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Objectives: To investigate the in vivo efficacy in a murine pulmonary infection model of panobacumab
(KBPA101), a human IgM monoclonal antibody directed against the O-polysaccharide moiety of Pseudomonas
aeruginosa serotype O11, and to describe the anti-inflammatory effects in the lung as a consequence of the
treatment.

Methods: We established an experimental murine model of acute pneumonia by intranasal administration
of P. aeruginosa serotype O11. Mice were treated, after infection, with a single intravenous injection of
panobacumab and panobacumab lung bioavailability was assessed. Inflammatory parameters such as
pro-inflammatory cytokine production and neutrophil recruitment in broncho-alveolar lavage fluid (BALF) were
measured and bacterial load in the lung was analysed.

Results: Panobacumab plays a significant role in addition to the host innate immune response, leading to
improved control of pulmonary infection. The IgM antibody is able to reach the broncho-alveolar space and
reduce the pulmonary bacterial load as well as lung inflammation in a dose-dependent manner. Furthermore,
panobacumab treatment leads to enhanced neutrophil recruitment in BALF while reducing the host-derived
production of pro-inflammatory mediators and lung injury.

Conclusions: These data provide evidence that panobacumab, an IgM-based immunotherapeutic, is highly
efficacious in controlling acute lung infection by enhancing the natural innate immune response.
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Introduction
Pseudomonas aeruginosa is an opportunistic pathogen associ-
ated with severe respiratory tract infections. The prevalence of
P. aeruginosa infections has increased over the past decade
and has become a major concern in morbidity and mortality in
the hospital environment, especially in immunocompromised
individuals.1 P. aeruginosa is often a cause of ventilator-
associated pneumonia (VAP) in patients with damaged airways
from mechanical ventilation, trauma or antecedent viral infec-
tions, with a significantly higher attributable mortality compared
with other pathogens.2

Treatment of P. aeruginosa infections is still a challenge due to
its biochemical attributes,3 including its poor outer membrane
permeability and efflux properties. Furthermore, P. aeruginosa

harbours chromosomal and/or plasmid-encoded genes
mediating an intrinsic resistance to almost every class of anti-
microbial agents.4 Indeed, the prevalence of multidrug-resistant
P. aeruginosa strains has increased over time and has become
a major concern in the hospital environment.5 Although anti-
biotics are necessary to clear pathogens from the circulation,
the disrupted bacterial membrane can exacerbate the host
inflammatory response,6 as shown for ceftazidime.7

Upon infection with respiratory pathogens, the airway
mucosal immune system rapidly develops a pro-inflammatory
response, leading to production of inflammatory mediators
both in aerial compartment and local tissue initiated by the
recognition of pathogen-associated molecular patterns (PAMPs)
by specific receptors such as the Toll-like receptors (TLRs) and
triggered by the epithelial cells and the resident immune
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cells.8 – 10 Massive neutrophil recruitment to the site of infection is
an essential mechanism to control invading pathogens11 such as
P. aeruginosa.12 Complement-mediated opsonophagocytosis or
complement-activated killing are the main pathways leading to
pathogen eradication. These effector mechanisms are mainly
mediated by IgM antibodies, which are the primary antibody-
based immune reaction upon stimulation by bacterial antigens
such as lipopolysaccharide (LPS).

Passive immunotherapy is recognized as a valuable addition
to standard therapy against infectious disease, although it has
not been extensively studied so far. Several groups have reported
positive effects of anti-LPS,13 anti-flagella14 or anti-PcrV15 anti-
bodies during P. aeruginosa infections. Panobacumab is a
human monoclonal antibody (MAb) of the IgM/k isotype and is
directed against the LPS O-polysaccharide P. aeruginosa serotype
IATS (International Antigen Typing System) O11. It has been
recently characterized in vitro16 and its safety has been shown
in humans.17

A significant survival benefit of prophylactic treatment of
animals with panobacumab prior to bacterial infections has
been demonstrated, mainly for disseminated burn wound infec-
tions.16 Here we describe the effects of therapeutic treatment of
pneumonia by panobacumab in a murine model of acute
P. aeruginosa lung infection. We report here that MAb treatment
directly targeted the lung compartment and is associated with
enhanced neutrophil recruitment and bacterial clearance with
subsequent attenuated lung inflammation. Mechanistically, we
observed an increased P. aeruginosa opsonophagocytosis by neu-
trophils in vitro, which may explain the reduced bacterial load after
lung infection. Furthermore, panobacumab treatment leads to an
attenuated hyperinflammatory response associated with reduced
levels of interleukin-6 (IL-6), tumour necrosis factor-a (TNF-a) and
keratinocyte-derived chemokine (KC).

Materials and methods

Mice and reagents
Adult female C57BL/6 (B6) mice (10–12 weeks old) were obtained from
Janvier (Le Genest Saint-Isle, France). All mice were housed under
specific-pathogen-free conditions at the Transgenose Institute (Centre
National de la Recherche Scientifique, Orléans, France) and had access
to food and water ad libitum. All animal experiments complied with
the French government’s ethical and animal experiment regulations.

Generation of panobacumab (KBPA101) has been described pre-
viously.16 Panobacumab for injection was supplied as sterile, non-
pyrogenic, PBS solution manufactured under good manufacturing
practice (GMP) conditions (Kenta Biotech AG, Bern, Switzerland). Control
antibody specific for P. aeruginosa serotype IATS O1 was generated
through the same technology (manuscript in preparation) and purified
MAb was supplied by Kenta Biotech. For necropsy analysis, mice were
injected intravenously with 0.13, 0.4 and 1.2 mg/kg of panobacumab in
200 mL of PBS 2 h or 4 h after infection, with control animals receiving
PBS instead. For a complementary survival study, the experimental
setup was identical to the conditions for the necropsy analysis, albeit
with a second intraperitoneal injection of panobacumab or PBS (as a
control) 24 h after the infection.

Acute model of P. aeruginosa lung infection
P. aeruginosa strain 2310.55 of serotype IATS O11 as well as P. aeruginosa
serotype IATS O1 reference strain (ATCC 33348) were provided by Kenta

Biotech with certified titre and purity. The uniformity of the colonies
was checked by plating on brain heart infusion (BHI) agar plates. The
mice were infected with freshly prepared inoculum of the bacteria. An
overnight culture in 10 mL BHI medium was prepared, starting from
the frozen stock at 378C and shaken at 150 rpm. Of this culture, 2.5 mL
was taken to start a fresh 10 mL BHI culture. The culture was stopped
when an OD of about 0.4 was reached (corresponding to a bacterial
titre of about 2×108 bacteria/mL). The bacteria were washed once in
PBS diluted in saline to obtain a titre of 106 bacteria/mL. Each inoculum
was then checked for accuracy by plating directly on fresh BHI agar
plates. Mice were anaesthetized with a low dose of intravenous keta-
mine/xylazine (1.25 mg/mL/0.5 mg/mL) and 40 mL of the bacterial sol-
ution or the corresponding vehicle solution (isotonic saline) was applied
intranasally using an ultrafine pipette tip. Mortality and body weight of
animals were monitored daily and in all experiments moribund animals
or animals with a weight loss of more than 25% were sacrificed for
ethical reasons.

Broncho-alveolar lavage and organ sampling
Broncho-alveolar lavage fluid (BALF) was collected 24 h after P. aeruginosa
administration by cannulating the trachea under deep ketamine/xylazine
anaesthesia and washing the lung twice with 1 mL saline at room temp-
erature. The lavage fluid was centrifuged at 2000 rpm for 10 min at 48C
and the supernatant was stored at 2808C for analysis. The cell pellet was
resuspended in PBS, counted in a haemocytometer chamber and cytospin
preparations were made using a Shandon cytocentrifuge (1000 rpm for
10 min). The cells were stained with Diff-Quick (Dade Behring, Marburg,
Germany) and counted for neutrophils and macrophages.

Lung bacterial load
Lung total weights were recorded after sacrifice and expressed as a per-
centage of the body weight. Lung homogenates were prepared in 2 mL of
isotonic saline solution using a Dispomix tissue homogenizer (Medic
Tools). Tenfold serial dilutions of homogenates were plated on BHI agar
plates (Biovalley). Plates were incubated at 378C and 5% CO2 and the
numbers of cfu were enumerated after 24 h.

Panobacumab, cytokine and chemokine determination
Panobacumab concentrations in BALF and serum were determined by
ELISA using a mouse monoclonal anti-idiotypic antibody against panoba-
cumab as described previously.17 TNF-a, IL-6, IL-10 and keratinocyte-
derived chemokine (KC or CXCL-1) concentrations in BALF and lung
homogenates were measured by ELISA (Duoset Kit; R&D Systems)
according to the manufacturer’s instructions (with detection limits at
50 pg/mL).

Histology
Lungs were fixed in 10% buffered formalin (Shandon), dehydrated in
ethanol and embedded in paraffin. Serial sections (3 mm) were stained
with haematoxylin and eosin and all lung sections were evaluated by
two independent observers for pathological changes, oedema, haemor-
rhage and cellular recruitment. Haemorrhage was scored as follows: 0,
normal histomorphology; 1, minor haemorrhage localized in perivascular
spaces; 2, moderate haemorrhage including peribronchiolar spaces; 3,
extensive haemorrhage including lung parenchyma. Oedema was
graded from 0 to 3 according to the ratio between blood vessel and peri-
vascular space diameter. Cellular recruitment was graded from 0 to 3
according to its intensity. The histological score index was the sum of
these three separate scores. At least two separate sections were
assessed per lung.
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In vitro phagocytosis assay
Murine bone marrow neutrophils were isolated from femurs in 2 mL of
Hank’s balanced salt solution (HBSS) (Invitrogen) without Ca2+ and
Mg2+ and laid on top of a two-layer 3 mL Percoll gradient of 72% and
65% (Sigma-Aldrich) diluted in HBSS (100% Percoll was obtained by
mixing nine parts of Percoll and one part of 10× HBSS) and centrifuged
at 1100 g for 30 min at room temperature without braking. The enriched
neutrophil fraction was recovered at the interphase. After washing twice
with HBSS, 5×106 cells were obtained per mouse containing 95% of
Gr-1-positive cells and counted using Trypan Blue. P. aeruginosa was
freshly cultured to 2×108 bacteria/mL (OD of 0.4) and washed twice in
HBSS. The bacterial pellet was resuspended in 1 mL of NaCO3

(Sigma-Aldrich), 0.1 M, pH¼9, then 100 mL of FITC (Sigma-Aldrich) at
10 mg/mL was added and incubated under agitation at room tempera-
ture for 1 h under light protection and then washed three times in
HBSS. A total of 4×106 cells/mL were coincubated with bacteria at a
multiplicity of infection (moi) of 1:100 and panobacumab at 0.1 and
1 mg/mL in pre-coated Eppendorf tubes with PBS-BSA 1%, fetal calf
serum (FCS) 5%, for 0, 30 and 60 min at 378C under agitation. The reac-
tion was stopped by washing tubes at 48C. FITC fluorescence was read on
the FL-1 channel on an LSR-I cytometer after 0.2 mg/mL of Trypan Blue
was added in order to quench the extracellular fluorescence.

Statistical analysis
Statistical evaluation of differences between the experimental groups
was determined by using one-way analysis of variance (ANOVA) followed
by a Bonferroni post-test (which allows comparison of all pairs of groups).
Log-rank test was used for survival analysis and Student’s t-test was
used for comparison between two groups. All tests were performed

with GraphPad Prism, Version 4.03 for Windows (GraphPad Software
Inc., San Diego, CA, USA; www.graphpad.com). All data are presented
as mean+standard error of the mean (SEM). A P value ,0.05 was con-
sidered significant.

Results

P. aeruginosa clinical strain 2310.55, serotype O11
induces acute lung infection

First we established an acute pneumonia model in C57BL/6 mice
with P. aeruginosa for the evaluation of treatment effects of a
single dose of the human monoclonal anti-LPS serotype
O11 IgM antibody, panobacumab. We titrated the amount of
P. aeruginosa strain IATS O11 (derived from a clinical isolate)
necessary for intense but non-lethal infection. Intranasal admin-
istration of 107 cfu of P. aeruginosa induced rapid death within
the first 24 h. At the infectious dose of 106 cfu of P. aeruginosa,
80% of the mice survived after 48 h, but only 20% survived at
72 h or longer, and all mice infected at 105 cfu survived over
the experimental period of 10 days (Figure 1a). The weight loss
was maximal 3 days post-infection; up to 25% in the group
with the inoculum size of 106 cfu. The mice that survived
regained their initial weight (Figure 1b).

As we were interested in the dynamics of the lung infection, a
kinetic study was performed based on the previous data with
the inoculum size of 106 cfu, with determination of bacterial
load as a marker for infection progression and lung weight as
a surrogate marker for lung inflammation at 2 h, 4 h or 24 h
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Figure 1. Pseudomonas aeruginosa clinical strain 2310.55, serotype O11 induces acute lung infection. B6 mice received intranasal instillation of 40 mL
of P. aeruginosa strain 2310.55 (105, 106 or 107 cfu). Survival rates (a) and body weight (b) were monitored for 10 days after infection. B6 mice
received intranasal instillation of 40 mL of P. aeruginosa (106 cfu) and lung weights (c) and lung cfu (d) were recorded at the time of infection (0 h)
or 2, 4 and 24 h after the infection. Groups of five mice were used and mean values+SEM are shown (log-rank analysis, **P,0.01 comparing 106

and 107 groups to 105 group). The results are representative of three independent experiments.
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post-infection. Starting at 2 h post-infection, we observed a
significant increase in bacterial load, which increased further
over 24 h. An increase in lung weight was noticed starting 4 h
post-infection, with an increase over 24 h correlating with the
bacterial load (Figure 1c and d). The clinical investigation listed
discernible symptoms such as ruffled fur, hunched posture and
motor impairment. These symptoms appeared between 4 h
and 6 h after infection and gradually increased over time. Surviv-
ing animals had a noticeable improvement in clinical symptoms
after 48 h, which was paralleled by a reduction in lung bacterial
load that reached complete clearance after 10 days (data not
shown). In summary, at an inoculum of 106 cfu of P. aeruginosa,
robust lung inflammation with a massive increase in lung weight
and bacterial load after 2 h was observed. Therefore the 24 h
timepoint and the 106 cfu infectious dose were chosen for
further experiments.

Panobacumab is detected both in the serum and
airway upon infection

The primary site of P. aeruginosa infection within the lung is the
aerial compartment. Tissue penetration of antibodies, especially
of the high molecular weight IgM isotype, has been assumed to
be very inefficient in healthy animals.18,19 However, we hypoth-
esized that inflammation influences epithelial integrity and thus
panobacumab might reach the site of infection with sufficient effi-
ciency to enhance bacterial clearance. To test this hypothesis we
analysed the antibody concentration in both serum as well as
BALF of control animals versus P. aeruginosa-infected animals
treated with panobacumab.

Panobacumab was detected at approximately the same level
in the serum of both infected and non-infected mice after intra-
venous injection with 0.4 mg/kg of panobacumab (Figure 2a).
Upon P. aeruginosa infection, the presence of panobacumab
could also be demonstrated in the BALF of infected mice
(Figure 2b), whereas no panobacumab was detected in the
BALF of uninfected animals. Therefore the data demonstrate
the inability of IgM antibodies to cross into the broncho-alveolar
space under normal conditions. However, damage to the

epithelial barrier of the lung during pneumonia20 facilitated the
access of panobacumab to the broncho-alveolar compartment,
which may allow for modulation of the host immune response
towards the bacterial infection.

Therapeutic and specific effect of panobacumab
on P. aeruginosa infections in mice

As previously demonstrated, the passive immunization of animals
with panobacumab had a significant benefit on the survival of
animals if administered concomitantly with the bacterial chal-
lenge and could reduce the dissemination of P. aeruginosa after
pulmonary infections.16 Nevertheless, exacerbation of pneumonia
is frequently caused by a massive inflammatory response. There-
fore we tested in our animal model whether panobacumab could
modulate the outcome of P. aeruginosa-induced pneumonia by
reducing the bacterial load as well as by modulation of lung
weight, which served as a surrogate marker for the reduction of
pulmonary oedema and inflammation. Indeed, treatment of
infected animals with 0.4 mg/kg panobacumab resulted in a sig-
nificant decrease in lung weight (Figure 3a) and a decrease in bac-
terial load of about 1.5 log10 cfu (Figure 3b). However, there was
no statistically significant difference in lung weights between the
treatment regimens of 2 h and 4 h post-infection. Collectively
these data suggest that the therapeutic application of panobacu-
mab monoclonal antibody, even 4 h post-infection, is beneficial
for the host. Thus in all subsequent experiments, treatment was
initiated 4 h post-infection.

In a second set of experiments, we established a dose–
response effect with serial dilutions of panobacumab. Additional
dosing steps were 1.2 mg/kg (which is the dose used in clinical
testing of panobacumab, representing tripling the established
dose of 0.4 mg/kg) and 0.13 mg/kg (representing a third of the
established dose). We observed a significant reduction in lung
weight for the two higher treatment groups of 0.4 mg/kg and
1.2 mg/kg, but not 0.13 mg/kg when compared with the
untreated controls (Figure 3c). Yet there was no additional dose
effect observed by increasing the dose from 0.4 to 1.2 mg/kg.
Similar results were obtained when analysing the bacterial load
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Figure 2. Panobacumab is detected both in the serum and aerial compartment upon infection. B6 mice received intranasal instillation of 40 mL of
P. aeruginosa strain 2310.55 (106 cfu) or saline solution. Panobacumab at 0.4 mg/kg or saline solution was given intravenously 4 h after infection.
The concentrations of panobacumab in serum (a) and BALF (b) were determined 24 h after infection. Groups of five mice were used and mean
values+SEM are shown. The results are representative of two independent experiments.
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in the lung of panobacumab-treated versus untreated animals.
The dose of 0.4 mg/kg demonstrated a significant reduction of
the bacterial load by 1.2 log10 cfu, whereas no significant
improvement was observed by increasing the dose from 0.4 to
1.2 mg/kg (Figure 3d). Therefore systemic treatment by a single
infusion of panobacumab at a dose of 0.4 mg/kg or higher can
significantly reduce lung bacterial load as well as lung inflam-
mation. In addition, we observed an important delay of more
than 24 h in mortality post-infection and a minor but significant
survival benefit of panobacumab administration using the same
experimental setup of intranasal challenge with P. aeruginosa
(Figure 3e), with the only exception being a second dosing
after 24 h post-challenge. The dose of 0.4 mg/kg was chosen
for the survival experiment based on previous experience with
panobacumab in survival experiments, where the dosing was
sufficient for a significant survival benefit.16

In order to test if the observed effects are specific for panoba-
cumab targeting P. aeruginosa serotype O11 and not due to a
non-specific anti-inflammatory effect of IgM antibodies, an
additional monoclonal human IgM antibody targeting serotype
O1 was used as a control and additionally panobacumab was
used as a control in an acute lung infection with P. aeruginosa
of serotype O1. In both experiments a significant effect on
lung weight and bacterial load was observed for the antibody
specific for the serotype of the P. aeruginosa strains used for
infection, e.g. panobacumab showed a potent reduction in
both lung weight (Figure 3f) and bacterial load (Figure 3g) in
the O11 challenge model, but not an IgM MAb specific for the
O1 serotype. In contrast, no effect was observed on lung
weight (Figure 3h) and bacterial load (Figure 3i) for panobacu-
mab in the O1 challenge model. Thus we concluded that the
observed anti-inflammatory effects were due to a specific inter-
action of panobacumab with the LPS of serotype O11 and not
due to a non-specific anti-inflammatory effect of the IgM
antibody.

Enhanced neutrophil recruitment and bacterial clearance
in the lungs of panobacumab-treated mice

Having shown that panobacumab reaches the site of infection
and has a significant beneficial effect, we wanted to elucidate
which cellular components could be involved in the enhanced
clearance of bacteria. Protection from pneumonia is associated
with enhanced cell recruitment in BALF. It is known that recruit-
ment of neutrophils to the site of infection is an essential mech-
anism to control invading pathogens.21 Therefore we analysed
the recruitment of cells to the lung (BALF) in panobacumab-
treated or untreated animals in our model. Upon infection,
panobacumab-treated mice (0.4 mg/kg) presented with a
greater number of total cells (Figure 4a), especially neutrophils
(Figure 4b), in the BALF compared with control PBS-treated
mice with pulmonary infection, while macrophage/monocyte
recruitment was comparable between the groups (Figure 4c).
Thus neutrophil recruitment significantly increased in the pres-
ence of panobacumab. The effect was accompanied by a signifi-
cant bacterial load reduction of 1.3 log10 cfu/lung (Figure 4e) as
well as a significant reduction in lung inflammation as assessed
by lung weight determination (Figure 4d). Thus the presence of
monoclonal MAb panobacumab at the site of the infection
enhances the lung innate immune response to P. aeruginosa,

which in turn is correlated with better control of bacterial
growth and reduction of bacterial load upon panobacumab
treatment.

The enhanced clearance of bacteria at the site of infection
might be due to improved uptake/bactericidal capabilities of
migrated neutrophils in the lung in the presence of panobacu-
mab. To address this issue we performed an in vitro uptake/
killing assay of mouse neutrophils with panobacumab-treated
bacteria. FITC-labelled P. aeruginosa were incubated in the pres-
ence of neutrophils and panobacumab, and the intracellular load
of FITC-labelled P. aeruginosa (after Trypan Blue quenching of
extracellular fluorescence) was assessed by flow cytometry
immediately or 30 and 60 min after incubation (Figure 4f).
Since panobacumab in the dose range of 0.05 to 1.5 ng/mL
has demonstrated opsonophagocytosis activity in vitro using a
human cell line,16 we chose a similar dose range of 0.1 to
1 ng/mL to be tested with murine cells. As shown in Figure 4(f),
increasing concentrations of panobacumab significantly augmen-
ted the quantity of intracellular FITC-labelled P. aeruginosa over
time, confirming the potential of panobacumab treatment to
enhance the uptake of bacteria by murine neutrophils.

Reduced lung inflammatory mediators production and
lung injury in panobacumab-treated mice

There are occasions when the host inflammatory response
is exaggerated and protracted.22 Therefore we investigated
the effect of local levels of inflammatory mediators upon
P. aeruginosa infection in BALF (Figure 5, upper row) and lung
homogenates (Figure 5, lower row) 24 h post-infection. The
pro-inflammatory cytokines IL-6 (Figure 5a and b) and TNF
(Figure 5e and f), as well as KC (Figure 5c and d), which is the func-
tional murine homologue to IL-8, were significantly lower in BALF
as well as the lung compartment of panobacumab-treated
animals, whereas levels of IL-10 were not significantly different
in treated versus control animals (data not shown). These data
indicate that despite the increase in neutrophils to the
broncho-alveolar space of infected animals, cytokine and chemo-
kine production induced by P. aeruginosa infection can be reduced
by therapeutic panobacumab administration.

Microscopic examinations of the lungs of infected animals
revealed focal inflammation with distinct alveolar congestion,
cellular infiltrates around bronchi and capillaries, microthrombi
in small vessels and oedema (Figure 6a and b). These par-
ameters were reduced in panobacumab-treated mice, which
was confirmed by a semi-quantitative assessment of micro-
scopic lung sections that revealed a protective trend in lung
injury, cell recruitment and oedema in panobacumab-treated
mice compared with the untreated controls (Figure 6c). Taken
together, panobacumab treatment leads to reduced inflam-
mation signals and less lung damage during P. aeruginosa
infection.

Discussion
In this study we demonstrated that therapeutic administration
of an anti-P. aeruginosa serotype O11 LPS immunoglobulin M
monoclonal antibody, panobacumab, may protect mice from
lethal pneumonia.
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Figure 3. Therapeutic and specific effect of panobacumab on P. aeruginosa-infected mice. (a, b) B6 mice received intranasal instillation of 40 mL of
P. aeruginosa strain 2310.55 (106 cfu). Panobacumab was given intravenously at 0.4 mg/kg, 2 and 4 h after the infection. Lung weights (a) and lung cfu
(b) were recorded 24 h after the infection. (c, d) B6 mice received intranasal instillation of 40 mL of P. aeruginosa (106 cfu). Panobacumab was given
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To delineate the effect and the underlying mechanisms of
this antibody in the pathophysiology encountered in P. aerugi-
nosa lung infection, we used a standardized and highly repro-
ducible murine model of acute pneumonia. Previously we
demonstrated a significant reduction in mortality for panoba-
cumab, yet clinically a rapid response within the first few
hours is critical for a beneficial outcome in P. aeruginosa pul-
monary infections and therefore we were primarily focusing
on the effects of the antibody on the pulmonary infection
within the first 24 to 48 h. We injected intranasally a pure,
mid-log growth phase population of P. aeruginosa strain

2310.55 of serotype IATS O11. Using this model, we showed
that systemic administration of panobacumab, even 4 h after
the infection, induced a significant and reproducible decrease
in lung inflammation and bacterial load. We further showed
enhanced recruitment of immune cells to the lung in the
treated animals, correlating with decreased bacterial growth.
In addition, we confirmed a survival benefit in the lung chal-
lenge model even if treatment of the animal is delayed to
4 h after bacterial challenge. The surviving animals recovered
from the infection over the course of a week without any
physical signs of infection.

intravenously at 0.13, 0.4 or 1.2 mg/kg 4 h after infection. Lung weights (c) and lung cfu (d) were recorded 24 h after infection. (e) For the survival
experiment, B6 mice received intranasal instillation of 40 mL of P. aeruginosa (5×105 cfu). Panobacumab was given intravenously at 0.4 mg/kg 4 h
after infection. Survival was monitored for 7 days. (f, g) In a control experiment, B6 mice received intranasal instillation of 40 mL of P. aeruginosa
strain 2310.55 (2.5×105 cfu). Panobacumab or a control anti-LPS:O1 IgM MAb (Ctrl O1 MAb, with specificity to serotype O1) were given
intravenously at 0.4 mg/kg 2 h after infection. Lung weights (f) and lung cfu (g) were recorded 24 h after the infection. (h, i) Similarly, B6 mice
received intranasal instillation of 40 mL of P. aeruginosa IATS O1 (106 cfu) and panobacumab or an anti-LPS:O1 IgM MAb (Ctrl O1 MAb, with
specificity to serotype O1) were given intravenously at 2.5 mg/kg 2 h before infection. Lung weights (h) and lung cfu (i) were recorded 24 h after
infection. Groups of five mice were used and mean values+SEM are shown (one-way ANOVA with Bonferroni’s multiple comparison test; ns: not
significant, *P,0.05, **P,0.01, ***P,0.001 comparing panobacumab with the untreated group; #P,0.05 comparing control O1 antibody with the
panobacumab group; log-rank analysis. The results are representative of three independent experiments.
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Figure 4. Enhanced neutrophil recruitment and bacterial clearance in lung of panobacumab-treated mice. B6 mice received intranasal instillation of
40 mL of P. aeruginosa strain 2310.55 (106 cfu). Panobacumab was given intravenously at 0.4 mg/kg 4 h after infection. Absolute numbers of cells (a),
neutrophils (b) and macrophages (c) were measured in BALF 24 h after infection. Lung weights (d) and lung cfu (e) were recorded 24 h after infection.
Groups of five mice were used and mean values+SEM are shown (Student’s t-test; *P,0.05, **P,0.01, comparing panobacumab with the untreated
group). The results are representative of three independent experiments. (f) Bone marrow extracted neutrophils (106 cells) from B6 mice were
incubated with FITC-labelled P. aeruginosa strain 2310.55 (108 cfu) for 30 and 60 min. Bacteria were previously incubated with panobacumab at
0, 0.1 and 1 ng/mL for 30 min. Intracellular FITC fluorescence was determined on a cytometer after adding of 0.2 mg/mL of Trypan Blue. Groups
of three mice were used and mean values+SEM are shown (one-way ANOVA with Bonferroni’s multiple comparison test; **P,0.01, ***P,0.001,
comparing panobacumab with untreated group). The results are representative of three independent experiments.
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It is important to note that the untreated animals usually
show signs of severe infection and mortality between 24 and
48 h post-infection. In order to prevent the loss of control
animals while still having substantial amounts of panobacumab
in the system [half-life of panobacumab is 18.9 h in the mouse
(A. W. Zürcher, CSL Behring, Switzerland; unpublished data)], it
was decided to evaluate the effects of panobacumab treatment
on lung tissue and innate immune functions at 24 h
post-infection.

Since the breakthrough of monoclonal antibody production in
1975, only a few antibodies, and even fewer IgM antibodies,
have been used in human therapy. Due to its pentameric nature,
IgM possesses high avidity and causes agglutination or clumping,
a mechanism that facilitates the clearance of pathogens. As pano-
bacumab is of the IgM isotype, with an apparent molecular weight
of 945 kDa, tissue penetration and localization of the antibody is
crucial for efficacy. Nevertheless, tissue penetration of immuno-
globulins is tightly controlled and previous reports have observed
a low tissue penetration of IgM antibodies in healthy
animals.23,24 Although high molecular weight compounds such
as macrolide antibiotics reach pulmonary tissue, their physico-
chemical characteristics are entirely different from biologics.
Experimental data indicate that inflammatory cells actually do
act as transporting vehicles for macrolides from plasma to epi-
thelial surfaces,25 whereas IgM remains in the plasma of healthy
animals, a result that was also confirmed by our own data. Never-
theless, we clearly established that panobacumab reaches the
aerial compartment of diseased animals due to the tissue
damage or inflammatory responses caused by the infection.

We showed that the observed effect of panobacumab is
strictly dependent on the appropriate P. aeruginosa serotype,
since our data clearly demonstrate that panobacumab no
longer displays efficacy when applied in an infection model
with a different P. aeruginosa serotype. As there is no indication
of cross-reactivity of panobacumab to murine tissue or depo-
sition in the kidneys,16 the observed effects are clearly depen-
dent on the interaction of panobacumab with its antigen.

We observed that lung inflammation was less pronounced in
the presence of panobacumab compared with untreated con-
trols. Indeed, upon infection, BALF and lung levels of IL-6,
TNF-a and KC were significantly reduced under panobacumab
treatment. An up-regulation of these pro-inflammatory
mediators is often associated with life-threatening infection
by Gram-negative bacteria or the presence of endotoxin in
the lung environment and thus is a major cause of severe
airway diseases. In pneumonia, pathogen-mediated inflam-
mation is essential for host defence, whereas uncontrolled
activation of leucocytes and lung-resident cells can lead to
exacerbated tissue injury. Our results indicate that the reduction
of bacterial cells by panobacumab during the treatment of lung
infection also resulted in reduced levels of pro-inflammatory
mediators induced by the presence of P. aeruginosa. These
data were similar to those observed in RvE1-treated mice
undergoing Escherichia coli infection and lung injury, which
presented lower levels of pro-inflammatory cytokines and
chemokines.26 Therefore the present study established a corre-
lation between panobacumab-induced cytokines and bacterial
load reduction.
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Figure 5. Reduced lung inflammatory mediator production in panobacumab-treated mice. B6 mice received intranasal instillation of 40 mL of
P. aeruginosa strain 2310.55 (106 cfu). Panobacumab was given intravenously at 0.4 mg/kg 4 h after the infection. The concentration of IL-6
(a and b), KC (c and d) and TNF (e and f) in BALF and lung homogenates were determined 24 h after infection. Groups of five mice were used and
mean values+SEM are shown (Student’s t-test; *P,0.05, **P,0.01, comparing panobacumab to untreated group). The results are representative
of three independent experiments.

Secher et al.

8 of 10

 at N
ovartis P

harm
a A

G
 on M

arch 1, 2011
jac.oxfordjournals.org

D
ow

nloaded from
 

http://jac.oxfordjournals.org/


Massive lung neutrophil recruitment is a major component of
the protective host response to P. aeruginosa pneumonia and
appears to be more important than the contribution of other
immune cell types.18 In the present study, increased neutrophil
accumulation in the BALF was correlated with better control of
the bacterial load in panobacumab-treated mice. Neutrophil
recruitment is dependent on the production of chemotactic che-
mokines. Among them, the CXC family, including KC (CXCL-1) or
IL-8 (CXCL-8), has been known for years to be involved in human
and animal models of airway diseases.19,21,27 We observed that
KC production with P. aeruginosa was no different in treated
and untreated animals at 12 h post-infection (at around 6–
8000 pg/mL, data not shown), but over the next few hours
treated animals had significantly lower KC values, whereas
control animals showed higher levels of KC at 24 h post-infection
(see Figure 5). These findings are in accordance with those from
Sun et al.28 confirming that early production of KC and neutrophil
recruitment are important for combating P. aeruginosa infection,
whereas neutrophil accumulation correlates with deleterious
inflammation.29,30 Although the time-course was not deter-
mined for other cytokines at 12 h, we can speculate that other
pro-inflammatory cytokines follow a similar trend, since we
observed overall an attenuated lung injury in treated animals
versus controls.

Numerous P. aeruginosa virulence factors contribute to its
pathogenicity by altering host immune defences. Among

them, host tissue architecture, tight junctions and opsonopha-
gocytosis are highly impaired.31 Neutrophils and macrophages
are involved in P. aeruginosa clearance by antibody-mediated
or complement-mediated opsonophagocytosis. In the present
study we observed a positive effect of panobacumab treatment
of P. aeruginosa on mouse neutrophil phagocytosis in vitro. The
extrapolation of these in vitro results, clearly establishing a
positive effect of panobacumab on neutrophil-mediated phago-
cytosis, to an experimental in vivo model is always uncertain.
The fact that the panobacumab concentration in BALF was
60-fold higher than its half-maximal activity concentration
leads us to assert that panobacumab was able to cross into
the broncho-alveolar space where it might be in close
contact with the necessary effector cells. Nevertheless, the
local concentrations at the actual site of infection might be
even higher.

In conclusion, we demonstrated that systemic treatment with
panobacumab enhances the clearance of P. aeruginosa and
attenuates lung inflammation in the experimental model of
acute lung infection. Moreover, the indirect effect of panobacu-
mab in inhibiting local hyperinflammation during an ongoing
infection was established and correlated with decreased lung
injury and neutrophil recruitment, resulting in enhanced survival.
We clearly established the efficacy of panobacumab treatment
of respiratory P. aeruginosa infection by augmenting the
natural innate immune response.
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Figure 6. Reduced lung injury in panobacumab-treated mice. B6 mice received intranasal instillation of 40 mL of P. aeruginosa strain 2310.55 (106 cfu).
Panobacumab was given intravenously at 0.4 mg/kg 4 h after infection. Lung tissues were histologically examined 24 h after the infection. Lung
sections from untreated (a) and panobacumab-treated (b) mice revealed increased neutrophil influx (continuous arrows), haemorrhage (dotted
arrows) and oedema (double-headed arrows). Lung injury score was recorded in treated mice compared with untreated mice (c). All sections were
stained with haematoxylin and eosin and observed at ×20 magnification. Groups of five mice were used and mean values+SEM are shown. The
results are representative of two independent experiments.
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