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Pseudomonas aeruginosa infection in ventilator-associated pneumonia is a serious and often life-threatening
complication in intensive care unit patients, and new treatment options are needed. We used B-cell-enriched
peripheral blood lymphocytes from a volunteer immunized with a P. aeruginosa O-polysaccharide–toxin A
conjugate vaccine to generate human hybridoma cell lines producing monoclonal antibodies specific for
individual P. aeruginosa lipopolysaccharide serotypes. The fully human monoclonal antibody secreted by one
of these lines, KBPA101, is an IgM/� antibody that binds P. aeruginosa of International Antigenic Typing
System (IATS) serotype O11 with high avidity (5.81 � 107 M�1 � 2.8 � 107 M�1) without cross-reacting with
other serotypes. KBPA101 specifically opsonized the P. aeruginosa of IATS O11 serotype and mediated
complement-dependent phagocytosis in vitro by the human monocyte-like cell line HL-60 at a very low
concentration (half-maximal phagocytosis at 0.16 ng/ml). In vivo evaluation of KBPA101 demonstrated a
dose-response relationship for protection against systemic infections in a murine burn wound sepsis model,
where 70 to 100% of animals were protected against lethal challenges with P. aeruginosa at doses as low as 5
�g/animal. Furthermore, a high efficacy of KBPA101 in protection from local respiratory infections in an acute
lung infection model in mice was demonstrated. Preclinical toxicology evaluation on human tissue, in rabbits,
and in mice did not indicate any toxicity of KBPA101. Based on these preclinical findings, the first human
clinical trials have been initiated.

Pseudomonas aeruginosa is one of the leading causes of hos-
pital-acquired (nosocomial) infections, along with coagulase-
negative staphylococci, Staphylococcus aureus, and Enterococ-
cus spp. (9, 10, 37). Bloodstream infection and pneumonia in
mechanically ventilated patients are among the most fre-
quently observed forms of nosocomial infection. Many of the
commonly found bacterial strains in nosocomial infections are
multidrug resistant or extensively drug resistant to most anti-
biotics.

P. aeruginosa is a ubiquitous Gram-negative bacillus. Based
on the phenotypic diversity of the O-polysaccharide moieties of
surface lipopolysaccharide (LPS), P. aeruginosa is grouped into
20 unique O serotypes according to the International Anti-
genic Typing System (IATS) (15). Among these serotypes O11
is one of the most frequently observed ones accounting for 18
to 21% of P. aeruginosa infections (unpublished data by the
authors and see also reference 28) with a very high virulence

among at-risk hospital patients (42). Immunocompromised in-
dividuals in general and mechanically ventilated patients in
particular are at high risk for developing pneumonia (ventila-
tor-associated pneumonia [VAP]), for which P. aeruginosa is
the most frequently detected Gram-negative bacterium (9, 37).
VAP caused by P. aeruginosa is associated with significantly
higher fatality rates than VAP caused by other bacterial patho-
gens (3, 16).

The increase in antibiotic-resistant microorganisms and the
paucity of new small molecule drugs for treatment of infectious
diseases have renewed the interest in antibody-based anti-in-
fective therapy (2, 33). Although high-titer antibody prepara-
tions produced by human plasma fractionation methods are
well accepted for treatment of selected viral and bacterial
infections, only one monoclonal antibody (MAb), namely,
Palivizumab for respiratory syncytial virus, has been licensed
for immunotherapy of an infectious disease thus far. However,
recent advances in the generation and large-scale production
of chimeric or humanized MAbs allowed the clinical develop-
ment of several MAbs against viral, bacterial, and fungal dis-
eases (29, 33, 45).

IgM is the preferred isotype for complement-mediated kill-
ing and complement-dependent phagocytosis of infectious bac-
teria due to its pentameric form and its ability for effective
complement activation. Furthermore, polysaccharides (includ-
ing LPS) are T-cell-independent antigens, and antibodies in-
duced in response to them are mostly of the IgM isotype.
However, recombinant expression of pentameric IgM has not
been achieved routinely thus far. There have been many at-
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tempts to generate human MAbs of different isotypes against
various antigens of P. aeruginosa, such as LPS, alginate, or
PcrV (reviewed by Doring and Pier [8]). Most of these MAbs
demonstrated protection in animal models (18, 25, 30, 39, 41,
47, 48), and some were subsequently tested in clinical settings
(12, 27, 38), but none of these MAbs have been licensed for
routine use in humans thus far.

We describe here the generation and preclinical charac-
terization of a fully human IgM/� MAb termed KBPA101,
directed against the LPS O polysaccharide of serotype O11
of P. aeruginosa. KBPA101 was generated by immortalizing
human B lymphocytes and selected for high effector func-
tion. KBPA101 demonstrated high specificity and efficacy in
vitro and in vivo and was already tested in a clinical phase 1
study (23).

MATERIALS AND METHODS

Generation of the cell line producing the human MAb KBPA101. Human
MAb KBPA101 has been generated by immunizing a healthy volunteer with an
octovalent O-polysaccharide–toxin A conjugate vaccine. The vaccine contains
polysaccharide of the O11 reference strain FT-2 (ATCC 27131). The vaccine has
been described in detail (5, 6, 20, 21, 40). One week after the second immuni-
zation, antigen-specific B cells were enriched from peripheral blood by panning
on immobilized LPS as described previously (19), followed by Epstein-Barr virus
(EBV) transformation with a cell culture supernatant of the B95-8 marmoset cell
line (7), resulting in lymphoblastoid cell lines (LCL). LCL producing antibodies
against P. aeruginosa LPS of serotype O11 were fused to the hypoxanthine-
aminopterin-thymidine-sensitive heterohybridoma cell line LA55 by a standard
PEG 4000-dimethyl sulfoxide method (22). Hybridomas were grown in Iscove
modified Dulbecco medium (IMDM; Sigma-Aldrich, Buchs, Switzerland) sup-
plemented with 5 � 10�5 M �2-mercaptoethanol and 10% fetal calf serum (FCS)
containing 50 pM hypoxanthine, 2.5 pg of azaserine/ml, and 2.5 pM ouabain
(Sigma-Aldrich). Hybridomas producing MAb against P. aeruginosa O11 were
selected and ranked based on antigen specificity, stability (determined by limiting
dilution cultures), and a high antibody production rate (determined as pg of
IgM/cell/24 h). One clone, producing the MAb KBPA101, was superior with
respect to all criteria and therefore purified IgM formulated in phosphate-
buffered saline (PBS) (23) was used for all subsequent experiments.

Sequencing of KBPA101. The variable regions of the heavy and light chains of
KBPA101 were amplified from the total cDNA by using the SMART (Becton
Dickenson) universal primer, and the C�-specific primer AGCAGGCACACA
ACAGAGGCAGTTCC or the C�-specific primer GCCACGCTGCTCGTATC
CGAC. The purified PCR fragments were used as templates for sequencing with
the primers CACAACAGAGGCAGTTCC for light-chain and GCTGCTCGT
ATCCGACGG for heavy-chain sequences, performed at Microsynth AG (Bal-
gach Switzerland). The sequences were compared to the V-base index (http:
//vbase.mrc-cpe.cam.ac.uk). The sequences of the IgVH variable region and the
V� variable region are available under accession numbers GQ241317 and
GQ241318, respectively.

Determination of LPS specificity by ELISA. For screening and analysis of
antibodies in cell culture supernatants, an enzyme-linked immunosorbent assay
(ELISA) was used as described elsewhere (46), with some alterations. Briefly, P.
aeruginosa LPS antigen (5 �g/ml) was bound to polystyrene microtiter plates
(Nunc Maxisorp, Roskilde, Denmark) by methylated human serum albumin. All
washing steps were performed with PBS containing 0.05% Tween 20 (Fluka
Chemie AG, Buchs, Switzerland) (PBS-T). Cell culture supernatants were incu-
bated for 2 h at 37°C. Bound antibodies were detected with horseradish perox-
idase-conjugated goat anti-human IgM antibody (KPL, Inc., Gaithersburg, MD)
diluted 1:2,000 in PBS containing 5% FCS (1 h at 37°C). Antibody binding was
visualized with OPD (Orthophenyldiamin)–H2O2 substrate solution. Color re-
action was stopped with 1 M HCl. Optical density was read on a Spectromax
ELISA-plate reader (Paul Bucher AG, Basel, Switzerland) using SoftMax Pro
software version 3.1.1 (Molecular Devices, Sunnyvale, CA).

Avidity determination by inhibition ELISA. The avidity constant of KBPA101
for P. aeruginosa LPS serotype O11 was measured by inhibition ELISA as
described by Bruderer et al. (1) and was defined as the reciprocal antigen
concentration (in moles per liter) resulting in 50% inhibition of antibody binding.
The cell lines RK-52 and RS-1H7 were ordered from the American Type Culture
Collection (ATCC; ATCC HB-9149 and ATCC HB-9151), and HI-223 was

ordered from IPOD (the International Patent Organism Depository) under the
number FERM BP 3213.

Bacterial strains and clinical isolates. P. aeruginosa strains were from various
clinical isolates collected at hospitals in Bern and Zurich, Switzerland, and Jena
Germany, and were serotyped by agglutination using a mouse MAb kit (Erfa
Biotech, Westmount, Quebec, Canada) and by PCR using serotype-specific
primers (32). The O-serotype designation used in the present study is according
to the International Antigen Typing System (IATS). One of these strains, termed
2310.55, was used in the animal challenge studies due to its high virulence in the
murine burn wound model. Reference strain FT-2 (O11, ATCC 27313) was used
in the opsonophagocytosis assay.

Recognition of clinical isolates of P. aeruginosa by whole-cell ELISA. Bacteria
from various clinical isolates were grown in Luria broth medium at 37°C to an
optical density at 600 nm of 1.0 and fixed with 0.5% formalin overnight at 37°C.
The fixed bacteria were diluted 1:50 in PBS and immobilized on ELISA plates.
After the plates were blocked with PBS containing 5% FCS, KBPA101 was
incubated with the fixed bacteria for 2 h at 37°C. Alternatively, isolates of other
serotypes were grown as described above and incubated with KBPA101 or, as
positive controls, with MAb specific for the respective serotypes (Fig. 1B, sero-
type-specific positive control MAb collectively called “positive control”). Bound
antibodies were detected as described above.

Opsonophagocytosis assay. HL60 cells were purchased from the ATCC (CCL-
240) and cultured in IMDM containing 10% FCS at 37°C and 6.5% CO2. For use
in the opsonophagocytosis assay, HL-60 cells were differentiated with 100 mM
dimethyl formamide (Sigma-Aldrich) for 3 days (24). P. aeruginosa strain FT-2
was stained with fluorescein isothiocyanate (FITC) as described by Jansen et al.
(13), and bacteria were incubated with serially diluted cell culture supernatants
with or without complement for 30 min, followed by incubation for 90 min at
37°C with differentiated HL-60 cells (bacteria–HL-60, 7:1). Opsonophagocytosis
was determined by analyzing the green fluorescence of the HL-60 cells in com-
parison with background staining by flow cytometry using a FACSCalibur (BD
Biosciences, Allschwil, Switzerland). Background staining was determined by
incubating FITC-conjugated bacteria in the presence of complement but in the
absence of antibody with HL-60 cells. Internalization of FITC-labeled bacteria
was confirmed by confocal microscopy.

Complement-dependent killing assay. Bacterial cells were grown in Luria
broth medium at 37°C to an optical density at 600 nm of 0.4. Cells were diluted
1:10 in Hanks balanced salt solution plus 0.1% bovine serum albumin (Sigma-
Aldrich) and incubated with serially diluted antibody with or without comple-
ment for 90 min. Subsequently, the mixture was diluted in 0.9% NaCl and plated
on brain heart infusion agar plates for enumeration of CFU after overnight
incubation.

FIG. 1. KBPA101 specifically and exclusively reacts with clinical
isolates of P. aeruginosa serotype O11. (A) The binding of KBPA101 to
20 clinical P. aeruginosa isolates of serotype O11 (serotype confirmed
by agglutination and PCR) was tested by whole-cell ELISA. Reference
strain FT-2 was used as a positive control. (B) The specificity of
KBPA101 for O11 was confirmed by the absence of binding to clinical
P. aeruginosa isolates of serotypes other than O11. Various murine
MAbs with specificity for serotypes O1, O16, O3, O6, or O10 were
used as a positive control.
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Murine burn wound model. The in vivo protective capacity of KBPA101 was
determined in the murine burn wound sepsis model in four independent exper-
iments. All animal experiments were performed with approval of the Tierschutz-
kommission of the Canton of Bern. Temgesic (buprenorphine; Essex Pharma
GmbH, Munich, Germany) was added to the drinking water from 3 days before
challenge until the end of the experiment. Female NMRI mice (Charles River
Laboratories, L’Arbresle, France) with an average body weight of 25 g were
injected with a single dose of 0.005 to 0.4 mg/kg of KBPA101 in a volume of 0.1
ml at 4 h prior to challenge. For challenge, groups of 10 female mice were
anesthetized by intraperitoneal injection with ketamine-xylasol. In addition, im-
mediately before inflicting the burn wound, the mice were placed in an atmo-
sphere of 3-chloro-1,1,2-trifluoroethyl-difluoromethyl ether (Ethrane; Abbott
Laboratories, Chicago, IL) for ca. 30 s. Thereafter, mice were subjected to a 10-s
ethanol burn of a 2-cm2 area of the back. A total of 2 � 107 CFU of P. aeruginosa
clinical isolate 2310.55 suspended in 0.5 ml of PBS/mouse was injected immedi-
ately subcutaneously under the burned area. Mice were checked three times per
day for 7 days after challenge, and moribund animals were euthanized. Survival
rates of animals at 72 h postchallenge are reported.

For therapeutic evaluation of KBPA101, groups of 10 female mice were
challenged as described above. At 2 h postchallenge the animals received a single
dose of KBPA101 or PBS at the indicated dosing by the intravenous (i.v.) route.
As a positive control, one group of animals was treated at the highest dose (4
mg/kg) immediately prior to challenge. Mice were checked three times per day
for 4 days after challenge, and moribund animals were euthanized.

Acute lung infection model. To evaluate the protective capacity of KBPA101
against lung infection with P. aeruginosa, an acute lung infection model was used.
A total of 10 �g of KBPA101 (corresponding to �0.4 mg/kg) was injected i.v. into
40 BALB/c mice (M&B Laboratory Animals, Ry, Denmark), 40 control mice
received i.v. injections of PBS. Thereafter, 40 �l of a 4.0 � 107/ml solution of
strain 2310.55 (corresponding to 1.6 � 106 per mouse) was applied intratrache-
ally into the lower left bronchus using a curved bead-tipped needle under deep
anesthesia. This dose was chosen since it led to limited mortality only. After 6, 12,
24, and 48 h, mice (10 per group and time point) were sacrificed, and the lungs
and spleens were removed aseptically. For quantification of bacteria in chal-
lenged mice, organs were suspended in PBS and homogenized with a blender on
ice. Serially diluted organ homogenates were plated on modified Conradi Dri-
galski agar to determine the CFU/lung or the CFU/spleen. For the evaluation of
macroscopic lung pathology the lung index of macroscopic pathology (LIMP)
was used as described previously by Song et al. (43). LIMP equals the ratio of
lung area with pathological changes divided by the area of the whole lung. The
lung surface areas were calculated by measuring the widths and lengths of the
areas using a ruler.

Toxicological evaluation of KBPA101. All toxicity studies were performed with
KBPA101 produced and purified according to good manufacturing practice
(GMP) standards. These studies included the acute dose toxicity and repeat dose
toxicity in mice, as well as a local tolerance study in New Zealand rabbits. For the
repeat-dose toxicity study, KBPA101 was administered at the dose of 1.2, 4.0, or
12 mg/kg/dose, twice weekly for two consecutive weeks, by i.v. injection of
BALB/c mice. All studies were performed by CIT, Evreux, France, according to
good laboratory practice (GLP) standards (details are supplied in the supple-
mental material).

Statistical analysis. All statistical analyses, including linear regression, were
performed by using GraphPad Prism version 4 for Windows (GraphPad Soft-
ware, San Diego, CA).

RESULTS

Generation and in vitro characterization of KBPA101.
KBPA101 is a vaccine-induced human MAb of IgM/� isotype
reactive with O polysaccharide of IATS serotype O11 of P.
aeruginosa. It is secreted by a stable mouse-human hetero-
hybridoma cell line generated by fusion of the mouse-human
heterohybridoma cell line LA55 with EBV-transformed lym-
phocytes from a volunteer vaccinated with an octovalent O-
polysaccharide–toxin A conjugate vaccine. Sequence analysis
showed that the variable region of the KBPA101 heavy chain
was encoded by VH3/DP-53 and JH3b, and the light chain
variable region was encoded by V�/DPK18 and J�4. The heavy
chain displayed 17 replacement and 3 silent mutations com-
pared to DP-53, whereas the light chain displayed only 2 silent

point mutations compared to DPK18. Testing of KBPA101 by
ELISA against purified LPS of eight different serotypes (IATS-
O1, -O3, -O4, -O5, -O6, -O10, -O11, and -O16 [Fisher immu-
notype 3]) showed exclusive reactivity with LPS of serotype
O11 (data not shown). Functional avidity of KBPA101 to O11
LPS determined by inhibition ELISA was 5.81 � 107 M�1 �
2.8 � 107 M�1. KBPA101 strongly bound to 18 of 20 clinical
O11 isolates (Fig. 1A), confirming reactivity with clinically
relevant P. aeruginosa strains. Further analysis revealed that
the two nonrecognized isolates had low surface expression of
LPS. No binding with various isolates of serotypes IATS-O1,
-O16, -O3, -O6, or -O10 was observed (Fig. 1B).

Opsonophagocytic activity. The biological activity of
KBPA101 in vitro was assessed by using a flow cytometry-based
opsonophagocytosis assay. KBPA101 efficiently mediated phago-
cytosis of O11 reference strain FT-2 (Fig. 2A) and of the highly
virulent clinical isolate 2310.55 (Fig. 2B). Phagocytosis was de-
pendent of the dose of KBPA101 and of the presence of com-
plement (Fig. 2 [Œ], baby rabbit serum [BRS]). No phagocytosis
was observed if heat-inactivated complement was used (Fig. 2 [f],
heated BRS [HBRS]). Half-maximal opsonophagocytic activity
was observed at 0.16 ng/ml. In order to confirm internalization of
FITC-conjugated bacteria, after opsonization, HL-60 cells were
fixed on a glass slide and analyzed by confocal microscopy (Fig.
2C). In addition, KBPA101 showed direct complement-depen-
dent killing of bacterial cells in a dose-dependent manner (Fig.
2D). These results are in line with the observation that KBPA101
complexed with O11 LPS strongly activated the complement sys-
tem and immobilized C1q, whereas free antibody did not activate
complement (data not shown).

Prevention of systemic P. aeruginosa infection in a murine
burn wound sepsis model. The capacity of KBPA101 to pre-
vent systemic P. aeruginosa infection was evaluated in a murine
burn wound sepsis model (4). Decreasing doses of KBPA101
were administered to NMRI mice 4 h prior to burn wound
challenge and P. aeruginosa infection. Doses greater than 0.2
mg/kg (body weight) resulted in 70 to 100% survival (Fig. 3),
whereas the administration of lower doses resulted in reduced
survival rates. Nontreated, challenged mice had a mortality
rate of close to 100%, whereas mice with burn wounds but no
Pseudomonas infection had a 100% survival rate (data not
shown). In the treatment groups, most animals succumbing to
the infection died within the first 72 h. Since the serum half-life
of KBPA101 in normal mice was estimated to be �18 h, it can
be assumed that by 72 h most of the antibody is eliminated
from the system. Animals were routinely followed up several
days beyond that time point, and yet no recurrences of the
infections were observed.

Therapy of systemic P. aeruginosa infection in a murine burn
wound sepsis model. The therapeutic potential of KBPA101
was assessed in the same murine burn wound sepsis model
(Fig. 4) when animals were challenged with a lethal dose of
P. aeruginosa and treated 4 h postchallenge with a single
injection of KBPA101 (1, 2, or 4 mg/kg [body weight]). In
general, a therapeutic setting requires higher doses of anti-
body in order to demonstrate an effect, and we therefore
chose 4 mg/kg as the highest dose, reflecting a 10-fold
greater amount of antibody conferring protection in a pro-
phylactic model. As a positive control a group of animals
was treated at the time of challenge with the highest dose.
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KBPA101 administered either immediately or 4 h postchal-
lenge significantly reduced mortality compared to untreated
control animals (Fig. 4, P � 0.001 [log-rank test]). Surpris-
ingly, no dose effect was observed in this experiment. How-
ever, the bacterial load in splenic tissue was lower in mice
receiving 4 mg/kg than in animals treated with 1 mg/kg
(2.9 � 102 CFU versus 1.8 � 105 CFU per g of splenic
tissue), hinting at a higher efficacy with higher dosing.

Prevention of respiratory P. aeruginosa in an acute lung
infection model. To evaluate whether KBPA101 might protect
from respiratory Pseudomonas infection, a model of acute lung
infection in BALB/c mice was used. For this purpose,
KBPA101 (�0.4 mg/kg [body weight]) or an equivalent volume
of PBS was administered i.v. prior to intratracheal lung chal-
lenge P. aeruginosa. The challenge dose was chosen to induce
significant lung infection but only minimal mortality (based on
pilot experiments). Application of KBPA101 led to rapid clear-
ance of P. aeruginosa from the lung (Fig. 5A). Pseudomonas
infection was completely resolved in treated animals 48 h post-
challenge, whereas at this time point infection was still ongoing
in untreated animals. Similarly, KBPA101 completely cleared
systemic P. aeruginosa from the spleen, whereas live bacteria
were still present in untreated mice at 48 h postchallenge (Fig.
5B). In addition, KBPA101-treated mice, compared to PBS-

FIG. 3. KBPA101 protects mice from systemic infection with P.
aeruginosa serotype O11 in a murine burn wound model. Various doses
of KBPA101 were given to NMRI mice (n 	 10/dose/experiment)
prior to challenge with a lethal dose of live bacteria. Upon inflicting a
burn wound to animals under deep anesthesia, P. aeruginosa serotype
O11 (clinical isolate 2310.55) was injected subcutaneously (s.c.) under
the burn wound. The experiment was repeated four times (experiments
1 through 4). The average survival rates 3 days after challenge are
shown from the four independent experiments. A linear regression was
calculated from the mean values. Control animals receiving no anti-
body had survival rates of �10%, whereas KBPA101-treated animals
had increasing survival rates in a dose-dependent manner. No mortal-
ity was observed in mice treated equally but injected s.c. with PBS
instead of live bacteria (data not shown).

FIG. 2. KBPA101 specifically mediates complement-dependent opsonophagocytosis of P. aeruginosa serotype O11 in vitro. FITC-conju-
gated P. aeruginosa (reference strain FT2, ATCC 27131 [A]; clinical isolate 2310.55 [B]) were incubated with KBPA101, together with baby
rabbit complement (BRS, Œ) and the phagocytic cell line (HL-60). The amount of phagocytosis was measured by flow cytometry. KBPA101
mediated phagocytosis in a dose-dependent manner, showing half-maximal phagocytosis at a concentration of 0.1 ng/ml for reference strain
FT2, as well as the clinical isolate 2310.55. No opsonophagocytosis was observed in the absence of active complement (heat-inactivated
complement, HBRS, f). (C) Cross-sectional confocal microscopy of HL-60 cells after phagocytosis of opsonized FITC-conjugated P.
aeruginosa strain FT2. On the right side and at the bottom, overlays of 10 sections are shown. (D) KBPA101 mediated complement-
dependent killing of P. aeruginosa serotype O11. Bacteria were incubated in the presence or absence of rabbit complement with increasing
concentrations of KBPA101 for 90 min. Surviving bacteria were plated on agarose plates and incubated overnight at 37°C. Percent survival
rates are plotted against MAb concentrations.
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treated mice, showed milder macroscopic lung pathology at 6
and 24 h after infection (Fig. 5C).

Toxicological evaluation of KBPA101. Histological evalua-
tion of clinical-grade KBPA101 binding to 36 different tissues
from three different, unrelated donors did not indicate any
nonspecific binding (as presented in the supplemental mate-
rial). In addition, KBPA101 underwent toxicological evalua-
tion, including an acute dose toxicity study and a repeat-dose
toxicity study in rats, as well as a local tolerance study in
rabbits. KBPA101 was well tolerated locally, as well as system-
ically at all dose levels with no adverse clinical signs observed.
A slightly lower body weight gain was noted in females given 12
mg/kg/dose, but no laboratory changes were noted at the end
of the treatment or the treatment-free follow-up period. No
effects on the organ weights and no macroscopic or micro-
scopic findings were observed at the end of the treatment and
treatment-free follow-up periods. Consequently, under the ex-
perimental conditions of the study, the “no observed effect
level” (NOEL) was considered to be 4.0 mg/kg/dose.

DISCUSSION

Here we describe the generation and characterization of a
highly specific human monoclonal IgM antibody targeting the
outer polysaccharide side chain of P. aeruginosa serotype IATS
O11 as a potential treatment for infections with P. aeruginosa. We
chose to target the surface O polysaccharide of P. aeruginosa
because LPS is an immunologically highly relevant antigen and
represents one of the major surface-associated virulence factor of
this pathogen (31, 36). It might seem more straightforward to use
LPS core-specific MAbs to avoid the need for serotype specificity.
However, this approach is not appropriate since it has been
shown that such MAbs confer only limited protection (26). Sec-
ond, it is known that under anaerobic growth conditions Pseudo-
monas might change to a mucoid phenotype characterized by the
loss of LPS surface expression and the production of alginate.
However, the mucoid phenotype is usually observed in chronic
infection, e.g., in cystic fibrosis patients, whereas in acute (noso-

comial) infection the LPS-expressing phenotype predominates
and, as such, an LPS-specific MAb is a valid treatment option for
acute infections.

The scarcity in the development of new highly active antibiotics
for Gram-negative bacteria demonstrates the need for new treat-
ment options. The B cells used for the generation of the MAb-
secreting hybridoma were induced by active vaccination with an
O-polysaccharide–toxin A conjugate vaccine (37). This step was
essential as naturally induced IgM antibodies against T-indepen-
dent antigens (including polysaccharides) usually are of low af-
finity and have low effector potential. Indeed, we have shown
previously that naturally (i.e., infection induced) anti-LPS anti-
bodies mostly were of low affinity and specific for LPS-core de-
terminants rather than O-polysaccharide epitopes. Consequently,

FIG. 4. Treatment with KBPA101 extends the survival of mice with
systemic infection with P. aeruginosa serotype O11 in a murine burn
wound model. Upon inflicting a burn wound to animals under deep
anesthesia, a lethal dose of live P. aeruginosa serotype O11 (clinical
isolate 2310.55) was injected s.c. under the burn wound. Control ani-
mals were treated with the highest dose of KBPA101 immediately after
challenge, whereas experimental animals were treated 4 h postchal-
lenge with a single i.v. injection of various doses of KBPA101. A
significant survival benefit was observed for treated animals compared
to untreated animals. No dose response was seen for treatment effect.
Significant survival rates compared to control group are marked with
an asterisk (*, P � 0.001 [log-rank test]).

FIG. 5. KBPA101 protects mice from local lung infection with P.
aeruginosa serotype O11 in an acute lung infection model. KBPA101 or an
equivalent volume of PBS was injected i.v. into BALB/c mice 2 h before
challenge with 3.5 � 107 CFU of P. aeruginosa serotype O11 (clinical
isolate 2310.55). Groups of 10 mice were sacrificed 6, 12, 24, and 48 h after
intratracheal challenge, and the bacterial load was determined in homog-
enates of the lungs (A) and spleens (B). Time points with significant
differences between treated and untreated controls are marked with an
asterisk (*, P � 0.05 [Mann-Whitney test]). (C) Pathological evaluation,
wherein the macroscopic lung pathology was expressed as the lung index
of macroscopic pathology (LIMP) as described previously (the LIMP is
the ratio of the lung area with pathological changes divided by the area of
the whole lung). Statistical significant differences are marked with an
asterisk (*, P � 0.05 [Mann-Whitney test]).
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they were ineffective in mediating clearance of P. aeruginosa in-
fection (46). Thus, the approach of using immunized volunteers
as the source of human lymphocytes for the generation of hybrid-
omas was clearly useful. We chose to work with an MAb of IgM
isotype rather than of IgG isotype, based on the facts that the
major effector mechanism against bacterial infection is comple-
ment-dependent phagocytosis and that IgM is known to be the
most effective isotype regarding complement activation (44). This
notion is supported by the high opsonophagocytic activity of
KBPA101 (Fig. 2).

Several cell lines secreting human monoclonal IgM antibod-
ies specific for P. aeruginosa LPS serotype IATS O11 are avail-
able at the ATCC, e.g., the hybridomas RK-52 and RS-1H7
(ATCC HB-9149 and ATCC HB-9151), both originally derived
from the EBV-transformed lymphoblastoid cell line RM5 (47)
by fusion with KR-4 (a lymphoblastoid cell line described by
Kozbor et al. [17]) to form the cell line RK-52 or by fusion with
the immortalized cell line SHM-D33 to form RS-1H7. A side-
by-side comparison of the two antibodies with KBPA101 for
specificity and affinity to the O11 LPS antigen revealed a sig-
nificantly higher avidity to the antigen for KBPA101 (1.3 � 106

M�1 for RK-52 and 5.5 � 106 M�1 for RS-1H7, as determined
by three independent experiments versus 5.81 � 107 M�1 for
KBPA101). In addition, Harrison et al. used the hybridoma
cell line HI223 to produce an IgM antibody for the treatment
of P. aeruginosa O11 infections in a clinical trial. Although the
monoclonal IgM HI223 antibody has an affinity similar to that
of KBPA101 (7.5 � 107 M�1), the reported opsonophagocytic
effector function in vitro at 100 ng/ml is significantly lower than
that of KBPA101, with an 50% effector function of 0.16 ng/ml
(14). Nevertheless, none of these antibodies has been devel-
oped for clinical trials beyond a few patients, such as described
by Harrison et al. Thus, it is certainly important to evaluate
KBPA101 in a clinical setting to evaluate whether the combi-
nation of higher affinity and better effector function will trans-
late to a better clinical outcome.

Our studies demonstrated the preclinical efficacy of KBPA101
against systemic P. aeruginosa infection after burn wound injury.
Prophylactic treatment of mice with KBPA101 resulted in dose-
dependent protection, as well as a significant survival benefit in
therapeutic treatment. The protective effect of KBPA101 cannot
be simply attributed to an anti-inflammatory effect of IgM or to a
nonspecific stimulation of the immune response. Although not
formally proven here, our own data indicated that the KBPA101
antibody, if applied in an infection model with P. aeruginosa
strains of different serotypes, did not show any protective effects
for the animals. In addition, IgM antibodies specific for a different
serotype did not show any effect in a therapeutic lung infection
model, whereas KBPA101 had a significant beneficial effect on
treated animals (unpublished data). Thus, a specific interaction of
KBPA101 with its target seems to be a prerequisite for efficacy in
vivo. The notion that the antibody might solely promote the up-
take and intracellular survival of the bacterial cells inside phago-
cytes seems rather unlikely. First, the MAb itself has in the pres-
ence of complement a bactericidal activity, thus having a direct
effect on the bacterial load independent of phagocytes. Second,
we have no indication in our animal experiments that surviving
animals will later develop recurrent infections since we have never
observed such events, even after long-term follow-up. Thus, it
seems very unlikely that the uptake of bacterial cells by phago-

cytes promoted through KBPA101 will lead to persistent infec-
tions.

Surprisingly, therapy with KBPA101 in the murine burn
wound model did not indicate any dose dependence. This may
be due to technical reasons inherent to the model: the course
of acute P. aeruginosa infection in currently available mouse
models is very rapid, i.e., clearly more rapid than in humans.
Similar observations were made recently in independent ani-
mal experiments using KBPA101 in a therapeutic lung chal-
lenge model in combination with antibiotic treatment, where
increasing doses greater than 1 mg/kg did not improve the
outcome with regard to faster clearance of bacterial loads in
lungs or faster recovery from the challenge (unpublished).
Thus, it could be speculated that doses between 0.4 and 1
mg/kg are optimal for efficacy and that increasing the amounts
would not improve the effects. The underlying cause of the
plateau effect of KBPA101 remains elusive at the moment.

Our data from an acute lung infection model indicate that
KBPA101 might be a feasible candidate for treatment of lung
infection with P. aeruginosa. This was surprising, since it is gen-
erally assumed and it has been demonstrated that IgM poorly
penetrates into lung tissues (11, 34, 35). Since we see efficacy with
KBPA101 in an acute pulmonary infection model, it could be
speculated that exudation into the lung lumen of macromole-
cules, including antibodies, from the blood circulation may be
facilitated by the inflammatory reaction at the site of an acute
infection.

For an eventual use for treatment of pneumonia it will be
critical to exclude exaggerated immunopathology in the lung
that could be associated with effector mechanisms of IgM. Our
findings from the acute lung infection model in mice did not
indicate enhanced macroscopic lung pathology in KBPA101-
treated mice. In the past tolerability and pharmacokinetics of
other MAb preparations of IgM isotype in humans has been
documented in patients with pneumonia, bacteremia and burn
wounds associated with P. aeruginosa infection (12, 38). In both
studies the preparations of antibodies were demonstrated to be
safe and well tolerated with no evidence of acute complement
consumption. These data indicate that infusion of monoclonal
IgM preparations can be safe.

Overall, the preclinical evaluation of the fully human MAb
KBPA101 indicated efficacy against systemic and/or respiratory P.
aeruginosa infection. In comparison to the anti-P. aeruginosa IgM
MAbs described in previous clinical studies (12), KBPA101 dem-
onstrated a higher opsonophagocytic activity in vitro. Further-
more, KBPA101 demonstrated a significant biological activity in
vivo in a burn wound sepsis model, as well as in a lung challenge
model. Based on the favorable toxicological profile of KBPA101
(see the supplemental material), a clinical phase I safety/tolera-
bility study in human volunteers with KBPA101 has been con-
ducted (23) and a phase II study in patients with ventilator-
associated pneumonia is in progress.
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