injury of the contralateral lung
caused by indirect stimulation may not be mediated only by
TNF-o but by several other mediators.

In addition to its role as a transcriptional regulatory factor,
HMGB-1 protein has recently been identified as a late mediator
of endotoxin lethality (38). Macrophages release HMGB-1 when
exposed to early, acute cytokines, indicating that it is also posi-
tioned as a mediator of inflammatory conditions. Previous stud-
ies have demonstrated that TNF-a functions as an upstream
regulator of HMGB-1 release (39). Our observations are consis-
tent with the role of HMGB-1 as a distal inflammatory mediator
and with its release induced primarily by soluble TNF-o. The
role of HMGB-1 in the pathogenesis of acute lung injury seems
distinct from any effects of earlier acting proinflammatory cyto-
kines. It was reported that intratracheal administration of HMGB-1
causes acute lung injury, and antibodies against HMGB-1 attenuate
lipopolysaccharide-induced pulmonary edema (40). In that study,
anti-HMGB-1 antibody did not significantly reduce the concentra-
tions of proinflammatory cytokines in lipopolysaccharide-induced
lung injury, suggesting that HMGB-1 occupies a more distal posi-
tion in the proinflammatory cascade (40). In our model as well,
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the delayed release of HMGB-1 may have participated in the
downstream development of post-transplantation lung injury.

Soluble E-cadherin in BALF was méasured as a direct index
of alveolar epithelial injury. E-cadherin is a 120-kD transmem-
brane glycoprotein, predominantly localized to the lateral cell
border and associated with the contractile cytoskeleton (41). Most
epithelial cells express E-cadherin, and soluble E-cadherin may
reflect loosened intercellular adhesion among epithelial cells.
In this study, Western blot analysis showed soluble E-cadherin
released into BALF, which might suggest the involvement of
alveolar epithelial disorder in reimplantation lung injury.

In summary, TACE inhibition markedly attenuated reim-
plantation injury. A modest reduction in lung graft failure and
early mortality rates caused by reimplantation injury would exert
a significant effect on overall long-term survivals. The lung speci-
mens were preserved for 6 hours in this study, but it is possible
that organ preservation solution containing TACE inhibitor re-
duces reperfusion injury even though it was kept in ischemic
condition for a prolonged period, and clinically, the ability to
preserve donor lungs effectively for longer periods of time would
increase the pool of potential donors.

Some studies have used anti-TNF-a antibodies for TNF-a
inhibition in lung ischemia—reperfusion injury (42, 43) and noted
improvement in lung injury. On the other hand, studies have
reported that the complete blocking of the physiologic functions
of TNF-« tends to result in pulmonary infections such as tuber-
culosis and fungal infection (44, 45). The administration of anti-
TNF-« antibody in the perioperative period of lung transplanta-
tion might be risky and impractical. In general, the half-life of
antibodies in the blood is relatively long up to 14 days, and
anti-TNF-a antibody binds to soluble and memTNF-« in a speci-
fic and high-affinity manner, blocking all biological activities of
TNF-a. Therefore, we speculate that anti-TNF-o antibodies might
have disadvantages, such as potential for making the host vulnera-
ble to infections. In contrast, TACE inhibitor inhibits only soluble
TNF-a, which is distributed through the systemic circulation, and
does not completely block the biological activities of TNF-a., Be-
cause TA CE inhibitor with high water solubility used in the experi-
ment has a very short half-life of approximately 20 minutes, we
presume that the drug might have some advantage compared with
anti~TNF-a antibodies because its blood concentration could be
easily controlled, making it safer and more convenient compared
with long-acting anti-TNF-a antibody.

In the graftlung after transplantation, TNF-a synthesis begins

in alveolar macrophages in response to reperfusion stimulation
after ischemia, but memTNF-a expressed on the cell surface
does not cause pulmonary disorder. The lung injury cascade via
soluble TNF-a does not start until memTNF-a is cleaved by
TACE. TACE may be very important as a trigger of TNF-o-
induced lung injury.
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X I What is the optimal dimension of O, carriers?

# 1 Hemoglobin based oxygen carriers in development as red blood cell substitutes
Product Hb source Technology Developer Status
DCL-Hb Human red cells o-o crosslinked Hb Baxter Healthcare Phase 111 (trauma)
(HemAssist) (Deerfield, IL, US.A)) (suspended)
RHb1.1/1.2 E. coli Recombinant human oo Baxter Healthcare Phase I1 (discontinued)
(Optro) fused Hb (Somatogen < 1998)
RHbB2.0 E. coli Recombinant Hb Baxter Healthcare Preclinical
HBOC-201 Bovine red blood Gultaraldehyde Biopure (Cambridge, MA, BLA filed (elective
(Hemopure) cells polymerization US.A) surgery). Approved

Human POE-Hb

Human red cells

PEG conjugation

Curacyte (Apex)

for clinical use in
S. Africa
Phase 11T (septic shock)

(PHP) (Munich, Germany)
Hb-raffimer Human red cells Oligermerization with Hemosol (Toronto, Canada) Phase 111 (cardiac
(Hemolink) o-raffinose surgery) (suspended)
Pyridoxal polyHb Human red cells PLP-Hb polymerized Hb Northfield Laboratories Phase HI (trauma)
(PolyHeme) with glutaraldehyde (Evanston, IL, US.A.) Filed BLA
Hemospan Human red cells Conjugated with Sangart Phase II (elective
maleiimide PEG (San Diego, CA, US.A) surgery)
HemoZyme Human red cells Polynitroxylated Hb SynZyme ' Preclinical

PolyHb-SOD-CAT

Bovine red cells

Hb modified with SOD
and catalase

(frvine, CA, US.A.)
McGill University
(Montreal, Canada)

Preclinical

PEG-Hb Bovine red cellls PEG conjugated Hb Enzon (Piscataway, NJ, Phase Ia (discontinued)
US.A) .
OxyVita Human/bovine Stabilized Hb with 1PBL Pharm. (Goshen, NJ) Preclinical
red cells sebacoly diaspirin
HemoTech Bovine red cells Modified Hb with o-ATP, HemoBio'Tech {Amarillo, Preclinical
o-adenosing, and TX,US.A)
glutathione
VB, 5. KYHEIZA~E 70 2R (hemoglobin vesicle-

=0, FHOIICE YISz AET O v &) R
V= DANTFCH T AL L 22HAR (cellular %Y)

DRI, BEBLEITCHIZOREIES TH
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7. AT

SRR

SFRHLE SR O fEA  HEfiH

‘BEREE SFEREE

- BRI R,

. ml%f%%‘fb ' » ? ——é%”*ﬂ)ﬁ@ﬁﬁﬂﬂﬂ

=Bk~ EA . BERMEORS
(@B, > 20B) w | BERBEORN
RUVHRIERY P |
B BLTHE mowmons

R 2 55-FIK Hb o FRE R & ik

Wistar& 3wk (', 344 £ 15¢)

1. EREDRPARICFRE

2. BREICHRBETRIA,

3. RyFS5—T0—TE MR RIIR
(ZERf,

4. 90%3Z i mBER
B Hb/Mk7 LTS

FILITEw
T FOL 7 QU OID) 1UGIG, I Ut

platrm

] .
/ polyurewn coating
4 // epaky coating

/
W00gen Al 17 m

O,pum/cabu MEmTER

PolarographicE R B8

ASAIO J. 43, 289-297 (1997)
Bicconjugate Chem. 8, 23-30 (1997)

B3 Hb/MuMAIZ X % 90% 3R

AORMIIBAESE ST RV FL 7)) a—=)i
LIOHBEEINTEBY) ZORAKEESTFICLD, HbV
LRG0 & DI X ARELILTAZE
WTE LY. ZORGBOEREIIK 250nm TH 5 (X1,

2). Z OB EIRRBOIRET 2ER, IR

BANBZEME $£1068 £18

ETEISICEHORENTRTH A, BRI EED
BWISEP T THRTE S L0 ) il D 57,

HbV #H\725 v MIBIT S 90% i £ (4
3) OF =4 —%RT (4). 5% 7IV7 I I HbV
B LRI 2 1T > ik ERFho 2
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070 20 40 60 80 30538 0 0 " 20 a0 60 80 309
RIS ) I HREB(% )

ASAIO J. 43, 289-297 (1997)
Bioconjugate Chem. 8, 23-30 (1997)

M4 Hb /Al & 5 90% iR

1. it Wistar rat (280 £ 27 g)
2. W AREBR(1.5% sevoflurene)
3. BHMIRICIEE

4. MEEE:
mE, D, ATk,
Pa0,, PaCO,, pH, #L.EA{E
R

BREE
HbVIrHSA
wRBCIHHSA
rHSA

SEEg
L MmegE e o o

mmaﬂm:m Cob otk She

© Ghes

HbV suspended in THSA, [Hb] = 8.6 g/dL
Washed RBC suspended in rHSA, [Hb] = 8.6 g/dL
recombinant human serum albumin, 5 g/dlL.

Crit. Care Med. 32, 539-545 (2004)

5 Hb/MakoPeliiz X aMimy a v 755 0L

Vb= ERHEEL72AY, 5% TVT I Y OARTARH
Wit 247 - 2B T e L /.

HbV D a vy 706 ORAEE (B 5) TiX, 5% @
recombinant 7 V7 3 VIZ HbV #8 U i a iS5 L

34

72 HbV/rHSA ¥ Cid, recombinant 7V 7 3 Y IZHLD
RS RIMIRZ il S Sl 2 S LB L FERZ 84
2RI e EREZIAEFL TV @), TonkHiz

CHbV 2R A L LTRREEL Twa T EASER s h
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Ho/Malk ik 53 L& f LR
8
P 6 I~ ¢ Y
S ®  —o—HbV/IHSA
L 4l & —&—wRBC/HSA
fé --0--rHSA
ol ﬁ o Py
2} é9
f5t p
P
0 $ 0 1 6
it iy B HORZBEFA (hr)

Crit. Care Med, 32, 539-545 (2004)

e i avw v &ifd

7z, BAE b IIIERRIGH % B 2 70198 % ki
TdhHY.

Ml U727 VT 3 rALid, 7ThVT 3 DRk
DN B SETREFEEMAETH LD, TVT
I VK BBEBEEE % D o 72 resuscitation fluid & L
ToOWhetk RS, B ERSETHTH B0,

AN TERFEMRAIITM MM > 5 v 710 5 G
ELTEDNY T L HBAMEBROFER L LCORIA,
FREZE, AEZE Ze &~ DR MERRT "~ B 258, [
TMES: % BR AL 5 2 LI X BHUEH R TG #IC
Y LB E ISR TV B,

Iv. AIm/ik

TR AN SRR RE 22 BRI 2YE W (72 BERE), A F
W AFNEE, v VARG, BERL OIS
I EWHBHT L, EERNTOFMIE O THIE
BGDRER Z EHE v, RIEI/MT O R A
DAETZH 5 % EOBHATIkME Hi & L A Tf/h
WOBHFEDT AL T 5102w,

MR OB S BRI E S - MF N 8
ik L, R5&, BERISIZE D IkmE4T) & & TH B9,
ATHLAIZ RS ST B G 1 B IS TR
THBDPBREINBICOMEF L, $F & ik
ZEL, iz ha—A452EThHY, HE
DAEEHB MR ER L, WIS T iiud i sk

BANRZFEMEE $£106E £13

V. ALI/MEBZEOXAIEZFREA L TR0 %
WA ZEMEILT 52 LT, RIARKRED L
LTWE74+ V7T FRF WWF) OZEERTDH
% GP1b/1X R BEICNE L GP1b/Ia 7 &7%, $ /2%

I

| SAKREBEOBRE LTIRYEY—L, BT RT3

YRBMERE EAE 2 HhTwb, BEMEIhDD
HHALH/MEE LT, UTOE) LD H BN,

Fibrinogen-RBC, Erythorocytes with covalently
bound fibrinogen : IEH b bAkMER AL L, 2 i
747N =7 e ARG LOT, MAMOR
BTy MIEHET S LT v O HIMBEH A 5EHT 5 &
woy

Thromboerythrocyte : fit/IMEOMHME%E 5 HIW T
SN/ DT74 7)) =7 rO7 3 ) BET
GP1b/Illa & DA IR T % AraGly-Asp (RGD) B2
& $fo 7o 7T B AcCGGRGDF-NH2 # L #56
CARMEKEICEE L2b 0T, ZORIMERILIEHAL
/AL (GP1b/MMMa) &AFRICEUET 5. HIO ORI
ZHAEE LTHERTAZLLTETH L.

Plateletsome : 0 #&{t L 72 M/MRIEICRE E L 7= 0.
GP1b, Gpllb/Ila, GplV % & 15 fEEHLL L& E A
FENRTW5BY,

Infusible platlet membrane IPM) : IR & b ifn
AR USSR RIS K DB L, BRI L Tt &
H72bDTAC T36 A ARIFTERTH S L) FH
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