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Pancreatitis-associated Protein Protects the Lung
Jrom Leukocyte-induced Injury

Axel Heller, M.D.,* Fritz Fiedler, M.D.,T Joachim Schmeck, M.D.,T Vanessa Ltick, Cand.Med.,t

Juan L. lovanna, M.D.,t Thea Koch, M.D.*

Background: Severe pancreatitis is often complicated by
shock and acute lung failure. Little is known about the patho-
physiologic impact of the 16.6-KkD lectine, named pancreatitis-
associated protein (PAP), which is expressed during pancreati-
tis and which reduces mortality in a rat model with severe
pancreatitis. Therefore, the aim of this study was to investigate
the effects of PAP on the pulmonary vasculature after leukocyte
activation with N-formyl-Met-Leu-Phe (fMLP).

Metbods: The experiments were performed in buffer-per-
fused isolated rabbit lungs. Mean pulmonary artery pressure,
weight gain, and thromboxane A, synthesis of the lungs were
monitored. PAP was obtained by affinity chromatography of
pancreas juice from pancreatitic rats. The authors tested
whether treatment with PAP (260 pg/l, n = 9; or 500 pg/l, n =
6) before fMLP injection (10° M) influences mean pulmonary
artery pressure and edema formation. Lungs that were treated
only with fMIP (n = 6) served as controls. Additional experi-
ments in which PAP was applied were performed to study
whether PAP (260 ug/l, n = 3; 500 pug/l, n = 3; 1,000 pug/l, n =
3) itself effects lung vasculature.

Results: Application of fMLP resulted in an increase of mean
pulmonary artery pressure (+ SD) from 8 = 2 mmHg up to 26 +
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13 mmHg (P < 0.01) at a flow of 150 ml/min. Pretreatment with
PAP reduced the peak pressure developed after fMLP to 15 = 7
mmHg (PAP 260 pg/l; P < 0.05) and to 9 = 4 mmHg (PAP 500
pg/D), respectively. In addition, the fMLP-induced lung weight
gain of 9 = 7 g in the controls was prevented by pretreatment
with PAP after 150 min in either concentration. In parallel to
the attenuated pressure increase, thromboxane A, release was
significantly suppressed in the 260-pug/1 (200 = 220 pmol - ml™*
- min~% P < 0.01) and 500-ug/1 (285 + 70 pmol - ml™"* - min’;
P < 0.05) PAP groups compared with controls (1,138 + 800
pmol - mi™' - min™"). Treatment with PAP alone in either con-
centration did not induce any changes in mean pulmonary
artery pressure, weight gain, or thromboxane A, release.

Conclusion: Clinically relevant concentrations of PAP pre-
vented fMLP-induced vasoconstriction and edema formation in
the lung. These findings point toward a protective effect of PAP
on polymorphonuclear neutrophil leukocyte—-mediated lung in-
jury. (Key words: Acute phase response; acute respiratory dis-
tress syndrome; neutrophils.)

SEVERE pancreatitis is often complicated by acute lung
failure, which increases mortality.! During severe pan-
creatitis, the cascade of inflammation is activated, result-
ing in the release of cytokines, e.g., tumor necrosis fac-
tor-a and interleukin-1 and -6 from macrophages and
monocytes.>* These early inflammatory cytokines have
pleiotropic activity and act both locally and distally,
causing the release of secondary wave cytokines, the
expression of adhesion molecules, chemotaxis of leuko-
cytes, and release of final mediators such as lipid medi-
ators and reactive oxygen species.*> The resulting in-
creased capillary permeability is followed by edema
formation.®

During pancreatitis, digestive enzymes such as amylase
and lipase are downregulated,” and newly synthesized
proteins are overexpressed.® In 1984, Keim et al”'
identified a unique 16.6kD secretory protein that was
not detectable in the healthy gland but appeared 6 h
after induction of experimental pancreatitis, reaching
peak values after 48 h.'' Therefore, the protein was
called pancreatitis-associated protein (PAP). PAP may be
of clinical relevance as a prognostic marker because a
direct relationship between severity of pancreatitis and



increased serum levels of PAP has been shown in rats'?
and humans."'' Peak values ranged between 240 ug/l and
1,400 wg/l in patients with acute pancreatitis.'"'? Little
is known about the pathophysiologic impact of PAP.
Recently, Fiedler ef al'® demonstrated improved sur-
vival in animals with elevated levels of PAP in a rat model
of necrotizing pancreatitis.

Pancreatitis-induced pulmonary distress has been im-
plicated to be caused by cytokine-derived activation of
leukocytes in the pulmonary vasculature.'>'® Thus, ef-
fects of leukocyte activation in the lung are examined in
the current study. To provoke respiratory burst, the
well-established standardized method of receptor stimu-
lation of leukocytes with N-formyl-Met-Leu-Phe (fMLP)
was used.'”

The aim of the current study was to evaluate the effect
of PAP in leukocyte-associated lung failure. The effects of
PAP on pulmonary vascular resistance and edema forma-
tion were investigated, and synthesis of thromboxane
(TX) A, was measured by analyzing its stable metabolite,
TXB,.

Materials and Methods

Isolated Rabbit Lung

The techniques of preparing and perfusing isolated
rabbit lungs have been previously described in de-
tail. "®'” After approval by the local board for animal
protection, female chinchilla rabbits (Orticolagus can-
iculus) weighing 2,100 £ 196 g (mean *= SD) were
anesthetized with ketamine (50 mg/kg) and xylazine (4
mg/kg) and anticoagulated with heparin-sodium 1,000
U/kg injected in the ear vein. After placement of a
tracheostomy tube, the rabbits were mechanically ven-
tilated with room air. The thorax was opened via the
diaphragm, and after a median sternotomy, a catheter
was inserted into the pulmonary artery. The lung organ
preparation was isolated and suspended from a weight
transducer in a temperature-controlled (37°C) and hu-
midified chamber. After the cannulation procedure, the
lungs were perfused with 200 ml Krebs Henseleit hy-
droxy-ethyl-starch buffer solution (KHB) by a roller
pump at a constant volume inflow of 150 mi/min in a
closed recirculatory system with an open reservoir to
collect outflow from the left atrium. Pulmonary embo-
lism by circulating particles or air was prevented by a
40-um filter and a bubbletrap placed right before the
pulmonary artery catheter. The lungs were ventilated
with 4% CO, in air (frequency, 25 breaths/min; tidal
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volume, 30 ml; positive end-expiratory pressure, 0.5-1.0
cm H,0) and, to avoid atelectasis formation, intermit-
tently expanded by increasing the expiratory pressure
up to 3 cm H,O for three inspirations. The mean pulmo-
nary arterial pressure (mpap) and airway pressures were
continuously recorded via Statham strain-gauge trans-
ducers. Because oxygenation of the lung by ventilation
was satisfactory and previous experiments did not show
any hypoxic cellular damage,* no additional oxygenator
unit in the perfusion circuit was required. Because of a
constant perfusion flow, alterations of perfusion pres-
sure directly reflect alterations of pulmonary vascular
resistance. Samples of perfusate were taken intermit-
tently from a catheter that collects the effluent from the
pulmonary veins, for measurements of pH, oxygen and
carbon dioxide partial pressure, oxygen, saturation
(blood gas analysis system 288; Ciba Corning, Fernwald,
Germany), oncotic pressure (Onkometer BMT 921, Dr.
Karl Thomae GmbH, Berlin, Germany), and determina-
tion of TXB, concentrations. The lungs were initially
perfused with KHB solution using low flow rates in an
open circulatory system to remove remaining blood
from the vascular bed. The perfusion fluid was then
exchanged for fresh buffer via two separate perfusion
circuits 2 min after the beginning of the extracorporeal
circulation and 15 min later, after the flow was increased
to 150 ml/min. After another 30-min steady-state period,
these lungs had a constant mean mpap of 8-9 mmHg
(zeroreferenced at the hilum). The only lungs selected
for the study were those that showed a homogenous
white appearance with no signs of hemostasis or edema
formation and that had no changes in weight during the
steady-state period. In previous experiments, perfusion
with KHB has been documented to maintain integrity of
the microcirculation for more than 5 h in our model,
which was assessed by measurements of mpap and
weight gain, by biochemical analysis (lactate dehydroge-
nase, arachidonic acid metabolites, histamine), and by
ultrastructural studies.*”

Preparation and Purification of Rat PAP

Male Sprague Dawley rats (250-300 g) were housed
with free access to food and water. The main pancreatic
duct was cannulated under ether anesthesia, and edem-
atous pancreatitis was induced by intravenous infusion
of cerulein (5 ug - kg~ - h™") for 6 h.?! Pancreatic juice
was collected on ice for several hours as previously
described®? and immediately frozen, lyophilized, and
stored at —70°C.
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Affinity Chromatography

A specific antirat-PAP antibody®” was prepared accord-
ing to the method described by Tovanna et al.** and was
covalently bound to a solid matrix (Affi-Gel 10 gel; Bio-
Rad, Ivry sur Seine, France) according to the manufac-
turers’ specifications. The column was equilibrated with
2-[N-morpholino] ethane sulfonic acid buffer (20 mm; pH
6.5) with 150 mm NaCl. Lyophilized pancreatic juice was
resuspended in 2-[N-morpholino] ethane sulfonic acid
buffer (20 mm; pH 6.5), 150 mm NaCl, 5 mm benzamidine,
2 mm phenylmethylsulfonyl fluoride, and 5 mm Na-ben-
zoyl-t-arginin. After centrifugation (3,000g for 15 min),
the supernatant was applied to the affinity gel column
and recirculated overnight at 4°C. Thereafter, the col-
umn was washed with 2-[N-morpholino] ethane sulfonic
acid buffer to elute unbound contaminants. The bound
protein was eluted with glycine buffer (200 mum; pH 2.8),
dialyzed against phosphate-buffered saline buffer, and
concentrated by centrifugation with Centrifugal Ultra-
free-20-Kit (Millipore; Saint-Quentin, France).

Quality Control of Protein Isolation

Protein concentration was measured according to
Bradford.” Part of the protein solution was submitted to
sodium dodecyl sulfate-polyacrylamide gel -electro-
phoresis (15% acrylamide; 0.5% bisacrylamide), which
was performed according to standard procedures.?® The
gels were either stained by a silver-staining method,?” or
the samples were blotted on nitrocellulose membranes,
and Western blot analysis was performed with a specific
antirat-PAP antibody.?*2%2° Silver staining revealed a sin-
gle protein band corresponding to the molecular weight
of PAP, which crossreacts with the antirat-PAP antibody
during Western blot analysis, indicating that the purified
protein was indeed PAP.

Experimental Protocol

Thirty lung preparations were randomly assigned to
the different groups. After a 30-min equilibration period,
the first perfusate sample was drawn for measurements
of baseline values. In pilot experiments, the effects of
different concentrations of PAP (260 ug/l, n = 3; 500
ug/l, n = 3; 1,000 ug/l, n = 3) were investigated.
Therefore, only PAP was administered after the steady-
state phase, and mpap and weight gain of the lungs were
monitored for 150 min. Samples of perfusate were taken
at 5, 10, 30, 60, 120, 150 min to investigate TXB, release
and to analyze blood gases.

As in pancreatitis-induced lung injury, which is likely
to be leukocyte-mediated via inflammatory receptor

stimulation, neutrophil activation was achieved in six
lung preparations without further interventions. For this
purpose, the chemotactic peptide fMLP was added after
a 30-min steady-state period, yielding a final concentra-
tion of 107° m in the perfusion fluid, and monitoring was
performed as described for the pilot experiments (con-
trol group). To study protective effects of PAP on poly-
morphonuclear neutrophil leukocyte~-mediated lung in-
jury, in the experimental groups PAP was added to the
perfusion fluid in two different concentrations (260
ng/l, n = 9; or 500 ug/l, n = 6) 15 min before fMLP
administration (10_6 Mm). These concentrations have
been reported in moderate to severe pancreatitis.'' The
applied time schedule was chosen to guarantee a uni-
form distribution of PAP in the whole lung before in-
flammatory activation, which induces transient perfu-
sion inhomogenities. Monitoring of mpap, weight gain,
TXB,, and blood gases was performed similar to the
other groups.

Measurement of TXB.,

Thromboxane B, was assayed from 100 ul of recircu-
lating KHB as stable hydrolysis product of TXA, by an
enzyme immunoassay (TiterZyme TXB, EIA; PerSeptive
Diagnostics Inc., Framingham, MA). The immunoassay
and the photometric measurement (AR 2001 photome-
ter; Anthos Labtech Instruments, Krefeld, Germany)
were performed according to the manufacturers specifi-
cations. The crossreactivity of TXB,-antiserum with 2,3-
Dinor-TXB, was 55.8%, 1.5% with 11-Dehydro TXB,,
1.0% with prostaglandin B,, and 0.5% with prostaglandin
D,. Other eicosanoids exert cross reactivity less than
0.1%.

Because the lungs in the current study were perfused
in a closed circuit, the inactive metabolite TXB, accu-
mulated over the observation period in the perfusate.
Thus, TXB, release was calculated per minute as the
difference of TXBj to the previous value divided by the
time in minutes.

Materials

A cell- and plasma-free perfusion medium was used to
avoid the complex interactions with different circulating
cells, which may mask direct effects on vascular tone
and mediator release. The perfusate consisted of a Krebs-
Henseleit buffer solution with a colloid oncotic pressure
between 23 and 25 mmHg, yielding the following final
concentrations: Na*, 138 mm; K™, 4.5 mm; Mg™*, 1.33
myM; Cl°, 135 my; Ca't™, 2.38 mm; glucose, 12 my;
HCO5-, 12 mm. The osmolality was approximately 330



mOsm/kg (Mikro-Osmometer; Roebling MefRtechnik,
Berlin, Germany). The pH of the buffer solution was
adjusted to 7.4 with 1 M NaHCO;. Effects caused by
endotoxin contamination of the plasma-free perfusate
can be excluded in our model, as assessed in previous
experiments.”® No hemodynamic reactions, thrombox-
ane generation, or histamine release was observed after
endotoxin addition to the perfusate in the absence of
plasma complement components.?®

JMLP

N-formyl-Met-Leu-Phe was purchased from Sigma Chem-
icals (Deisenhofen, Germany), dissolved in dimethyl sulfox-
ide, and stored deep-frozen until use. Final concentrations
of fMLP in the pulmonary circuit were 107 m.

Statistical Analysis and Data Presentation

Data are presented as mean * SD. Differences be-
tween groups were tested by one-way analysis of vari-
ance followed by a Student Newman-Keuls multiple-
comparison procedure. Significance was accepted at
P < 0.05.

This study was approved by the Animal Subject Pro-
tection Committee of the local government. The care
and handling of animals were in accordance with the
principles expressed in the Helsinki Declaration.
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Fig. 1. Mean pulmonary artery pressure (mpap; = SD) of lungs
in which leukocyte activation was performed with 107¢ M
N-formyl-Met-Leu-Phe (fMLP) in the absence or in presence of
different concentrations of pancreatitis-associated protein
(PAP; 260 pg/l, n = 9; 500 pug/l, n = 6). *P < 0.05 vs. fMLP,
analysis of variance. PAP reduced mpap in a dose-dependent
manner. Baseline values before fMLP administration at time
point 0.
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Fig. 2. Weight gain of lungs (= SD) in which leukocyte activation
was performed with 10~°® m N-formyl-Met-Leu-Phe (fMLP) in the
absence or in presence of pancreatitis-associated protein (PAP;
260 pg/l, n = 9; 500 pg/l, n = 6). *P < 0.05 vs. fMLP, analysis of
variance. PAP reduced weight gain in a dose-dependent man-
ner.

Results

After an equilibration period of 30 min, baseline values
of mpap (8 * 2 mmHg) and airway pressure (6-8 cm
H,0) were similar in all groups and in agreement with
previous studies reported by our group.'® Because ef-
fects of PAP on the pulmonary vasculature are unknown,
administration of PAP was investigated to determine its
properties in our lung preparation. During perfusion
with any concentration of PAP (260 ug/l, n = 3; 500
pg/l, n = 3; 1,000 pg/l, n = 3), no changes in mpap,
weight gain, or TXB, release were observed, and the
lung preparations were stable until the end of the 150-
min observation period. The leukocyte activation with
fMLP in the lungs resulted in an acute increase of mpap
up to 26 = 13 mmHg (P < 0.01) within 5 min (fig. 1).
Baseline levels of mpap were regained 30 min after fMLP
addition and were then maintained for 120 min. A dose-
dependent effect on mpap was observed after treatment
with PAP. The pressure response was reduced signifi-
cantly to 15 = 7 mmHg (PAP 260 ug/l; P < 0.05) and
9 = 4 mmHg (PAP 500 ug/D), respectively. Mean pulmo-
nary artery pressure returned to baseline 10 min after
fMLP and remained almost constant until the end of the
experiment. fMLP induced lung weight gain of 9 = 7 g
during the 150-min observation period, whereas pre-
treatment with PAP in either concentration significantly
(P < 0.05) prevented pulmonary edema formation (PAP
260 pg/l, 2 * 2 g; 500 pg/l, 1 = 2 g; fig. 2).

Analysis of perfusate samples revealed a baseline con-
centration of circulating TXB, of 2.63 % 2.60 nmol/ml
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Fig. 3. Release of thromiboxane (TX) B, (* SD), a stable metab-
olite of TXA,, into the perfusate of isolated rabbit lungs in which
leukocyte activation was performed with 10™% m N-formyl-Met-
Leu-Phe (fMLP) in the absence or in presence of pancreatitis-
associated protein (PAP; 260 pg/l, 0 = 9; 500 pg/l, n = 6). *P <
0.05 vs. fMLP, *P < 0.01 vs. fMLP, analysis of variance. PAP
reduced TXB, generation in a dose-dependent manner.

and an immediate increase (P < 0.005) after fMLP injec-
tion. PAP significantly suppressed TXB, formation
caused by fMLP injection compared with controls. Al-
though mean values in controls reached 1,138 *= 800
pmol - mi~! - min~', TXB, detected in the PAP groups
were 200 * 220 pmol - ml ™!+ min~! (P < 0.01; PAP 260
pg/H and 285 + 70 pmot * mi~! - min~ ' (Z < 0.05; PAP
500 pg/D) 5 min after fMLP injection (fig. 3).

Oxygen saturation, oxygen and carbon dioxide partial
pressures, and pH and base excess did not significantly
change throughout the observation period in all exper-
iments.

Discussion

Pulmonary dysfunction such as pulmonary edema and
hypoxemia is one of the main systemic complications in
acute pancreatitis."6 Experimental studies provided evi-
dence that pancreatitis induces cytokines that activate
granulocytes in the lung vasculature, initiating pulmo-
nary damage'® by elastase and phospholipase A, re-
lease.?® Despite intensive research efforts, until now the
effects of potential modifiers of this inflammatory re-
sponse, such as heat shock proteins and PAP, are not
well understood. Recently, characteristic alterations of
protein synthesis at translational and transcriptional lev-
els were detected during acute pancreatitis.® The most
prominent finding was the overexpression of an unique
clectin protein in the pancreas of animals’ and hu-

mans.' This protein is absent in the normal gland but

synthesized in high amounts in the inflamed pancreas.”
During inflammation, evidence accumulated that the
acute-phase protein response, including PAP, exerts ben-
eficial effects in different species and in distinct experi-
mental settings. ' After induction of acute pancreatitis in
rats, PAP was first detected after 6 h. Maximum levels
corresponding to a 400 -1,000-fold increase of PAP were
measured within 48 h.'"?® Considering that high
amounts of this unique protein are expressed during
acute pancreatitis correlating with the severity of dis-
ease,!’ but also correlating with increased survival in
rats,"¥ our interest was focused on whether PAP might
show organ protective properties in a model of pancre-
atitis-associated Iung failure. Because alterations in vas
cular tone and a capillary leak are hallmarks of acute
respiratory distress syndrome, the study was designed to
investigate the pathophysiologic effects of this protein
on fMLP-induced leukocyte activation and on subse-
quent pulmonary vascular resistance and edema forma-
tion. For this purpose, highly purified PAP from rat
pancreatic juice was added to the perfusion fluid of the
isolated lung. The applied dosage in our model was
comparable to serum levels measured in patients with
mild to severe pancreatitis.“ To guarantee homologous
distribution of PAP in the lung, PAP was administered
before the inflammatory fMLP stimulus.

Although the isolated-cell free perfused rabbit lung is a
relatively simple model that allows the investigation of
PAP effects under standardized conditions, there are
particular limitations. It does not allow analysis of inter-
actions with other organ systems or between the endo-
thelium and blood components. Moreover, the observa-
tion period is limited to approximately 6 h. However,
this experimental set-up allows selective measurements
of alterations in pulmonary vascular resistance and per-
meability as well as the release of mediators into the
perfusate. Therefore, conclusions on pathophysiologic
mechanisms can be drawn from this model.'®*° It has
been shown that granulocyte activation by proinflamma-
tory cytokines plays a crucial role in pulmonary damage
during p::tncreatitis%’5 Thus, activation of granulocytes
by fMLP in the lung vasculature was chosen in the
present study. Although fMLP-induced lung injury may
reproduce some features of injury produced by pancre-
atitis, inflammation #n vivo is considerably more com-
plex, characterized by a mounting cascade of a variety of
mediators released from a variety of inflammatory cells.
These additional factors may modulate the actual effect
of PAP during clinical pancreatitis. The time course of
pulmonary artery pressure, with maximum vasoconstric-



tion after S min and decreasing values until baseline at 30
min, is in agreement with that of other investigators®'
using fMLP in isolated lungs.

The current data on PAP-induced effects on lung vas-
cular tone and edema formation demonstrate protective
properties of PAP on leukocyte-induced pulmonary in-
jury. Pulmonary artery pressure (fig. 1) as well as edema
formation (fig. 2) in the lung were significantly sup-
pressed after pretreatment with PAP, whereas applica-
tion of PAP without leukocyte activation did not affect
any measured parameter. In seeking to understand the
protective effects of PAP concerning the acute pressure
increase after polymorphonuclear neutrophil leukocyte
activation, the role of TXA, as a potent vasoconstrictive
mediator in the pulmonary circulation®*?* was investi-
gated in the presence and absence of PAP. The genera-
tion and release of this mediator is induced by a variety
of factors, including tissue damage, allergic reaction,
infection, and other inflammatory diseases. TXA, is sup-
posed to be the predominant mediator of arachidonic
acid-induced pressure responses in rabbit lungs, sur-
passing the wvasodilatory properties of simultaneously
generated prostacyclin. This was confirmed in our
model in previous studies.> In the current study, the
release of TXA, into the perfusate corresponded with an
increase in pulmonary artery pressure in all experimen-
tal set-ups. Hence, PAP dose-dependently suppressed
TXA, generation, which was associated with the modu-
lation of the pulmonary pressure response (fig. 3).

In the present study, PAP was obtained from rats by
affinity chromatography, which is highly selective for
PAP, and its purity was checked carefully,”>%*~%7 indi-
cating that the isolated protein indeed was PAP. Thus,
effects caused by impurities can be excluded, and the
present data precisely reflects properties of PAP. Homol-
ogy of human and rat PAP has been described?’ in terms
of size, 71% amino acid identity, and the six half-cystines
being in identical positions. Because rabbit PAP has not
been sequenced, assumptions about the structure of
rabbit PAP remain speculative. Nevertheless, the data
obtained in this xeno-model indicate protective effects
of the investigated protein without any signs of foreign
protein reaction, which would evoke alterations in vas-
cular tone and permeability in isolated lungs.56 Because
PAP has been described as a nonenzymatic protein with-
out protease activity, its effects on fMLP-induced pulmo-
nary damage are very unlikely to be caused by hydrolysis
of fMLP, which would cause insufficient leukocyte acti-
vation. The distinct molecular mechanisms of action
cannot be answered from the current study design.
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Antiapoptotic properties of PAP have been reported®”
that protect AR4-2J cells from oxygen radical-induced
cell injury. Although reactive oxygen species play a cru-
cial role in pancreatitis-induced pulmonary damage and
were released in our model after fMLP stimulation, pro-
tection from apoptosis might contribute to the observed
effects. Whether the observed protective effects of PAP
on acute lung injury play a significant role in human
acute respiratory distress syndrome after acute pancre-
atitis remains to be elucidated.

In summary, PAP prevents polymorphonuclear neutro-
phil leukocyte-mediated pulmonary vasoconstriction
and edema formation in the isolated rabbit lung in con-
centrations found during pancreatitis. These findings
point toward a protective effect of PAP on pancreatitis-
associated lung injury. :
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