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Safety Evaluation of an Artificial O, Carrier as a Red Blood
Cell Substitute by Blood Biochemical Tests and
Histopathology Observations

Yusiv Huang, * Teruvuki Komatsu,* HisasHi Yamamoto,t HiroHisa HorinoucH, # KoicH! KosavasHl, § AND EISHUN TSUCHIDA®

Recombinant human serum albumin (rHSA) incorporating
synthetic heme with a covalently linked proximal base {albu-
min-heme [rHSA-heme]) is an artificial O, carrier that can
transport O, like hemoglobin does in the blood stream. To
evaluate the clinical safety of this compound, 20% and 40%
exchange transfusions with rHSA-heme into anesthetized rats
were followed by blood biochemical tests and histopatho-
logic observations for 7 days. In the 20% rHSA-heme group,
a total of 30 analytes by blood biochemical tests showed
almost the same values as those observed in the reference
20% rHSA group. Although some abnormal values for liver
parameters were found in the 40% rHSA-heme group, they
returned to normal after 7 days. Histopathologic observations
indicated that the administration of rHSA-heme in a volume
of 20% total blood volume did not produce any negative side
effects on the vital organs. ASAJO Journal 2004; 50:525-529,

Hemog!obin (Hb)-based O, carriers have been studied as red
blood cell substitutes or as an O, therapeutic.*? The advantages
of these O, carriers are 1) the absence of a blood type antigen and
infectious virus, 2) a small particle size for penetration through
constricted vessels where red blood cells cannot penetrate, and 3)
stability for long-term storage. The first generation producls
{Hemolink, Polyheme, and Hemopure),* which are currently in
clinical testing, have been followed by second generation mate-
rials (Hemospan™ [MP4],5 adenosine-GSH-Hb,¢ and SOD-
catalase-Hb?] under development. We have developed an en-
tirely synthetic O, carrier without using Hb. Recombinant human
serum albumin (rHSA) incorporates a synthetic heme (2-[8-{N-(2-
methylimidazolyl)loctanoyloxymethyl]-5,10,15,20-tetrakis
{e, &, &, e-0-{1-methylcyclohexanamido)}phenylporphinatoiron(il)
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(Figure 1), providing an artificial hemoprotein (albumin-heme
{rHSA-heme]), which has the potential to bind and release O,
under physiologic conditions (pH 7.3, 37°C) in the same manner
as Hb.8-"2 Because the rHSA-heme molecule is totally synthetic,
there is absolutely no concern for infection with pathogens and
virus. The in vitro experiments have indicated that the rHS5A-
heme solutions have a high compatibility with blood cell com-
ponents.'2 Furthermore, we found that vasoconstriction was not
observed after administration of rHSA-heme into the circulatory
system because of its low permeability through the vascular
endothelium; rHSA-heme does nct deplete nitric oxide {endothe-
fium-derived relaxing factor).> Qur recent study of a 30% ex-
change transfusion with rHSA-heme after 70% hemodilution with
5% (by weight) rHSA in anesthetized rats showed that injection of
this material improved the circulatory blood volume and resus-
citated the animals from shock. ' To evaluate the clinical safety of
this material as a red blood cell substitute, 20% and 40% ex-
change transfusions in anesthetized rats were studied using blood
biochemical testing and histopathologic observations for 7 days.

Materials and Methods
Preparation of rH5A-Heme

The rHSA (Albrec, 25% by weight) was provided by the
NIiPRO Corp. (Osaka, Japan). The rHSA-heme solution (rHSA:
4.9% rHSA by weight, pH 7.45; heme: 2.8 mmolL heme,
colloid osmotic pressure (COP) 18 torr, osmolarity 300 mOsm,
viscosity 1.1 cP, and endotoxin <0.1 EU/ml) was prepared
according to our previously reported procedure. 101415 The
other physicochemical properties of rHSA-heme (molecular
weight 72.3 kDa, O, binding affinity [p,,0,] 37 torr, and
isoelectric point 4.8) have been reported elsewhere.'® The
half-life of the oxygenated rHSA-heme against the ferric state
was ¢ hours at 37°C in vitro.'0

Exchange Transfusion with rHSA-Herme in Anesthetized Rats

The investigations were carried out in 60 male Wister rats
(312 * 3.0 gm). The details of the experimental setup (anes-
thesia and catheterization) were the same as our former pro-
tocol reported elswhere.'#15 The total blood volume of a rat
was estimated to be 64 mifkg body weight. The 20% exchange
transfusion was achieved by four cycles of repeated blood
withdrawal via the common carotid artery {1 mf, 1 ml/min) and
the rHSA-heme infusion into the femoral vein {1 ml, 1 ml/min;
20% rHSA-heme group, n = 12). The 40% exchange transfu-
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Figure 1. Chemical compound of entirely' synthetic O, carrier
without using Hb.

sion was performed by eight cycles of identical withdrawal/
infusion (40% rHSA-heme group, n = 12), As a reference, a 5
grvd) rHSA solution was given to other rats in the same ratios
(20% rHSA group and 40% rHSA group, n = 12 each). Fur-
thermore, 12 rats without blood exchange (anesthesia and
surgery only) were also used as the control group. After the
blood exchange transfusion, the animals were sutured and
returned to their home cages. Their appearance and body
weights were observed on days1, 3, and 7 after surgery.

After days 1 and 7, 4 ml of venous blood was taken from 6
rats in each group and centrifuged at 4°C (Beckman Coulter
Co., Optima LE-80K for 3,500 rpm, 10 min). The plasma phase
was frozen (~20°C) for the blood biochemical tests. The rats
were sacrificed by venesection and the weights of the isolated
fiver, kidney, spleen, lung, and heart were measured. All ani-
mal handling and care were in accordance with NIH guide-
lines. The protocol details were approved by the Animal Care
and Use Committee of Keio University.

Blood Biochemical Tests

A total of 30 analytes (tota! protein, albumin, albumin-
globulin ratio, aspartate aminotransferase [AST], alanine ami-
notransferase [ALT], lactate dehydrogenase {LDH], alkaline
phosphatase, y-glutamyltransferase, leucine aminopeptidase
[LAP], choline esterase, total bilirubin, direct bililubin, creati-
nine, blood urea nitrogen, uric acid, amylase, lipase, creatine
phosphokinase, total cholesterol, free cholestercl, cholesterol
ester [EChol], B-lipoprotein, high density lipoprotein [HDL]
cholesterol, neutral fat [i.e., triglyceride, TG), total lipid, free
fatty acid, phospholipids [Pht], K*, Ca?*, and Fe**) were
measured by the Kyoto Microorganism Institute (Kyoto, Japan).
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Figure 2. Body weight changes in male Wistar rats subjected to
20% and 40% blood exchange with recombinant human sefum albu-
min (HSA) and rHSA-heme solutions. Each- value represents the
mean+SEM. O, Control group; ¢, 20% rHSA-heme group; A, 20%
rHSA group; W, 40% rHSA-heme group; and [J, 40% rHSA group.

Histopathologic Observations

Paraffin sections were prepared from the 10% formalin fixed
organs and stained with hematoxylin-eosin stain and Berlin
biue. All histopathologic observations were carried out by
Panapharm Laboratories Co., Ltd. {Kumamoto, Japan).

Data Analysis

The data for increased body weight, organ weight, and
blood biochemical tests are expressed as mean * SEM. A
statistical analysis was performed using the Bartlett test fol-
lowed by the Tukey-Kramer multiple comparison test. Values
of p < 0.05 were considered significant. The statistical analyt-
ical software was StatView (SAS Institute Inc., Cary, NQ).

Results
Appearance and Body Weight

In the control, 20% rHSA, and 20% and 40% tHSA-heme
groups, all animals survived for 7 days without any change in
their appearance and behavior. In contrast, one rat died after 3
days in the 40% rHSA group; the remaining five rats in this
group did survive for 7 days.

in the control group, the change in body weight from the
basal value decreased by 8.3 = 1.5 gm after 1 day (Figure 2).
However, it increased to 11.2 = 2.4 gm after 3 days and to
42.1 % 4.3 gm after 7 days.

In the 20% and 40% rHSA groups, body weights decreased
by21.8 = 1.8gmand19.6 £ 2.8 gm, respectively, after 1 day,
but they returned to basal levels after 3 days and increased to
34.9 * 2.9 gm and 36.3 * 4.0 gm, respectively, after 7 days.

In the 20% rHSA-heme group, body weight decreased by
14.3 = 1.8 gm after 1 day. It recovered to the starting level
after 3 days and increased to 34.9 * 2.9 gm after 7 days. This
change was almost the same as those observed in the 20% and
40% rHSA groups. In the 40% rHSA-heme group, the weight
declined by 29.8 + 2.5 gm after 1 day. Although it increased
t0 22.1 * 2.1 gm after 7 days, the differences from the other
groups were constant during the experimental period.
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Weight of Vital Organs

We could not find any remarkable difference in the weights
of the vital organs of the 20% rHSA and 20% rHSA-heme
groups compared with the control group, except for spleen
weight (Figure 3). Spleen weight was significantly increased in
the 20% rHSA group after 1 and 7 days and in the 20%
rHSA-heme group after 7 days.

In the 40% rHSA group, liver weight was significantly de-
creased after 1 day, and spleen weight increased after 7 days
compared with that in the control group. In the 40% rHSA-
heme group, spleen weight was significantly increased after 1
and 7 days versus the controt group. There was no remarkable
change in the weights of fungs, heart, liver, and kidney.

Blood Biochemical Tests

The 30 analytes from the blood biochemical tests of rat
plasma are summarized in Figure 4. In the 20% and 40% rHSA
groups, most of the parameters did not show any significant
difference versus the control group, except for the iron de-
crease in the 20% rHSA group after 1 day and the choline
esterase decrease after 7 days.

In the 20% rHSA-heme group, the decreases in LAP, TG,
total lipid, PhL and iron after 1 day were significant compared
with values in the control group. After 7 days, all analytes
returned to the same levels as in the control group. With
respect to the 20% rHSA group, the decrease in PhL after 1 day
and the decrease in iron after 7 days were significant. In the
40% rHSA-heme group, the increase in total protein and AST
and the decrease in total cholesterol, EChol, HDL cholesterol,
and total lipid after 1 day were significant relative to the
control group. Moreover, large increases in ALT and LDH were
observed in three of the six samples. In comparison with the
40% rHSA group, the increase in LDH after 1 day, the decrease
in EChol and HDL cholesterol after 1 day, the increase in HDL.
cholesterol after 7 days, and the decrease in TG after 7 days
were significant.

Histopathologic Observations

A mild or modulate extramedullary hematopoiesis in the
spleen was often found in all groups after the surgical opera-
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Figure 3. Relative organ weights (as a percentage of body weight)
In male Wistar rats subjected to 20% and 40% blood exchange with
recombinant huran serum albumin (ftHSA) and rHSA-heme solu-
tions. Each value represents the mean=SEM. O, Control group; OO,
20% rHSA group; [J, 20% rHSA-heme group; B, 40% rHSA group;
and M, 40% rHSA-heme group.
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Figure 4. Blood biochemical tests of rat plasma after 20% and
40% blood exchange with recombinant human serum albumin
(rHSA} and rHSA-heme solutions after 1 and 7 days. Each value
represents the mean+SEM. [J, Control group; [J, 20% rHSA group;
0, 20% rHSA-heme group; &, 40% rHSA group; and B, 40%
rHSA-heme group.

tion at 7 days. In the 20% rHSA group, a slight erythrophago-
cytosis in the Kupffer cells of the liver (three samples) was
observed after 7 days. In the 40% rHSA group, slight mineral-
ization in the tubule of the kidney (three samples) after 1 day
and a mild hyaline droplet in the tubule epithelial cells of the
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containing large vesscls or bronchi were excluded. The total staining
intensity was normalized to alveoli per ficld to control for inflation of
the lunp. 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 quantificd 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 antiscrum 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 1o detect significant changes in plasma TNF-a
level within a group. A p value of lcss 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-« 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-« 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 '*|-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 lJung 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 differcnces 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

»

plasma TNF-x concantration {pg/mt)

BALF TNF-ur concentraton {pg'mi)

W-D ratia

T/P ratic

B/ P ratic

L

. Ischernc  Ischeenic

80

during surgery

Pra-

Post-

Pro- Paost-

Ischemc  Ischemuc

45
4.0+

916
D.M]
012
0.104
0 Qa4
oo
0044
0.024

Contra-
lataral

Contra-
lateral

at sacrifics

=2

400 1
3504
300
2504
2001
1507 LS
100

-

o

Contra-  Grah
lateral
L.
~re
*
~

latoral

60
+.04
2.04
1

o

Contra-

Grah

———t—

354
309 —2—
254 T
2.0
1.5
1.0
0.5

0‘

Grafl

Graft

1241

Figure 2. Tumor necrosis
factor-a (TNF-a} level, lung
water, and '#|-labeled al-
bumin index. (A) In the
transplantation group,
plasma TNF-« significantly
increased with reperfusion
{p = 0.018) (closed triangle,
sham-operated group;
closed square, transplanta-
tion group; closed circle,
treatment group). *p <
0.05.(B}Inthe transplanta-
tion group, bronchoal-
veolar lavage fluid {BALF)
TNF-a 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 transplantation
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
D) (%) (%) (%) (%}
Sham Group
Right 245 + 58 58+09 24x03 918 + 0.6 0
Left 304 =19 295*72 4710 658 + 7.9 1}
Transplantation Group
Preischemic 291 > 52 23%08 33x05 944 =11 0
Pastischemic 268 + 53 29+ 0.6 5417 916218 0.1 +0
Contralateral 557 = 79 11.4+22 45x12 B84.0 = 3.0 0.1 01
Graft 927 = 79 50.6 = 5.7 16732 32.7 £ 6.8 a
Treatment group
- Preischernic 2567 x 63 0902 37x16 954 £ 1.5 0
Postischernic 229 * 43 22+02 25+ 06 953 + 0.6 1]
Contralateral 286 = 64 25655 81=x53 66.3 = 7.0 0
Graft 343 + 58 3163468 426 *9.6 211 =38 9

2004

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 simrilar 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-a 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-«
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 SD-5F).

The NE activity in BALF increased in the transplantation
group graft lung, whereas it remained significantly lower in the
treatment group grait 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 MEeTHODS
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.

BALF cell count (/ul)

nadrophil  lymphocyte  macraphage 1ot cell

Figure 3, BALF cell count of the graft lung. In the treatment group, the
nurmber 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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«] Figure 4. Histopathologic find-
ings. {A-D) Hematoxylin and
eosin staining of the graft lung
1 tissue. {A) Sham group. (B)
Transplantation  group. (C)
Treatment group. In the trans-
plantation  group, alveolar
hemorrhages and interstitial
thickening  were  marked,
W whereas only faint alveclar hem-
1 orrhages were observed in the
treatment group. Scale bars,
150 wm {top row) or 25 pm (bot-
tom row). (D) Histologic score for
the graft lung injury. Data are
shown as mean + SEM (forgrad-
ing, see the MemHoDs section).
T (E-H) TNF-e immunostaining of
0.2+ 1 the graft lung tissue. (£) Sham
group. (F) Transplantation
0.15 group. (G) Treatment group.
The top row presents immuno-
stained lung tissues, and arrows
indicate alveolar macrophages.
The bottom row presents immu-
ol nostained macrophages alone,
In the sham group, lung tissue
or macrophages were not im-
munostained. in the transplanta-
tion group, macrophage cyto-
plasm was mainly stained. In the
treatment group, the entire
macrophage, the alveclar epi-
thelium, and the interstitium
were prominently stained. Scale
bars, 25 pm (top row) or 2 pm

Score

Graft iny tissue

Xz

0.257 P

0.14

Q.05+

Etaining intensity per alveolus (AU)

Gralt lung tasus

{bottom row). (H) Quantification of TNF-w 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-a 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-a, suggesting the involvement of soluble TNF-« in post-
transplantation acute lung inflammation. The decrease in soluble
TNF-a inhibited chemokine production and ICAM-1 expression
in the lung local region, reducing accumulation 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 discrder 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-o: 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-«
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 alsorevealed 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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to be lower in the treatment group. Based on the findings men-
tioned previously here, we concluded that soluble TNF-« plays
a critical role in the development of reimplantation lung injury
by regulating accurnulation 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-o levels in BALF
after the transplantation, particularly in the graft lung, and in
plasma 4 hours after transplantation, not during surgery, which

Canira-
lateral
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Figure 5. Chemokine, adhesion molecule, and
rieutrophi| elastase (NE) activity. (A and 8) 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 graftlung 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
inthe graftlungtissue. tn 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, 8, F,
and G) Cray bar, sham group; black bar, trans-
plantation group; white bar, treatment group.
*p < 0.05.
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suggests that the TNF-« 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-
¢lear factor-xB, leading to increased production of mRNA for
TNF-a (36). Furthermore, soluble TNF-a 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 solutien 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-a 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.
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Figure 6. High mobility
group box-1 (HMGB-1) pro-
.. tein and epithelial cadherin
(E-cadherin)-soluble form.
(A) The BALF HMGEB-1 level
was increased in the trans-
plantation group graft lung,
but it was significantly de-
1 creased in the treatment
200+ group graft lung (gray bar,
sham group; black bar, trans-
plantation group; white bar,
Gralt 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 rarkers were applied in
the extrerne right lane (blue,
206 kD; magenta, 124 kD;
green, 83 kD; violet, 42 kD; or-
ange, 32 kD; red, 19 kD; and
biue, 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, 0.1445,
Py 0.0271, and 0.0683, and the
—~  band intensity changed in
concordance with the BALF
supernatant to plasma ratio.

Contra = contralateral.

BALF HMGB-1 concentration {ng/iml} »
&
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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-a 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-FHIMGB-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 measured 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 involvemnent 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
asignificant 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- -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-o: 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-e antibody binds to soluble and memTNF-a in a speci-
fic and high-affinity manner, blocking all biological activities of
TNF-a. Therefore, we speculate that anti-TNF-« antibodies might
have disadvantages, such as potential for making the host valnera-
ble to infections. In contrast, TACE inhibitor inhibits only scluble
TNF-a, which is distributed through the systemic circulation, and
does not completely block the biological activities of TNF-o. Be-
cause TACE inhibitor with high water solubility used in the experi-
ment has 2 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 alveclar 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-a—
induced lung injury.
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i1 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~ crosslinked Hb Baxter Healthcare Phase 111 (trauma)
(HemAssist) {Deerfield, IL, US.A.) {suspended)

RHb1.1/1.2 E. colf Recombinant human oot Baxter Healthcare Phase 11 (discontinucd)
(Optro) fused Hb (Somatogen < 1998)

RHb2.O 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
(PHP)
Hb-raffimer
(Hemolink)
Pyridoxal polyHb
(PolyHeme)
Hemospan

HemoZyme

PolyHb-SOD-CAT

Human red cells
Human red cells
Human red cells
Human red cells
Human red cells

Bovine red cells

PEG conjugation

Oligermerization with
a-raffinose

PLP-Hb polymerized Hb
with glutaraldehyde

Conjugaled with
maleiimide PEG

Potynitroxytated Hb

Hb modified with SOD
and catalase

Curacyte {Apex)
{(Munich, Germany)
Hemosol (Toronto, Canada)

Northficld Laboratorics
{Evanston, IL, US.A )
Sangart
(San Diego, CA, US.A))
SynZyme )
(Irvine, CA, US.AL)
McGill University
(Montreal, Canada)

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

Phase 111 {cardiac
surgery) (suspended)

Phase II1 (trauma)
Filed BLA

Phase 1! (elective
surgery)

Preclinical

Preclinical

PEG-Hb Bovine red cellls PEG conjugatcd Hb Enzon (Piscataway, NJ, Phase la (discontinued)
USA) ]
OxyVita Human/bovine Stabilized Hb with IPBL Pharm, (Goshen, NJ) Preclinical
red cells sebacoly diaspirin
HemoTech Bovine ted cells Modificd Hb with o-ATF, HemoBioTech (Amarillo, Preclinical
o-adenosing, and TX,USA)
ghatathione
A A. AWiiinE 7 o ¥ vhMifk (hemoglobin vesicle-
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