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The Influence of Macrophage-Activating Lipopeptide 2
(MALP-2) on Local and Systemic Inflammatory
Response in a Murine Two-Hit Model of Hemorrhagic
Shock and Subsequent Sepsis
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Abstract— Pulmonary complications after severe trauma and sepsis remain to be the main
cause for adverse outcome. MALP-2 has been described to exert beneficial effects on organ
damage and the further course after isolated trauma and sepsis. However, the impact of
MALP-2 on a clinically realistic two-hit scenario of trauma and subsequent sepsis remains
unknown. We, therefore, investigated if the systemic inflammatory response and pulmonary
immune response and damage are beneficially modulated by MALP-2 in a murine two-hit
model. Blood pressure-controlled trauma-hemorrhage (TH) and cecal ligation and puncture
(CLP) were induced in C57/BL6 mice. Mice were divided into 2 control groups (control 1:
TH without CLP; control 2: TH and CLP) and 3 experimental groups treated with MALP-2 at
different time points (ETH, end of TH; ECLP, end of CLP; and 6CLP 6 h after CLP). Survival
rates were assessed over the observation period of 168 h after the induction of TH. Concen-
trations of plasma inflammatory cytokines and chemokines (TNF-α, IL-6, MIP-1α, IFN-γ,
and IL-10) were assessed, and bacterial clearance of the lungs was determined. Furthermore,
pulmonary MPO activity assay to evaluate the infiltration of polymorphonuclear neutrophils
(PMN) and histological evaluation were performed. Survival rates were evaluated. Compared
with control group 1, the level of TNF-α in the ECLP group showed a significant increase
(ECLP, 2.27 pg./ml ± 1.39 vs. control 1: 0.16 pg./ml ± 0.11, p = 0.021). In contrast, levels of
IFN-γ were significantly reduced in groups ETH and 6CLP compared with control group 1
(control 1: 8.92 pg./ml ± 4.38 vs. ETH: 1.77 pg./ml ± 4.34, p = 0.026 resp. vs. 6CLP: 1.83 pg./
ml ± 4.49, p = 0.014). While systemic concentrations of inflammatory mediators were not
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affected byMALP-2 treatment, the lung tissue presented with significant alterations. Reduced
MPO activity was lowest in group ECLP (ECLP 11,196.77 ± 547.81 vs. ETH 12,773.94 ±
1011.76; p = 0.023 resp. vs. 6CLP 13,155.19 ± 423.99, p = 0.016) in experimental groups.
Also, histological damage after MALP-2 application was lowest in ECLP animals (ECLP
0.50 ± 0.08 vs. ETH 0.71 ± 0.05, p = 0.034 resp. vs. 6CLP 0.64 ± 0.08, p = 0.021).
Furthermore, MALP-2 treatment was associated with a trend towards improved survival in
the ECLP group (ECLP 83.3% vs. ETH 66.7 and 6CLP 58.3%, p > 0.05). Based on our
results, MALP-2 might have beneficial effects on the clinical course after hemorrhage and
sepsis by reducing pulmonary damage and PMN infiltration. This might also affect survival.
According to our data, MALP-2 should be given at the earliest possible time point after the
onset of sepsis. However, the optimal dosage and confirmation of our results in larger cohorts
need to be the focus of further research.

KEYWORDS: MALP-2; Murine two-hit model; Hemorrhagic shock; Sepsis; Inflammatory response.

INTRODUCTION

Trauma represents the leading cause of death in
patients under 40 years of age [1]. Especially in the later
posttraumatic course, adverse outcome is related to a dys-
functional immune response that predisposes to infectious
complications (e.g., sepsis) and organ dysfunction (adult
respiratory distress syndrome, ARDS) [2, 3]. In this con-
text, the lung is a primary target organ for inflammation-
associated tissue damage due to high exposition to inflam-
matory mediators and immune cells that pass the lung via
the bloodstream [4]. Thus, target-orientated treatment
options for beneficial modulation of the posttraumatic im-
mune response are of utmost importance to reduce infec-
tious complications and severe organ damage [5, 6].

Toll-like receptors (TLRs) represent major therapeu-
tic targets as they can recognize microorganisms that in-
vade the body and activate immune cell responses [7].
TLRs initiate innate and adaptive immune responses via
two cascades: the first one acts by the main adaptor protein,
myeloid differentiation factor 88 (MyD88), the second via
the adaptor TIR-domain-containing adaptor-inducing in-
terferon-β (TRIF), also known as the MyD88-
independent pathway. As one of the key factors for post-
traumatic activation of the immune response TLR4 can
signal through both aforementioned pathways in a time-
dependent manner [8]. Due to this important role of TLRs,
direct modulation by a receptor agonist, either by (a) block-
ing the binding of TLR ligands to the receptor or (b)
interfering the intracellular signaling pathways to stop the
signal transduction could be a promising approach for the
treatment of post-traumatic immune dysregulation, thereby

reducing the incidence of infectious complications or organ
damage [8].

As an agonist of Toll-like receptors, MALP-2 might
therefore have great potential for clinical applications. So far,
the relevance of MALP-2 treatment has only been investigat-
ed after isolated insults. Pfeifer et al. found that pre-treatment
with MALP-2 resulted in a significant decrease in systemic
IL-6 levels in a murine model of isolated hemorrhagic shock
[9]. Zeckey et al. demonstrated that MALP-2 could improve
survival and reduce systemic cytokine levels in amurine CLP
model [10]. These results indicate the potential ofMALP-2 to
modulate the immune response thereby preventing compli-
cations and improving mortality rates.

In this study, we aimed to investigate whetherMALP-
2 also exerts beneficial effects on the systemic inflamma-
tory response and pulmonary immune response and dam-
age in a clinically relevant two-hit model of TH and sub-
sequent sepsis. In addition, the impact of the time point of
MALP-2 application was assessed to elucidate the optimal
moment starting MALP-2 treatment to potentially affect
the outcome in a positive way.

We hypothesize that

1 The application of MALP-2 has a significant effect
on systematic inflammation in the two-hit model of
hemorrhagic shock and subsequent sepsis (end of
trauma/hemorrhage and after CLP induction).

2 MALP-treatment reduces the incidence of pulmo-
nary organ damage.

3 The effects of MALP-2 depend on the time point of
application (end of trauma/hemorrhage vs. after CLP
induction).
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MATERIALS AND METHODS

Animal Care and Group Distribution

To reduce the number of animals, data were gained
from a larger project that was approved and registered by
the Governmental Animal Care and Use Office (Land-
esamt für Natur, Umwelt und Verbraucherschutz Nordr-
hein-Westfalen, Recklinghausen, Germany, AZ: 84-02.04.
2013.A467). Male C57BL/6 mice, 8–10 weeks old and
weighing 25 ± 5 g, were used for this study. Mice were
divided into five different groups. The control group con-
sisted of two sub-groups (control 1 and control 2, n =
8/group) either undergoing TH and laparotomy (group 1)
or TH and CLP (group 2). Based on the different injection
times of MALP-2, we divided the mice into three experi-
mental groups with 12 mice in each group (Table 1).
Animals received a standard diet and tap water ad libitum.
Mice were maintained in the animal research center with a
12 h light–dark cycle.

General Anesthesia and Analgesia

Before the experiments, anesthesia was induced using
isoflurane (1.5–2%, inhalation, Abbott Laboratories, Wies-
baden, Germany). To control pain, buprenorphine s.c.
(Temgesic®) was injected at a level of 0.05 mg/kg
30 min before instrumentation and thereafter was repeated
every 8 h. The absence of consciousness was proofed and
documented by testing the reflex-status.

During instrumentation, induction of shock, and CLP,
animals were placed in a supine position. They were kept
warm by an underlying heating device. Additionally, heart
frequency during shock was monitored by electrocardiog-
raphy. All experimental procedures were performed under
sterile conditions.

After terminating the experimental procedures (TH
and CLP), animals were rewarmed and transferred to the
prewarmed cage for continuous supervision. Analgesic
therapy with buprenorphine was maintained three times a

day as described above, and metamizole (200 mg/kg) was
provided via the drinking water.

Instrumentation and Pressure-Controlled Trauma-
Hemorrhage

A unilateral incision of approximately 1 cm in length
was made in the area of the left femur to expose the femoral
artery. The artery was temporarily ligated to prevent ex-
sanguination during further instrumentation. Then, a small
incision in the femoral artery was made using fine scissors
to cannulate the vessel with a sterile plastic catheter (PE-
10). Next, the blood was slowly withdrawn using a digital
blood pressure monitor (TSE Systems, BadHomburg, Ger-
many) until shock state (mean arterial blood pressure
(MAP) of 35 mmHg) was reached. This state was main-
tained for 90 min. Thereafter, the withdrawn blood, as well
as an equal amount of warmed saline solution were re-
infused. This re-infusion was performed within 10 min.
Subsequently, the arterial catheter was removed, the vessel
was closed with a ligature and the skin was sutured with a
4-0 suture. Afterward, animals were rewarmed and moni-
tored as described above.

Cecal Ligation and Puncture

Cecal ligation and puncture (CLP) was performed
48 h after the application of TH except for animals that
belong to control group 1. Animals from this group
only received a laparotomy. After laparotomy, the ce-
cum was carefully exposed and ligated as previously
described [11]. Then, the cecum was punctured with a
21-gage needle and the cecal content was pressed out.
After returning the cecum to its original position, 1 ml
of warmed 0.9% NaCl solution was injected into the
peritoneum and the abdominal layer was sutured. Af-
terward, animals were rewarmed and monitored as
described above.

Table 1. The Specific Grouping of the Experiment

Groups Treatment Group size

Control 1 TH, laparotomy, and vehicle administration n = 8
Control 2 TH, CLP, and vehicle administration n = 8
ETH TH, CLP, and MALP-2 application at the end of TH n = 12
ECLP TH, CLP, and MALP-2 application at 30 min. after CLP induction n = 12
6CLP TH, CLP, and MALP-2 application at 6 h after CLP induction n = 12

TH, traumatic hemorrhage; CLP, cecal ligation and puncture;MALP-2, Macrophage-activating lipopeptide-2; ETH, injection of MALP-2 at the end of TH;
ECLP, injection of MALP-2 at 30 min. after the end of CLP; 6CLP, injection of MALP-2 at 6 h after CLP
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MALP-2 Application

MALP-2 (25 μg/kg) or vehicle (0.9% sterile saline)
were intraperitoneally administered at different time points
over the course of the experiment according to the afore-
mentioned group distribution (Table 1).

Termination of the Experiment and Sample Collection

The experiment ended 168 h after induction of TH
(120 h after CLP) or if defined ethical endpoints as pub-
lished by Nemzek et al. forced the termination of the
experiment [12]. Animals that died during the experiment
were not included in the analysis while those that were in
need to be euthanized before the end of the observation
period were included in the analysis. The animals were
exsanguinated by retrobulbar blood withdrawal. Blood
samples were collected and immediately centrifuged at
3000g for 5 min at 4 °C. Plasma was frozen at − 80 °C
until further analysis.

Analysis of Cytokine Levels

TNF-α, IL-6, MIP-1α, IFN-γ, and IL-10 were eval-
uated using mouse premixed multi-analyte kits (R&D Sys-
tem Inc., Minneapolis, MN, USA) according to the manu-
facturer’s manual.

Pulmonary Bacterial Clearance

The left lung was rinsed three times with 1 ml of PBS
to obtain bronchoalveolar fluid (BALF). The collected
pulmonary lavage fluid was immediately centrifuged at
400g for 5 min. The number of live bacteria was deter-
mined by the incubation of the pulmonary lavage (95 μl)
with 1% Triton X-100 (5 μl) for 10 min for the lysis of the
cells. Thereafter, serial dilutions were incubated on agar
plates for 24 h at 37 °C. Bacterial colonies were counted
with colony counting software [13]. The difference in
bacterial clearance between each group was determined
by comparing the number of bacterial colonies.

Analysis of Myeloperoxidase Activity

The right lung was then divided into two parts with
one part being used for MPO determination via homoge-
nization in a lysis buffer according to the manufacturer’s
protocol. Then, the homogenate was centrifuged at 12000g
for 15 min and the supernatant was collected for myeloper-
oxidase (MPO) activity assay. MPO-enzyme-linked im-
munosorbent assay kits (MPO ELISA kit, Hycultec GmbH

Beutelsbach, Germany) were used to quantify the MPO
activity in lung tissues.

Histology

The other part of the right lung was filled with for-
malin and preserved for histological evaluation. Micro-
scopically lung injury (PMN in the alveolar and interstitial
space, hyaline membranes, proteinaceous debris filling the
air spaces, and alveolar septal thickening) was assessed and
graded according to a lung injury scoring system [14]. The
lung injury score was evaluated by two pathologists who
were blinded to the study groups.

Data Analysis

Data were analyzed using SPSS version 20.0
software (SPSS Inc., Chicago, IL, USA). A normal
distribution of all data was examined by both the
Shapiro–Wilk test and the Kolmogorov–Smirnov test.
If the data were normally distributed, the values were
expressed as the mean ± SEM of observations. The
data were summarized as a median (interquartile range
(IQR)) when they were abnormally distributed. Group
comparisons were evaluated using an ANOVA for
normally distributed variables. Group comparisons
were evaluated using the rank-sum test for abnormal
distribution variables. The Bonferroni correction was
executed for the pairwise comparison. The Kaplan-
Meier survival curves were analyzed by the log-rank
test. A p-value < 0.05 was considered significant.

RESULTS

Bacterial Clearance

Those of control group 2 presented with a significant-
ly higher number of bacterial colonies compared with
animals of control 1 (p = 0.002, Fig. 1). Group ECLP
tended to have higher numbers of bacterial colonies than
groups ETH and 6CLP; however, there was neither a
significant difference between the experimental groups
and control group 1 nor between the experimental groups
themselves (p > 0.05, Fig. 1).

Pulmonary MPO Activity

PulmonaryMPO activity was highest in control group
2 (Fig. 2), whereas it was lowest in control group 1. There
were significant differences between the experimental
groups and control group 1 (Fig. 2). MPO activity was
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significantly lower in group ECLP than in groups ETH and
6CLP (ECLP 11,196.77 ± 547.81 vs. ETH 12,773.94 ±

1011.76, p = 0.023 resp. vs. 6CLP 13,155.19 ± 423.99, p =
0.016) (Fig. 2).

Fig. 1. The number of colonies after bacterial incubation in each group of lung lavage fluid. astatistically significant difference between two groups (p < 0.05).

Fig. 2. TheMPO activity of the lung in each group at the end of the experiment is shown in Fig. 2. asignificant difference comparedwith the other groups (p <
0.05). bStatistically significant difference between the two groups (p < 0.05) (TH: traumatic hemorrhage; CLP: cecal ligation and puncture; MALP-2:
macrophage-activating lipopeptide-2; ETH: injection of MALP-2 at the end of TH; ECLP: injection of MALP-2 at 30 min. after the end of CLP; 6CLP:
injection of MALP-2 at 6 h after CLP).
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Histology of the Lung

Control group 2 revealed the highest signs of tissue
damage: its lung injury score was significantly higher
compared with that of all other groups (p = 0.014). In the
experimental groups, the lung injury score of the ECLP
group was significantly lower than those of the ETH and
6CLP groups (ECLP 0.50 ± 0.08 vs. ETH 0.71 ± 0.05, p =
0.034 resp. vs. 6CLP 0.64 ± 0.08, p = 0.021) (Table 2 and
Picture 1).

Systemic Inflammatory Response

At the end of the experiment, plasma levels of IL-6
were not detectable in control group 1 and no statistical
differences among control group 2 (55.6 pg./ml ± 17.6) and
the experimental groups (ETH 40.8 pg./ml ± 13.1, ECLP
56.0 pg./ml ± 29.2, 6CLP 49.4 pg./ml ± 8.5) was found
(Fig. 3A). Compared with control group 1 (0.16 pg./ml ±
0.11), the level of TNF-α in the ECLP group (2.27 pg./ml
± 1.39) showed a significant increase (p = 0.021, Fig. 3B).
In contrast, levels of IFN-γ have significantly reduced in
groups ETH (1.77 pg./ml ± 4.34) (p = 0.026), and 6CLP
(1.83 pg./ml ± 4.49) (p = 0.014) compared with control
group 1 (8.92 pg./ml ± 4.38) (Fig. 3C). The expression of
MIP-1α showed no significant differences between all
groups (Fig. 3D). In regard to anti-inflammatory IL-10
plasma levels were not detectable in group control 1 (Fig.
4). However, control group 2 (4.79 pg./ml ± 5.13) and
ECLP (8.71 pg./ml ± 6.43) showed highest values. Yet,
there was no significant difference between the groups.

Survival Rate

All mice survived in the control group 1. Four mice
survived in control group 2. The group ETH has eight
surviving mice. And ten and seven surviving mice were

in groups ECLP and 6CLP. There was a significant differ-
ence between control group 1 (100%) and control group 2
(50%) (p = 0.025) and a clear trend toward an improved
survival in group ECLP (88.3%) compared with ETH
(66.7%) and 6CLP (58.3%) animals was observed (Fig. 5).

DISCUSSION

The lung represents a major primary but also second-
ary target organ in case of trauma followed by sepsis.
Pulmonary complications negatively influence the out-
come after severe trauma and lead to extended ventilation
rates, prolonged ICU-, and hospital stay as well as in-
creased mortality rates [15]. Therefore, the prevention of
lung damage and associated dysfunction by modulation of
the posttraumatic immune response represents a potential
therapeutic approach.

In our clinically relevant two-hit model, we found the
following main results:

1 Infectious complications result in a significant ag-
gravation of trauma-associated lung damage associated
with high numbers of bacterial colonies

2 Application of MALP-2 resulted in lower sings of
lung damage, reduced pulmonary bacterial load, and led
toward lower mortality.

3 MALP-2 application was particularly beneficial if
administered at the earliest possible stage after the onset
of sepsis (ECLP) with

a reduced pulmonary tissue damage in histology
analysis

b highest survival rates among of all groups with
combines TH and CLP

Immune Function and Organ Damage of the Lung

The number of bacterial cultures found in BALF of
control group 1 was significantly lower than that in control
group 2. These findings are in line with other studies
investigating the bacterial burden after TH versus sepsis
and underline the validity of the used model [16, 17].
However, the bacterial burden in MALP-treated groups
tended to present with lower levels than animals with
vehicle application after TH and CLP. This finding sup-
ports results presented by Reppe et al. who performed
bacterial clearance experiments at 24 h, 48 h, and 72 h
after MALP-2 intervention in their mouse model of pneu-
monia [18]. It was found that there was no significantly

Table 2. The Score of Each Group According to Lung Injury Scoring
System

Groups Lung injury score

Control 1 0.20 ± 0.08a

Control 2 0.86 ± 0.05b

ETH 0.71 ± 0.05c

ECLP 0.50 ± 0.08d

6CLP 0.64 ± 0.08

aControl 1 vs. control 2, ETH, ECLP, 6CLP
bControl 2 vs. control 1, ETH, ECLP, 6CLP
cETH vs. ECLP
dECLP vs. 6CLP
Statistical significance p = < 0.05
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improved clearance of lung bacteria in the corresponding
MALP-2 treatment group relative to the control group. In a
follow-up study, Reppe et al.more specifically described a
compartment-specific effect of MALP-2 treatment in the
lung. In this context, a lowered number of bacterial colo-
nies in the perivascular and in the peribronchial compart-
ment was found, whereas numbers stayed persistently high
in the pleural areas [18, 19]. The authors explained this
confined effect of MALP-2 by the unique pulmonary en-
vironment, with specialized peribronchial capillaries en-
abling improved pathogen clearance via rapidly migrating
macrophages [20]. As the high pleural bacterial numbers
however were unaffected by MALP-2 treatment, total lung
bacterial load remained unaffected and the bacterial burden
in the entire lungs was not significantly reduced byMALP-
2 [18]. Also, results from Zeckey et al. from a murine
sepsis model might support a protective role of MALP-2
for lung tissue. While the significantly reduced levels of
IL-6, TNF-α, and MIP-1α in the alveolar tissue found at

the end of the observation period (96 h) might be inter-
preted as a residual pulmonary response on the one hand
[10], Jörgens et al. showed that local IL-10 in the lung was
significantly increased after pre-treatment of alveolar mac-
rophages with MALP-2 [21] on the other hand. Thus, local
pre-treatment with MALP-2 might beneficially influence
the lung against inflammation by elevated anti-
inflammatory IL-10 concentrations and lowered pro-
inflammatory mediator levels. However, as the experimen-
tal setups as well as observation times were different and
the application mode of MALP-2 (aerosol vs. peritoneal
injections) varied, future studies should focus on the im-
pact of MALP-2 on systemically active inflammatory
mediators that potentially harm the lung as a secondary
target to improve outcome in critically ill patients.

MPO is the most abundant protein component
expressed by PMN. Thus, MPO activity is one of the
earliest signs in regard to neutrophil infiltration [22]. The
present study revealed that an additional infectious insult

Picture 1. a-e Histopathology of infected lung tissue from mice (× 40). Figure 2A, the typical lung tissue from the group control 1. Figure 2B, the typical
lung tissue from group control 2. Figure 2C, the typical lung tissue from the group of ETH. Figure 2D, the typical lung tissue from the ECLP group. Fig-
ure 2E, the typical lung tissue from the 6CLP group. Figure 2A shows typical lung tissue sections in control group 1 with a clear tissue structure, thin alveolar
walls, and no relevant PMN infiltration. Figure 2B shows typical lung tissue sections in control group 2 with inflammatory cell infiltration and the loss of lung
tissue structure. Figure 2C represents the lung tissue section of the ETH group. Figure 2D demonstrates lung tissue damage and edema in the ECLP group.
Figure 2E shows typical lung tissue sections of the 6CLP group. From Fig. 2B–E, the sections show varying degrees of inflammatory cell infiltration and
exudation, loss of lung tissue structure, interstitial edema, and hemorrhage and the disappearance of the normal alveolar structure.
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Fig. 3. a–d Expression levels of IL-6, TNF-α, IFN-γ, and MIP-1α at the end of the experiment. aStatistically significant difference in two groups (ap < 0.05).

Fig. 4. Expression level of IL-10 at the end of experiment.
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resulted in significantly increased pulmonary neutrophil
infiltration reflected by enhanced MPO activity. However,
MALP-2 application resulted in decreased values indepen-
dent from the application time point compared with the
two-hit group with vehicle treatment, indicating that
MALP-2 has a significant inhibitory effect on the infiltra-
tion of PMN into the lung. In accordance, Zeckey et al.
also found decreasedMPO activity after applyingMALP-2
in an isolated septic mouse model [10]. This finding and
the aforementioned improvement of bacterial clearance
might be assumed as a MALP-2-related augmentation
and acceleration of the immune response with reduced
MPO levels interpreted as a residuum after trauma fol-
lowed by sepsis. This is even more likely as PMNs are
known to survive only for 24 h after secretion and the
observation time of the present model lasted for 168 h
respectively 96 h in the model of Zeckey et al. [23].
Focusing on the best time point of MALP-2 application
this is the first study to show that the time of MALP-2
intervention is best at the earliest time point after the
development of sepsis. This provides a useful reference
for further experimental studies and potential clinical appli-
cations in the future. However, literature regarding the
aforementioned association between MALP-2 and MPO-

activity is inconsistent. While some studies found that
MALP-2 itself induces neutrophil infiltration into the lung
and liver tissue [24, 25], Pfeifer et al. found that pre-
treatment with MALP-2 before the induction of shock did
not have much of an effect on the MPO activity of the lung
[9]. However, Pfeifer et al. terminated the experiment 6 h
after the induction of shock. Therefore, the authors pointed
out that further studies with a longer observation period
and a more clinically relevant setup with the induction of
second hits (additional surgery, infections) are required.
Compared with the study presented by Pfeifer et al., we
significantly extended the observation time and took the
discussed limitations into account.

In accordance with MPO-levels, an additional infec-
tious insult resulted in an aggravation of histological signs
of lung damage. Intervention with MALP-2 alleviated
local organ damage to the lungs. Our findings confirm
the results that were reported earlier [18]. In lung tissue
sections that were taken 48 h after pneumococcal infection,
it was found that pneumococci were almost absent around
the bronchi and pulmonary blood vessels in MALP-2
treated groups compared with the untreated pneumonia
mice. In a follow-up study, MALP-2 was applied to inves-
tigate its influence on a secondary infection with

Fig. 5. Changes in survival rates between groups. aStatistically significant difference between control 1 and control 2 ap < 0.05).
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S. pneumoniae after influenza virus infection [19]. It was
found that treatment with MALP-2 significantly altered the
accumulation of PMN in the interstitial lung, bronchi, and
alveoli. These findings are consistent with the results of the
present study. The three experimental groups (ETH, ECLP,
6CLP) treated with MALP-2 showed beneficial effects in
regard to typical signs of pulmonary organ damage asso-
ciated with sepsis. As for MPO-levels, MALP-2 applica-
tion at the earliest time point after development of sepsis
(group ECLP) also presented with the lowest lung injury
score. In conclusion, the current data suggest an improved
impact of MALP-2 in regard to lung damage. Especially
the application of MALP-2 at the earliest onset of sepsis
indicates a protective effect on the lung and therefore
seems to be most promising.

Systemic Inflammation

By the end of the experiment, it was found that the
MALP-2 application had no influence on systemic pro-
inflammatory cytokine (IL-6, TNF-α, and IFN-γ) and
chemokine (MIP-1α) levels compared with vehicle admin-
istration. Thus, our findings are in line with data published
by Zeckey et al. who also did not observe a significant
impact of MALP-2 on pro-inflammatory mediator levels
(IL-6, TNF-α, andMIP-1α) 96 h after induction of isolated
sepsis [10]. In a murine model of isolated TH, Pfeifer et al.
found thatMALP-2 application before the insult resulted in
a more balanced migration of PMN into different body
compartments instead of accumulating in one [9]. Based on
this finding, it might be speculated that a similar phenom-
enon is also applicable for immunocompetent cells after the
MALP-2 application. Possibly, e.g.macrophages localized
in a specific organ system are stimulated by MALP-2 to
migrate into the circulation, thereby increasing systemic
pro-inflammatory mediator levels. However, this macro-
phagemigrationmight also have contributed to theMALP-
2-associated reduction of pulmonary damage, as decreased
numbers of macrophages in the lung might be associated
with reduced inflammation-related organ lesions.

Regarding the systemic anti-inflammatory factor IL-
10, the experimental groups did not show any statistically
significant differences from the control groups. Thus, obser-
vations reported by Pfeifer et al. were confirmed [9]. Also,
Feterowski et al. described no elevation of IL-10 after
systemic injection of MALP-2 in mice. The authors found
that the systemic levels of IL-10 were higher in Pam3Cys
treated mice compared with MALP-2 treatment [26]. These
differences in the kinetics of cytokine induction were
explained by an upregulation of ST2, a negative regulator

of TLR signaling. ST2 negatively regulates TLR4 and IL-
1R signaling via the sequestration of MyD88. The up-
regulation of ST2 in MALP-2-treated animals was more
pronounced compared with Pam3Cys treatment. Probably
the impact of MALP-2 on TLR2/TLR6, therefore, is more
profound compared with the activation of TLR2/TLR1 by
Pam3Cys. It is conceivable that the upregulation of ST2
contributes to the suppression of cytokine induction in
MALP-2-treated mice [26].

Survival Rate

The application of MALP-2 showed a clear trend
toward a better survival rate. Consistent with reduced
pulmonary organ damage, MALP-2 application at the on-
set of sepsis was associated with the highest survival rate.
Also, previous studies found reduced mortality rates after
MALP-2 application in murine models with severe infec-
tions (e.g. sepsis, pneumonia) [10, 18, 26]. Although not
statistically significant, our study supports these previous
findings. Yet, the different results of these studies might be
affected by diverse factors, such as experimental setups
and endpoints. Comparing different studies, we found that
the dose of appliedMALP-2 showed a wide range between
0,1, and 1000 μg/kg [10, 18, 26]. In regard to the current
literature and due to its novel application in a two-hit
model, a moderate dose of 25 μg/kg was used in the
present study. Thus, it is very likely that the amount of
applied MALP-2 plays a crucial role in regard to immuno-
logic modulation and thus prevention of secondary com-
plications. However, further studies are needed to focus on
dose-finding and optimal timing of MALP-2 application in
clinically realistic models with clear outcome parameters.
As no comparable reports regarding MALP-2 application
in two-hit models were found, our results may be a useful
reference for future research.

Strengths and Limitations

For the first time, MALP-2 was applied to a murine
“two-hit”model to observe its effects. The experimental set
up mimicked clinical reality. At the same time, several
restrictions from previous studies were considered; how-
ever, also the present model is not fully free from limita-
tions. First of all, all procedures were performed with
animals under general anesthesia, which might cause some
modulation of cellular injury. Moreover, acute trauma in
humans does not occur under the conditions described
here. However, ethical guidelines for animals and a moral
imperative do not permit any other approach. In addition,
although aiming to provide a clinically realistic setup, the
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complex injury pattern of our model is influenced by many
variables (e.g. drugs, infusions, diet, and sample collection)
that may also affect the results. Lastly, data was gained
only at the end of the observation time and blood bacterial
clearance tests were not conducted as well as inflammatory
cytokines and chemokines in the distal organ tissue should
be analyzed in future studies.

CONCLUSION

In conclusion, MALP-2 seems to have beneficial
effects on the clinical course after hemorrhage and sepsis
by reducing pulmonary damage and PMNs infiltration.
This might also positively affect survival. Our findings
suggest that MALP-2 should be given at the earliest pos-
sible time point around the onset of sepsis. Further studies
must focus on the effect of MALP-2 in regard to different
organ systems and the optimal dosage should be defined in
larger cohorts.
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