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Objective

To determine whether blocking the cell surface expression of
intracellular adhesion molecules (ICAM-1) in established se-
vere acute pancreatitis (AP) would ameliorate pulmonary
injury.

Summary Background Data

Lung injury in AP is in part mediated by infiltrating leukocytes,
which are directed to lung tissue by ICAM-I. The authors’ lab-
oratory has previously demonstrated that AP results in over-
production of inflammatory cytokines, upregulation of pulmo-
nary ICAM-1 expression, and a concomitant infiltration of
neutrophils, which results in lung injury.

Methods

Young female mice were fed a choline-deficient/ethionine-
supplemented diet to induce AP and were treated with a
blocking dose of monoclonal antibody specific to the ICAM-1
receptor. Antibody treatment was administered at 72, 96, and
120 hours after beginning the diet, and all animals were killed
at 144 hours. The degree of pancreatitis was evaluated by
serum biochemical and tumor necrosis factor « levels as well
as histology. The dual radiolabeled monoclonal antibody

method was used to quantitate ICAM-1 cell surface expres-
sion in pulmonary tissue. Lung injury was assessed histologi-
cally and by determining lung microvascular permeability by
measuring accumulated '2%|-radiolabeled albumin. Pulmonary
neutrophil sequestration was determined by the myeloperoxi-
dase assay.

Results

All mice developed severe AP, and pancreatic injury was
equally severe in both treated and untreated groups. Pulmo-
nary ICAM-1 expression was significantly upregulated in ani-
mals with AP compared with controls. Treatment with a
blocking dose of anti-ICAM-1 antibody after the induction of
AP resulted in inhibited ICAM-1 cell surface expression to
near control levels. Compared to untreated animals with AP,
mice treated with anti-ICAM-1 mice had significantly reduced
histologic lung injury and neutrophil sequestration, and a de-
creased microvascular permeability by more than twofold.

Conclusions

These results demonstrate for the first time that treatment
targeting the cell surface expression of ICAM-1 after the in-
duction of AP ameliorates pulmonary injury, even in the face
of severe pancreatic disease.

The high rates of death and complications associated wigpulmonary dysfunction, which clinically resembles the
severe acute pancreatitis (AP) stem from an overwhelmingcute respiratory distress syndrome of sepfiespite ad-
inflammatory response that can cause injury to distant okances in the diagnosis and treatment of inflammatory pan-
gans such as lung tissté Patients with severe AP develop creatic disease, supportive care remains the only treatment

for patients with pulmonary complicatiofis.
The role of adhesion molecules in the development of
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Werner et d highlighted the potential for adhesion mole- Antibodies

cule inhibitors in pancreatitis-associated lung injury. . . )

Frossard et &l showed that inhibiting neutrophil action Purified endotoxin-free. mAb against mouse CD54
reduces the severity of the lung injury that occurs in micel!{CAM-1) clone 3E2B was purchased from Endogen

with AP. They also showed that AP is less severe wherfVoburn, MA) and used for all blocking experiments and
induced in mice deficient in ICAM-1 compared with their for determining ICAM-1 expression in lung tissue. A block-

normal counterparts. Together, these results implicate botf?d d0se of 2 mg/kg was given intraperitoneally. The non-
the neutrophil and the ICAM-1 receptor as significant me-

binding (isotype) antibody clone A19 to 3 (Pharmingen, San

diators of local and distant injury in AP Diego, CA) was used in conjunction .with the b_ind_ing anti-
Starting with the discovery of an overproduction of in- Pody to determine ICAM-1 expression quantitatively. As
flammatory cytokines in AP, our laboratory has demon

_previously described, we used the iodogen methad
strated that systemic manifestations of AP can be ameIiog";‘d'c“""b‘:‘I the binding and nonbinding mAbs wiffil and
rated by cytokine blockade given befé?é*or immediately 1, respectively (Dngnt NEN, Boston, MA). The albumin
after the onset of experimental AP. However, because of ouff@s radiolabeled with*1 (DuPont NEN).
interest in devising clinically relevant therapies, our focus
has shifted to more downstream events in AP. Despite theié .
utility in experimental models, therapies such as antipro- xperimental Protocol and
teases, somatostatin, and antiplatelet activating factor ad\_lleasurements
ministered late in the disease course have little effect on |n experiment 1, the dual radiolabeled mAb technique

clinical Outcomel:z S|m|lar|y, anticyt()kine treatment given was used in mice (n: 15) to determine the quantitative
later in the disease course appears to be of little bejf?eflt expression of puimonary ICAM-1 at 144 hours after induc-
One of the major effects by which cytokine upregulationtion of AP with the CDE diet. Experiment 2 was designed
mediates distant injury is by the adhesion molecule overexo determine whether a blocking dose of anti-ICAM-1 mAb
pression on endothelial cells. Specifically, adhesion molewould ameliorate AP-associated lung injury. Animal groups
cules mediate leukocyte activation and can instigate lungy experiment 2 were normal controls ¢n 10), mice with
injury.7’14We reasoned that intervening in the events dOWn'A\P (n = 29)' and AP mice treated with intraperitoneai
stream to cytokine activation might afford effective tools for jnjections of anti-ICAM-1 mAb at 72, 96, and 120 hours
clinical disease management. after initiating the CDE diet (= 14) (Fig. 1). To prove that

In the current study, we used a novel approach to demthe reduced pulmonary injury observed in AP-treated ani-
onstrate the Significance of adhesion molecule blockade ifha|s was not caused by reduced pancreatic injury associated
ameliorating the lung manifestations associated with APyyith anti-ICAM-1 antibody treatment, biochemical markers
Specifically, we evaluated |ung injury in mice treated with (amyiase and giucose), serum tumor necrosis faetor
anti-ICAM-1 mAb several dayS after the onset of AP. SO(TNFO[), and pancrea’[ic morphoiogic evaluation was per-
far, other investigators have reported that blocking ICAM-1formed at 144 hours in both treated and untreated groups,
expression before the onset of AP diminishes the severity Qjyhich ensured that pancreatitis was equally severe. Simi-
the diseaSé,tnUS Confirming the role of ICAM-1-mediated |ar|y, at this time point (144 hours), |ung tissue of the
organ injury. However, the clinical relevance of anti- animals was evaluated for myeloperoxidase activity, micro-
ICAM-1 treatment after the onset of pancreatitis remained,ascular permeability, and histology, as detailed below. In
questionable until now. This work is the first demonstrationaddition' to prove that severe pancreatic injury occurred
of a delayed treatment during AP that ameliorates pancrepefore anti-ICAM-1 antibody treatment, a separate group of

atitis-associated pulmonary injury without affecting the in- gnimals (n= 5) was killed at 72 hours and sections of
flammatory process seen in the pancreas.

CDE feeding o
METHODS .
. . 1 T T T T T |
Animals and Diet _ui 0 24 & 7 9% 120 144
Young female Swiss-Webster mice were purchased fronavenignt ‘. - y . ) .v .
i i - X rast IP injections of anti-ICAM-1  Lung tissue excised
Harlan Laboratory (Madison, WI). A choline-deficient/ethi- monoclonal antibody Eelopersiaane mmay
onine-supplemented (CDE) diet (Harlan Teklad, Madison, albumin leakage, and

histolo;
WI) in powder form was fed to the fasted animals ad o

libitum. Care of the animals was in accordance with NIH Figure 1. Experimental design of ICAM-1 blocking study. The line
standards published in the “Guide for Care and Use ofepresentsthetimecourseoftheexperimentin hours. CDE diet feeding

. " . . tomice started at 0 hours, and the anti-ICAM-1 blocking antibody was
Laboratory Animals (NIH 85-23, 1985)' The CDE diet administered intraperitoneally at 72 hours after feeding and given at 96

used in these experiments was modeled after that describggy 120 hours as well. Lung ICAM-1 measurement and injury assess-

by Lombardi et al>*® ment were performed at 144 hours.
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pancreatic tissue stained with hematoxylin and eosin wer® to 3 (0, normal; 1, mild; 2, moderate; 3, severe) was
examined for morphologic changes associated with AP. assigned to each of the three parameters and then added to

The procedure for determining ICAM-1 expression hasobtain a total score of O to 9.
been previously describél.For measuring ICAM-1 ex- Amylase was measured by a quantitative enzymatic assay
pression, 1Qug **A-radiolabeled ICAM-1 and 4Qug cold  (Sigma, No. 575-UV) and results are expressed as Interna-
ICAM-1 were used with 400,000 to 600,000 counts pertional Units per liter (U/L). Serum glucose levels were
minute of the nonbinding mAb labeled with®. The  measured using the Accu-check 111 kit (Boehringer Mann-
method used to calculate the expression of ICAM-1 has alsbeim Biochemica, Indianapolis, IN) and reported in mg/dL.
been described previously.Calculation of expression in Serum samples were measured for TNBy a standard
terms ofug mAb per gram dry tissue can be obtained. Theenzyme-linked immunoassay methddand levels are re-
equation used to calculate the ICAM-1 and expression waported as pg/mL+ standard error.
as follows: ICAM-1 expressionug mAb per gram tissuey
(**3 cpm/gh®A cpm injected) minus®4 cpm/gt3 cpm
injected) X total injected binding mAb g)/100.

Thirty minutes before the mice were killed, anesthesia Results are expressed as mearstandard error of the
was administered and the jugular vein and carotid arterynean. Data for response variables were analyzed using the
were cannulated. One milligram of albuntittl was admin- ~ Student unpaired test when two groups were compared.
istered intravenously and allowed to circulate for 30 min-Analysis of variance and the Fisher protected least signifi-
utes, after which time the animal was exsanguinated. Lungant difference post hoc tests were used to determine the
tissue was removed and weighed before being placed in significance between more than two groups. Statistical sig-
gamma counter, along with the blood sample. The activitynificance was set & < .05. Significance of nonparametric
of lung albumin**3 to blood 31 was calculated and
reported as mean value standard error. This measurement
was used as a marker of microvascular permeability.

Myeloperoxidase extraction was performed by methods
previously described Frozen tissue was thawed, weighed,
and placed in 20 mmol/L potassium phosphate buffer (pH
7.4), which was then homogenized and centrifuged. The Untreated- Treated-
pellet was resuspended and sonicated in 50 mmol/L phos- Control AP AP
phate buffer containing 0.5% hexadecylmethylammoniumAm ase (U/m)

; ; ; e (IU/m
brqm|de (H'ETAB) purchased from Sigma (St. Louis, MO) Glugose ma/d) 197 + 15 101+ 18 190 « 17
Using a mixture of water, HETAB, tetramethylbenzidine tyr, (g/mi) 0+0 152 + 60 170 + 81
(TMB), sodium acetate buffer, and,B,, we assayed the
supernatants of the samples for myeloperoxidase activity. -

ACtIVIty units (AU) per gram tlssue were CalC.UIated' /:/IZ;CS;?UK:TZCZ?;”;I amylase, glucose, and TNFa of CDE fed mice (control,

When the animals were killed, pancreatic tissue was\p-untreated and AP-treated) at 144 hours. No differences are noted between
removed and placed in a formalin fixative until paraffin AP-treated and AP-untreated groups, confirming that pancreatitis is equally se-
embedding was performed. After this stepudt paraffin ~ /oe™n ot
sections were cut and stained with hematoxylin and eosin.

Histologic sections of the pancreas were evaluated by a

pathologist who was unaware of the assignment of thelata including histologic analysis was evaluated by the
animals to demonstrate the presence or absence of pancidann-Whitney test. Significance was setPa .05.

atic injury.

For histologic evaluation of lung tissue, the trachea of th
animals were cannulated with an 18-gauge angiocathetiﬁESULTS
and a 5% formalin solution was flushed into the bronchial Normal mice had no histopathologic changes in the pan-
system under slow, constant pressure to ensure homogereas (Fig. 2). The animals fed the CDE diet and killed at 72
neous lung distention. Once fully inflated, lung tissue washours had pancreatic morphologic changes associated with
excised and placed into a formalin solution until paraffinsevere pancreatitis (results not shown). Both AP-untreated
embedding and staining with hematoxylin and eosin wereand AP-treated groups that were fed the CDE diet for 144
performed. At this time, 4tm sections were cut and stained hours developed similar morphologic changes in the pan-
and subsequently examined by a pathologist who was urereas associated with AP, which included acinar cell vacu-
aware of the assignment of the animals. Lung sections werelization, cellular necrosis, pyknosis, and intralobular hem-
examined for the magnitude of alveolar collapse, intravaserrhage. Similarly, there were no significant differences in
cular congestion, and alveolar hemorrhage. Five regionthe serum amylase, glucose, and TiNEvels obtained from
from each specimen were examined, and an injury score dioth groups (AP-treated and AP-untreated) (Table 1).

Analysis

Table 1. AMYLASE, GLUCOSE, AND TNFa
in PANCREATITIS TREATED AND
UNTREATED ANIMALS

745 =107 8374 = 2217 4362 * 1131
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Figure 2. Morphologic determination of CDE diet-induced pancreati-
tis. (A) Normal pancreatic tissue from a mouse fed a normal diet. (B, C)
Histopathologic changes in pancreatic tissue from untreated mice and
mice treated with anti-ICAM-1 that had been fed the CDE diet for 144
hours. This was performed to ensure that both groups developed
equally severe disease. Both groups had severe pancreatic injury, in-
cluding acinar cell death, vacuolization, and inflammatory cell infiltration
throughout the gland.

Cell surface pulmonary ICAM-1 expression was upregu- Measurement of neutrophil accumulation by the myelo-
lated in AP-untreated mice compared with normal controlperoxidase assay revealed that AP-untreated mice had an
animals at 144 hours (122.2 30.4 vs. 17.3= 7.3 ug increase of myeloperoxidase activity almost fourfold greater
mADb/g; P < .01) (Fig. 3). By contrast, the levels of ICAM-1 than normal control animals (23:82.7 vs. 6.4+ 1.5 AU/g
expression in the lung tissue of anti-ICAM-1-treated ani-tissue;P < .002) (Fig. 4). Anti-ICAM-1-treated animals
mals with AP were not significantly different from those with AP, however, showed markedly lower levels of neu-
found in the lung tissue of control mice without AP (332  trophil accumulation in pulmonary tissue at 144 hours com-

18.2 vs. 17.3+ 7.3 ug mAb/g; P = .68). pared with untreated mice with AP at the same time point
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Figure 3. Determination of pulmonary ICAM-1 expression in CDE- Groups
induced pancreatitis at 144 hours. Mice with acute pancreatitis had
elevated levels of endothelial cell ICAM-1 expression vs. control normal Figure 4. Determination of neutrophil sequestration in lung tissue by
animals as measured by the dual radiolabeled monoclonal antibody the myeloperoxidase (MPO) enzyme assay at 144 hours. MPO activity
technique (*; P < .01). Similarly, mice treated with ICAM-1 antibody had was significantly elevated in mice with acute pancreatitis vs. control
blocked cell surface ICAM-1 receptors compared with mice with acute normal mice (*; P < .002) and was lower in animals treated with anti-
pancreatitis who did not receive treatment (1; P < .02). All values are ICAM-1 compared with those who did not receive therapy (t; P < .01).

given as mean values * standard error of the mean. All values are reported as mean values *+ standard error of the mean.
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Figure 5. Determination of microvascular permeability in lung tissue at
144 hours. Animals with acute pancreatitis had more pulmonary micro-
vascular permeability than normal controls (*; P < .007). Animals
treated with anti-ICAM-1 had significantly less albumin leakage than
untreated animals (t; P < .04).
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and intravascular congestioR & .003) (Fig. 6). However,

the AP-treated group had fewer morphologic changes asso-
ciated with lung injury than the AP-untreated group
(P < .03). Normal mice who were fed standard laboratory
chow hachormal lung morphology; AP-untreated animals had
severe lung injury compared with AP-treated animals (Fig. 7).

DISCUSSION

Acute pancreatitis results in an overwhelming inflamma-
tory response characterized by overproduction of cytokines
such as TNE, interleukin 18, and interleukin 6, which are
believed to mediate organ injury through the overexpression
of adhesion molecules on endothelial céfig.hese inflam-
matory cytokines elicit the migration of activated leuko-
cytes in stimulated tissuég:>* Many studies have demon-
strated the importance of these cytokines in AP by

monitoring their expression during the diseadé&everal
groups, including our own, have demonstrated that anticy-
(13.9+ 1.3 vs. 23.8+ 2.7 AU/g tissueP < .01). Further, tokine treatment administered before or immediately after
there was no significant difference in myeloperoxidase acthe onset of AP ameliorated disease progres$idrow-
tivity between anti-ICAM-1-treated animals with estab- €ver, because of the narrow therapeutic window of time in
lished AP and normal control micé® (= .19). which anticytokine treatment in humans can be given to

Untreated CDE-fed mice had a significant increase irBmeliorate diseasé;*®this mode of therapy might be dif-
microvascular permeability compared with normal controls ficult. Failure of late anticytokine intervention is presum-
as measured by extravasated radiolabeled albumin into puibly due to the fact that downstream inflammatory events
monary tissue (1.66 0.42 vs. 0.22+ 0.03 lung albumin secondary to cytokine stimulation are already in progress
29/plood albumin®?¥; P < .007) (Fig. 5). In contrast, and are not affected by treatment administered late in the
ICAM-1-treated mice with AP had significantly less pulmo- course of the disease. This situation has led us to examine
nary albumin accumulation compared with AP-untreatedthe effects of intervention in these downstream events, with
mice (0.58+ 0.16 vs. 1.66+ 0.42 activity lung*?9/blood ~ special emphasis on adhesion molecule upregulation and
129: p < .04). Again, no difference in microvascular per- leukocyte migration. Until now, there have been no reports
meability between treated mice and normal control miceof an effective antiadhesion molecule intervention to treat
was seenR = .49). AP after the onset of severe pancreatic injury.

Compared with normal control mice, which were shown Our goal was to initiate therapy with anti-ICAM-1 anti-
to have normal lung morphology, animals in the AP-un-body after AP induction but before severe pulmonary injury
treated group had changes associated with severe lung ifccurred. Thus, the first time point for anti-ICAM-1 anti-

jury, including alveolar collapse, intraalveolar hemorrhage pody therapy (72 hours) was chosen to coincide with estab-
lished severe pancreatitis and the first appearance of pul-

monary neutrophil infiltration, as determined in a previous

9 - study?® Treatment with blocking antibody was continued
through the end of the experimental period. The dual mAb
assay demonstrated that anti-ICAM-1 antibodies blocked
ICAM-1 receptors on pulmonary endothelia. This in turn
reduced neutrophil infiltration, as demonstrated by myelo-
peroxidase reduction, and subsequently caused amelioration
of morphologic evidence of lung injury. Similarly, pulmo-
nary endothelial cell damage, as measured by albumin leak-
age, was decreased in lung tissue after anti-ICAM-1 anti-
body treatment.

Recently, we examined the kinetics of upregulation of
ICAM-1 expression in the pulmonary endothelia of animals
with diet-induced AP. Pulmonary ICAM-1 expression was

Severity of Lung Injury
%
/ H =
%,

Control Acute Pancreatitis Treated Acute
n=7 n=9 Pancreatitis
n=7
Groups

Figure 6. Severity of lung injury in untreated vs. treated animals.

Significant morphologic changes occurred in the untreated group vs.
the normal animal group (; P < .003) and the group treated with
ICAM-1 (t; P < .03).

found to occur after 48 hours of ingestion of the CDE diet
and correlated with the presence of pancreatic injury and
increased levels of TNE2® The upregulation of pulmonary
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Figure 7. Pulmonary injury after diet-induced acute pancreatitis. (A)
Section of lung tissue from normal mouse. (B) Section of lung tissue
from a mouse with diet-induced acute pancreatitis at 144 hours (hema-
toxylin and eosin stain). (C) Representative lung tissue section from a
mouse with diet-induced acute pancreatitis at 144 hours treated with
anti-ICAM-1 antibody at 72, 96, and 120 hours.

ICAM-1 preceded a subsequent increase in neutrophil sesf treatment on severe lung injury in a nonlethal, noninva-
guestration and progressive lung injury, which occurred asive form of AP.

72 hours after starting the CDE diet, thus strongly support- \we demonstrated that neutrophils are sequestrated in
ing the role of ICAM-1 expression as an early inciting event|yng tissue in animals with AP. Myeloperoxidase is an
for lung injury in APZ¢ Other investigators have supported enzyme that is extracted from neutrophils and has been used
this finding by demonstrating that before AP induction, i, many experimental studies to demonstrate the extent of
treatments directed against ICAM-1 upregulation cause ingg|jular tissue infiltratior?>-22-3%n AP, leukocyte migration
hibition of leukocyte migration into distant tissues, thusinto lung tissue results in the appearance of reactive oxygen

o - . . 728
am&llorat;p%'organ inury dOCCU(rerI:[lg with (’;‘sz' th Bka}seg cipecies and injury to vascular endothelial cells with result-
on these findings, we used our data regarding the KINEUCs Qi oy 44y asation of proteins and fluid into the interstitial

ICA.M'l expression and the appearance of leukocyte IanI'space3.2 The occurrence of pulmonary vascular endothelial
tration to design a novel current therapy schedule.

Mice fed the CDE diet develop histologic changes in the:ZJ; krz \g"j(lfni(r:?g\?esi:(r:lefardlreer(;g)éatt;ﬁittr)‘?ngxiﬁgtluor: a:lri:rrglt?
pancreas consistent with AP. These changes include acingr 9 P y 9

swelling, cellular vacuolization, intralobular hemorrhage,tgzjl\'/l 'Il'hese cha_\nges are relaltsd t_o ':hekupregulatl;)n O(I
cellular pyknosis, and necrosis, which are consistent witHcAM-1 expression because albumin leakage is reduce

previous reports® When the CDE diet is fed to young after the administration of anti-ICAM-1 mAb.
(3-4-week-old) female mice, the death rate approaches LUNg tissue from the AP-untreated animals showed
100% by 96 hours. Manipulation of the feeding period andchanges that were severe: alveolar collapse, intraalveolar
the age of the mice has reportedly decreased the death raf¢morrhage, and vascular congestion. This finding of lung
but pancreatic injury is still present in these anind8&°In  injury occurs in the CDE model of experimental acute
our study, we used 6-week-old female mice, which de-pancreatitis’®>! The severity of these findings in the lung
creased the death rate while maintaining severe pancreat@d their reversal by anti-ICAM-1 antibody treatment sug-
injury by 48 to 72 hours. This model was chosen becausgest that changes that occur in distant organs, such as the
AP-associated pulmonary injury is a major component oflung, may be amenable to intervention after the onset of
the natural progression in this mod&IThis point is par- disease, even during a severe inflammatory event. An argu-
ticularly important because it allowed us to study the effectanent could be made that anti-ICAM-1 antibody treatment
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reduced pancreatic inflammation and resulted in a blunteds.
systemic inflammatory response; hence, less pulmonary in-
jury would occur. However, because there was no signifi-
cant difference in biochemical and cytokine markers, and
pancreatic morphologic findings were the same between the
two groups (AP-treated and AP-untreated), this possibilityio.
is less likely and therefore strengthens our conclusions.

Important to the evaluation of the results of this study is
that despite demonstrating dramatic reduction in variougt
markers of lung injury, we could not eliminate neutrophil
sequestration, albumin leakage, or morphologic changes i
treated animals. These results suggests that other factors are
involved in the progression of lung injury associated with13.
AP, such as other adhesion molecules such as the P and E
selecting! other inflammatory molecules such as cyto-
kines, and chemokineS—®*Similarly, it is difficult to con- |,
clude that neutrophils are the only cell mediators of pulmo-
nary dysfunction when in fact other leukocytes, such as
lymphocytes and macrophages, could be involved in thésé.
progression of injury?® More experiments will be needed to
answer this question. 17

In addition, we did not design this study to demonstrate
that anti-ICAM-1 therapy reduces the overall death rate
from AP. This is partly a limitation of the CDE model that 1s.
we used, because it was specifically designed to accentuate
lung injury while reducing the death rate from the diseasel®-
Clearly, demonstrating a survival advantage as a result of
the decreased parameters of lung injury would be importanj,
in the context of the clinical applicability of these findings,
and this will be addressed in future studies.

In conclusion, our results show for the first time that21.
treatment with anti-lICAM-1 antibodies in established AP,
before the onset and progression of lung injury, is associateg2
with reduced inflammatory cell infiltration in the lungs and
amelioration of associated inflammatory changes. We be-
lieve this information may affect the management of pa-23.
tients with AP.

24.
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