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Pseudomonas aeruginosa is a major cause of hospital-acquired infections, particularly in mechanically ventilated patients, and it
is the leading cause of death in cystic fibrosis patients. A key virulence factor associated with disease severity is the P. aeruginosa
type III secretion system (T3SS), which injects bacterial toxins directly into the cytoplasm of host cells. The PcrV protein, located
at the tip of the T3SS injectisome complex, is required for T3SS function and is a well-validated target in animal models of im-
munoprophylactic strategies targeting P. aeruginosa. In an effort to identify a highly potent and protective monoclonal antibody
(MAb) that inhibits the T3SS, we generated and characterized a panel of novel anti-PcrV MAbs. Interestingly, some MAbs exhib-
iting potent inhibition of T3SS in vitro failed to provide protection in a mouse model of P. aeruginosa infection, suggesting that
effective in vivo inhibition of T3SS with anti-PcrV MAbs is epitope dependent. V2L2MD, while not the most potent MAb as as-
sessed by in vitro cytotoxicity inhibition assays, provided strong prophylactic protection in several murine infection models and
a postinfection therapeutic model. V2L2MD mediated significantly (P < 0.0001) better in vivo protection than that provided by
a comparator antibody, MAb166, a well-characterized anti-PcrV MAb and the progenitor of a clinical candidate, KB001-A. The
results described here support further development of a V2L2MD-containing immunotherapeutic and may suggest even greater
potential than was previously recognized for the prevention and treatment of P. aeruginosa infections in high-risk populations.

Pseudomonas aeruginosa infections impose a significant burden
on the health care system (1) and have a high mortality rate,

particularly when comorbidities are present (2, 3). The spread of
multidrug-resistant P. aeruginosa further compounds the prob-
lem, leaving few effective treatment options available for this
pathogen (4). In an era of rising drug resistance among bacterial
pathogens, due in large part to the empirical use of broad-spec-
trum antibiotics, mechanistically distinct and pathogen-specific
approaches are badly needed. Explorations of antibody-based ap-
proaches for the prevention or treatment of serious bacterial in-
fections, including those caused by P. aeruginosa, are gaining mo-
mentum (5–8). Given the potential for specific and targeted
therapies with distinct mechanisms of action, monoclonal anti-
bodies (MAbs) may represent a paradigm-shifting opportunity
for the development of novel antimicrobial therapies that will not
encourage further antibiotic resistance (9, 10).

A bacterial virulence mechanism common to some virulent
Gram-negative pathogens is the type III secretion system (T3SS).
This macromolecular delivery system for the intracellular injec-
tion of bacterial toxins and effector molecules has been under
intense scrutiny as a target for vaccines and antibodies (11–13).
Investigations of P. aeruginosa T3SS gene expression in human
disease isolates reveal a correlation between exotoxin expression/
transport and increased disease severity and poor clinical out-
comes (14–17). The P. aeruginosa T3SS is a well-validated target
for intervention in infections caused by this opportunistic patho-
gen. Both active vaccination with T3SS component proteins and
passive immunotherapy targeting PcrV strongly attenuate P.
aeruginosa disease in animal models (18–22). In fact, a pegylated
Fab fragment of an anti-PcrV MAb is currently in development
for preventing P. aeruginosa respiratory infections in mechani-
cally ventilated patients (11, 23). This drug candidate is based on
the PcrV-specific mouse monoclonal antibody MAb166. While
effective in blocking P. aeruginosa T3SS in vitro, MAb166 requires

relatively high antibody doses for protection in animal models
(18, 19). Whether this is due to its modest PcrV-binding affinity
(11) or results from the mechanism by which its specific binding
to PcrV inhibits the T3SS is unclear.

With the goal of identifying an anti-PcrV MAb that exhibits
enhanced inhibition of the T3SS, we generated a panel of novel
antibodies. Here, we describe the selection and characterization of
a candidate with clinical potential. Our screening strategy selected
MAbs that bound to PcrV and potently neutralized PcrV-depen-
dent cytotoxicity in vitro. Interestingly, we observed that only a
subset of these MAbs significantly improved survival when ad-
ministered prior to infection in a murine pneumonia model. In
fact, the MAb exhibiting the most potent T3SS inhibition in vitro
provided poor protection in vivo. In contrast, a MAb exhibiting
less potent in vitro activity and that bound a distinct epitope had
highly protective activity in multiple P. aeruginosa infection mod-
els. The therapeutic potential of this MAb, V2L2MD, was also
assessed by comparing its activity to that of the well-studied anti-
PcrV monoclonal antibody MAb166, the progenitor of the prom-
ising clinical candidate KB001-A. V2L2MD exhibited superior po-
tency in cell-based assays of T3SS intoxication and in multiple
mouse models of P. aeruginosa infection. Our results indicate that
targeting PcrV may offer greater potential than was previously
demonstrated and that V2L2MD may be a promising component
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of an antibody-based approach for combating P. aeruginosa infec-
tions in high-risk patients.

MATERIALS AND METHODS
Bacterial strains and culture. P. aeruginosa strains 6077, 6206, and 6294
were provided by J. B. Goldberg (University of Virginia, Charlottesville,
VA). The strains were propagated in 2� YT medium (16 g/liter tryptone,
10 g/liter yeast extract, 5.0 g/liter NaCl) (Difco) or on tryptic soy agar
plates (BBL).

Expression of recombinant PcrV. The pcrV open reading frame was
PCR amplified from the genomic DNA of P. aeruginosa strain PAO1. The
product was cloned into expression vector pET-26b(�) (Novagen) and
verified by sequencing. The construct was transformed into Escherichia
coli BL21(DE3) and expression induced by overnight culture in Magic
medium (Invitrogen). The harvested cells were disrupted using a fixed-
geometry fluid processor (Microfluidics) and soluble recombinant PcrV
purified by anion-exchange chromatography.

Vaccination of VelocImmune mice and hybridoma generation. Re-
combinant PcrV protein was used to immunize VelocImmune mice using
a modified Repetitive Immunizations Multiple Sites (RIMMS) protocol
(24). The mice were sacrificed, and B cells from the spleen and lymph
nodes were first selected for antigen binding before fusion with P3X my-
eloma for hybridoma generation.

RBC lysis inhibition assay. Red blood cells (RBCs) were prepared
from fresh whole rabbit blood (Pel-Freez) by centrifugation and multiple
phosphate-buffered saline (PBS) washes. Washed RBCs (2.5% [vol/vol]
final) in Dulbecco’s modified Eagle’s medium (DMEM) plus 10% fetal
bovine serum (FBS) (Invitrogen) and anti-PcrV hybridoma supernatant
or purified IgG diluted in PBS were combined into wells of a round-
bottom 96-well plate. P. aeruginosa strain 6077 was grown to mid-log
phase in 2� YT medium (Difco), harvested by centrifugation, and resus-
pended in DMEM-fetal bovine serum (FBS) at an optical density at 600
nm (OD600) of 0.15. Ten microliters of bacterial suspension was added to
the RBC-antibody mixture, mixed by agitation, and incubated 2 h at 37°C.
The plates were briefly centrifuged to pellet the intact RBCs, the superna-
tants transferred to a flat-bottom 96-well plate, and the OD405 measured.

A549 cell lysis inhibition assay. Antibodies were added to the human
bronchoepithelial cell line A549 seeded in white 96-well plates (Nunc
Nunclon Delta) in DMEM plus 10% fetal bovine serum. Log-phase strain
6077 was added at a multiplicity of infection (MOI) of 10 and incubated
for 2 h at 37°C and 5% CO2. Lactate dehydrogenase (LDH) activity re-
leased from lysed cells was quantified using the CytoTox-ONE kit (Pro-
mega).

Competition ELISA. A matrix capture enzyme-linked immunosor-
bent assay (ELISA) was used for the MAb competition studies. ELISA
plates (Nunc MaxiSorp) were coated with purified murine anti-PcrV
monoclonal antibodies at 100 ng/well in PBS and incubated overnight at
4°C. The plates were washed with PBS supplemented with 0.1% Tween 20
(PBS-T) and blocked with PBS-T plus 2% bovine serum albumin (BSA)
for 1 h at room temperature, followed by washing with PBS-T. Biotinyl-
ated recombinant PcrV (rPcrV) was premixed with a 500-fold excess of
the competing anti-PcrV monoclonal antibodies, and the mixture was
added to the wells and incubated at room temperature (RT) for 1 h.
Bound biotinylated rPcrV was detected with streptavidin-horseradish
peroxidase (HRP) (GE Healthcare Life Sciences) diluted to 1:30,000. The
plates were developed with SureBlue 3,3=,5,5=-tetramethylbenzidine
(TMB) (KPL) and read at 450 nm.

Affinity measurements. The recombinant PcrV-binding kinetics of
MAbs was measured by surface plasmon resonance (SPR) using a Bio-Rad
ProteOn XPR36 instrument. The MAbs were captured on a GLC biosen-
sor chip using anti-mouse IgG and anti-human IgG reagents. Purified
rPcrV protein was injected at multiple concentrations, followed by the
dissociation phase for 600 s. The data were captured and equilibrium
dissociation constant (KD) values were determined using the ProteOn
Manager software.

Affinity optimization of V2L2. The V2L2 variable regions were fully
germlined by constructing and screening a combinatorial library contain-
ing all possible combinations of germ line and wild-type residues of V2L2.
The parsimonious mutagenesis approach was used for affinity maturation
and optimization of V2L2. Each amino acid of a complementarity deter-
mining region (CDR) was randomized one at a time using QuikChange
mutagenesis (Agilent Technologies) to construct a sublibrary for each
CDR. All six CDR sublibraries were expressed and screened using bacte-
rial and mammalian cell IgG expression and a competition-based screen-
ing platform to identify affinity-improved single mutations. A combina-
torial library encoding all possible combinations of affinity-improved
single mutations was generated and screened in the same manner as
the CDR sublibraries. Clones with improved affinity to PcrV were
selected by competition ELISA as above, and binding kinetics were
confirmed using SPR.

V2L2MD-N297Q construction. PCR mutagenesis was used to modify
the human IgG1 heavy-chain-coding sequence of V2L2MD to substitute a
glutamine for asparagine at residue 297, thereby eliminating the N297
glycosylation site.

Murine infection models. All procedures were performed in accor-
dance with federal, state, and institutional guidelines and were approved
by the MedImmune Institutional Animal Care and Use Committee in an
Association for Assessment and Accreditation of Laboratory Animal
Care International-accredited facility. Antibodies or PBS was admin-
istered intraperitoneally (i.p.) at 24 h before infection (prophylaxis) or
intravenously (i.v.) at 1 h postinfection (treatment). A P. aeruginosa acute
pneumonia model was performed as described previously (25), with
modifications. In the acute pneumonia model, BALB/c mice (The Jackson
Laboratory) were infected with P. aeruginosa strains suspended in a 50-�l
inoculum. For the organ burden experiments, acute pneumonia was in-
duced in mice, followed by harvesting of the lungs, spleens, and kidneys 24
h after infection for determination of CFU. For the intraperitoneal (i.p.)
infection model, P. aeruginosa grown to lawn on tryptic soy agar (TSA)
plates was suspended in PBS and washed prior to preparing the inoculum.
The cells were adjusted with PBS to the desired density, and the indicated
inoculum was injected i.p. in a 0.5-ml volume.

RESULTS

To generate fully human antibodies targeting PcrV, VelocIm-
mune mice, which express human antibody variable regions, were
immunized with purified recombinant PcrV protein. B cells ex-
pressing PcrV-binding antibodies were enriched by antigen affin-
ity selection, and the hybridomas were subsequently generated.
Hybridoma supernatants were initially screened for rPcrV bind-
ing by ELISA, and supernatants from binding-positive wells were
subsequently assayed for the inhibition of T3SS-mediated rabbit
red blood cell (RBC) lysis by exoU� P. aeruginosa strain 6077.
Strongly inhibitory candidates were cloned by limiting dilution,
and all were determined to be of the same isotype, IgG1(�). The
candidate IgGs were purified, and their T3SS inhibitory activities
were compared (Fig. 1A).

A subset of MAbs exhibiting in vitro T3SS inhibition activity
were evaluated in a murine model of P. aeruginosa pneumonia.
Surprisingly, some anti-PcrV MAbs that had exhibited potent in-
hibition of T3SS-dependent cytotoxicity in vitro did not provide
protection in this infection model. In particular, MAb V2L7, the
most potent MAb as assessed in vitro, did not provide significant
protection in vivo. In contrast, MAbs V2L2 and 29D2, while less
potent in vitro, provided complete protection at a dose of 25
mg/kg of body weight (Fig. 1B). To better understand this discrep-
ancy between the in vitro and in vivo activities, we used a compet-
itive binding assay to determine that V2L7, V2L2, and 29D2 did
not compete with each other for binding to rPcrV, indicating they
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each bound to distinct regions of the PcrV protein (data not
shown). Taken together, these findings indicate that in vivo pro-
tection by anti-PcrV MAbs may not directly correlate with in vitro
activity and suggest that this relative incongruity is due to the
MAbs binding to distinct epitopes on PcrV.

The protective activities of the candidates V2L2 and 29D2,
which were active in vivo, were then compared by dose titration in
the pneumonia prophylaxis model. V2L2 provided complete pro-
tection down to 1 mg/kg, whereas 29D2 did not (Fig. 2). MAb
V2L2 was therefore selected to advance as the progenitor to a
potential human clinical candidate molecule and was converted to
a human IgG by genetically fusing its variable heavy (VH)- and
variable light (VL)-coding regions to human IgG1 Fc- and C-kap-
pa-coding regions. The V2L2 variable region-coding sequences
were also modified at several residues to approximate the closest
human germ line sequence, so as to minimize its immunogenic
potential in humans. Finally, affinity optimization was accom-

plished by systematic mutation of the V2L2 complementarity de-
termining regions (CDRs), followed by competition-based selec-
tions resulting in the fully human V2L2 derivative, V2L2MD,
which exhibited 2-fold-higher affinity for rPcrV than the parent
molecule while retaining similar T3SS inhibitory activity in vitro
and protective activity in vivo.

Given that an anti-PcrV Fab fragment is currently in clinical
development (23), we compared the T3SS inhibition activity of a
Fab fragment prepared from V2L2MD to the IgG form of
V2L2MD using the RBC lysis assay. When normalized for PcrV-
binding site concentration, the V2L2MD IgG and monovalent Fab
fractions exhibited identical inhibitory potency, indicating that
neither bivalency of PcrV binding nor the antibody Fc domain is
required for in vitro inhibition of PcrV function (Fig. 3). To fur-
ther investigate any potential role of Fc function in the protection

FIG 1 Evaluation of purified IgG from anti-PcrV hybridoma clones vitro and in vivo. (A) To quantitatively compare the ability of anti-PcrV hybridoma clones
to inhibit P. aeruginosa T3SS in vitro, washed rabbit red blood cells (RBC) were incubated with log-phase P. aeruginosa strain 6077 in the presence of the indicated
concentrations of purified IgG. The percent inhibition was determined by comparing the OD values from the test wells to the OD value in the control wells, which
received no IgG. Error bars represent the standard deviations for four replicate samples. (B) The protective activities of anti-PcrV hybridoma clones were
evaluated in a murine acute pneumonia model. BALB/c mice (n � 10) were treated with control IgG or the indicated clone at 25 mg/kg at 24 h before intranasal
infection with strain 6077 (1e6 CFU). The animals were monitored for survival up to 72 h after infection. The results are represented as Kaplan-Meier survival
curves. Differences in survival were calculated by the log rank test for V2L2 versus V2L7 (P � 0.0001) and for 29D2 versus V2L7 (P � 0.0001). Significance
calculations for figures were performed with GraphPad Prism software, which assigns a number of asterisks to symbolically represent minimal significance (*) to
high significance (****).

FIG 2 Protective activity of candidate anti-PcrV MAbs in a murine pneumo-
nia model. The MAbs 29D2 and V2L2 were evaluated in a murine acute pneu-
monia model. BALB/c mice (n � 10) were treated with control human IgG
(con huIgG) or the indicated MAb at 10 or 1 mg/kg at 24 h prior to intranasal
infection with strain 6077 (1e6 CFU). The animals were monitored for survival
up to 96 h postinfection. The results are represented as Kaplan-Meier survival
curves. Differences in survival were calculated by the log rank test for V2L2
versus 29D2 at 10 mg/kg (P � 0.0014) and at 1 mg/kg (P � 0.0001).

FIG 3 Comparison of in vitro inhibition of T3SS by V2L2MD IgG and Fab
fractions. Washed rabbit red blood cells (RBC) were incubated with log-phase
P. aeruginosa strain 6077 in the presence of the indicated concentrations of
purified V2L2MD IgG or Fab. Released hemoglobin was measured spectro-
photometrically. The percent inhibition was determined by comparing the OD
values from the test wells to the OD value in the control wells, which received
no antibody. Error bars represent the standard deviations for four replicate
samples.
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provided by V2L2MD in vivo, we constructed an Fc-modified
variant, V2L2MD-N297Q. The N297Q mutation, which prevents
glycosylation at this position, has been demonstrated to ablate the
Fc effector function of IgG by eliminating binding to both Fc�-RI
and C1q, while retaining normal serum half-life in mice (26). In a
comparison using the murine pneumonia model, V2L2MD-
N297Q provided a protective benefit indistinguishable from that
of V2L2MD, indicating no apparent role of Fc effector function in
V2L2MD-mediated protection in this infection model (Fig. 4).

The therapeutic potential of V2L2MD was further evaluated
both in vitro and in additional infection models. As a comparator
MAb for these studies, we expressed a version of MAb166, the
well-characterized anti-PcrV MAb and progenitor of the clinical
candidate KB001-A, which has been shown to inhibit the P.
aeruginosa T3SS in vitro and in vivo (18, 19). The MAb166 VH and
VL coding sequences (27) were fused in frame to mouse IgG2a Fc-
and C-kappa-coding regions to generate MAb166.2a. The mouse
IgG2a format was chosen, as it is the homologous isotype to hu-
man IgG1 (28, 29), the isotype of V2L2MD. The subsequent bind-

ing and functional analysis with MAb166.2a described below re-
vealed activities very close to the published results for MAb166.

Using surface plasmon resonance-based measurements, the
relative affinities of MAb166.2a and V2L2MD for rPcrV were
compared. The calculated KD value of 2.08 nM for MAb166.2a is
very similar to the published value of 1.1 nM for MAb166 (11).
The KD of V2L2MD binding to rPcrV was determined to be 0.04
nM, reflecting a 	50-fold-greater affinity for rPcrV, though pre-
liminary binding studies suggest that V2L2MD binds a region of
PcrV distinct from that bound by MAb166.2a (data not shown).

The relative T3SS inhibitory activities of V2L2MD and
MAb166.2a MAbs were evaluated in the RBC lysis inhibition
assay (Fig. 5A). The 50% inhibitory concentrations (IC50s) for
V2L2MD and MAb166.2a in this assay were determined to be 0.37
�g/ml and 3.7 �g/ml, respectively. An additional in vitro func-
tional comparison of the MAbs was performed by assessing their
ability to block T3SS-dependent P. aeruginosa cytotoxicity toward
the human bronchoepithelial cell line A549. The lysis of A549 cells
cocultured with strain 6077 (exoU�) was monitored as LDH ac-
tivity released into the culture supernatant. V2L2MD inhibited
A549 lysis in this assay, with an IC50 of 0.1 �g/ml, compared to an
IC50 of 2.8 �g/ml for MAb166.2a (Fig. 5B).

The abilities of V2L2MD and MAb166.2a to protect against P.
aeruginosa infection following prophylactic administration were
compared in multiple mouse infection models. Multiple P. aerugi-
nosa challenge strains were utilized to assess the strain coverage of
V2L2MD-mediated protection. In the acute lethal pneumonia
model, different doses of V2L2MD, MAb166.2a, or a control IgG
were administered 24 h prior to intranasal P. aeruginosa challenge,
and survival was monitored. First, mice were challenged with
cytotoxic (exoU�) strain 6077 at approximately 2� the 100%
lethal dose (LD100) (1e6 CFU/mouse). While both V2L2MD and
MAb166.2a provided protection at the highest doses tested (Fig.
6A), V2L2MD provided significantly greater in vivo protection at
lower doses (P � 0.025 at 5 mg/kg and P � 0.037 at 1 mg/kg).
Next, the mice were intranasally challenged with twice the LD100

(1.5e7 CFU/mouse) of the noncytotoxic (ExoS�) strain 6294 to

FIG 4 Relative protective activity of MAb V2L2MD with Fc N297Q mutant in
murine pneumonia model. Fc*, N297Q mutant version of V2L2MD. BALB/c
mice (n � 10) were treated with control IgG or the indicated MAb at 5, 1, or 0.2
mg/kg at 24 h before intranasal infection with strain 6077 (1e6 CFU). The
animals were monitored for survival up to 120 h postinfection. The results are
represented as Kaplan-Meier survival curves. Differences in survival were cal-
culated by the log rank test at 0.2 mg/kg (P � 0.22). ns, not significant.

FIG 5 Comparison of in vitro inhibition of T3SS by V2L2MD and MAb166.2a IgG. (A) Rabbit red blood cells (RBC) were incubated with log-phase P. aeruginosa
strain 6077 in the presence of the indicated concentrations of purified IgG. The released hemoglobin in the reaction mixture supernatants was measured
spectrophotometrically. The percent inhibition was determined by comparing the OD values from the test wells to the OD value in the control wells, which
received no IgG. (B) A549 cells were incubated with log-phase P. aeruginosa strain 6077 in the presence of the indicated concentrations of purified IgG. LDH
activity released from lysed cells was quantified. The percent inhibition was determined by comparing the values from the test wells to the value in the control
wells, which received no IgG. Each data point represents the average of 4 replicates. The IC50s were determined by nonlinear curve fitting. Differences in the IC50s
for V2L2MD and MAb166.2a in both assays were determined to be significant (P � 0.05) by unpaired t test. Error bars represent the standard deviations for four
replicate samples.
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evaluate MAb-mediated protection against a strain requiring a
much larger inoculum to achieve lethality (Fig. 6B). In this model,
V2L2MD again afforded a survival benefit that was significantly
greater than that provided by the comparator MAb166.2a at an
equivalent dose (P � 0.0001 at 1 mg/kg).

An additional infection model, looking at survival following
acute bacteremia, was also utilized to evaluate V2L2MD-mediated
protection and to investigate protection against the highly virulent
cytotoxic P. aeruginosa strain 6206 (Fig. 7). Again, V2L2MD pro-
vided significantly greater protection than did MAb166.2a at
equivalent doses (P � 0.0004 at 5 mg/kg and P � 0.0002 at 1
mg/kg). In fact, MAb166.2a provided no significant protection
even at a dose of 15 mg/kg, suggesting that the relative potency of
the anticytotoxic mechanism of V2L2MD versus that of
MAb166.2a is even greater than that observed in the acute pneu-
monia model. The effect of V2L2MD on P. aeruginosa prolifera-
tion and dissemination from the lungs to other organs in the acute
pneumonia model was also assessed. Mice were pretreated with
V2L2MD doses ranging from 0.2 to 5 mg/kg at 24 h prior to in-
tranasal infection, with an LD100 dose of strain 6206. An analysis of
bacterial burdens in the lungs, spleen, and kidneys at 24 h
postinfection revealed �2 log reductions in CFU in all three
organs in comparison to the levels in control IgG-treated ani-
mals (Fig. 8). These reductions were also significant (Dunn’s

multiple comparison test) relative to the reductions achieved
by prophylaxis with the comparator MAb166.2a, even when
administered at the much higher dose of 15 mg/kg.

Finally, to extend our investigations beyond prophylactic pro-
tection against P. aeruginosa infection, we evaluated the protective
benefit of V2L2MD as a treatment delivered 1 h after bacterial
challenge. The mice were infected intranasally (i.n.) with twice the
LD100 of strain 6077 and then injected intravenously (i.v.) with
V2L2MD, MAb166.2a, or a control IgG at 1 h postinfection, and
survival was monitored. V2L2MD provided a dose-dependent
survival benefit in this therapeutic modality (Fig. 9). The level of
protection provided by V2L2MD was significantly greater than
the protection provided by MAb166.2a at all MAb doses tested
(P � 0.0067 at 15 mg/kg, P � 0.0003 at 5 mg/kg, and P � 0.0001 at
1 mg/kg).

FIG 6 Protective activity of anti-PcrV MAbs V2L2MD and MAb166.2a in the acute murine pneumonia model. BALB/c mice (n � 10) were injected i.p. with
V2L2MD, MAb166.2a, or control (con) IgG at the indicated concentrations 24 h before intranasal infection with 	2� the LD100 dose of P. aeruginosa. The
animals were monitored for survival up to 96 h. The results are represented as Kaplan-Meier survival curves; differences in survival were calculated by the log rank
test for V2L2MD versus MAb166.2a. (A) Infection with cytotoxic exoU strain 6077 (1.0e6 CFU/mouse); 5 mg/kg, P � 0.025; 1 mg/kg, P � 0.037. (B) Infection
with invasive exoS strain 6294 (1.5e7 CFU/mouse); 5 mg/kg, P � 0.0007; 1 mg/kg, P � 0.0001.

FIG 7 Protective activity of anti-PcrV MAbs V2L2MD and MAb166.2a in the
murine bacteremia model. BALB/c mice (n � 10) were injected i.p. with
V2L2MD, MAb166.2a, or control IgG at the indicated concentrations 24 h
before i.p. infection with 	2� the LD100 dose (2e7 CFU/mouse) of P. aerugi-
nosa cytotoxic exoU strain 6206. The animals were monitored for survival up
to 96 h. The results are represented as Kaplan-Meier survival curves; differ-
ences in survival were calculated by the log rank test for V2L2MD versus
MAb166.2a: 5 mg/kg, P � 0.0004; 1 mg/kg, P � 0.0002.

FIG 8 MAb V2L2MD mediates superior organ burden reduction following
the induction of acute pneumonia. BALB/c mice (n � 10) were injected i.p.
with V2L2MD, MAb166, or control (con) IgG at the indicated concentrations
24 h before intranasal infection with 	1� the LD100 doses of P. aeruginosa
strain 6206. At 24 h after infection, the animals were euthanized. The organs
were harvested and homogenized, and dilutions were plated on LB agar to
enumerate the viable CFU/g tissue. The standard error of the mean for each
group is displayed. The limit of detection (LOD) values are indicated for spleen
and kidney. One-way analysis of variance (ANOVA) of the equivalent MAb
dose groups achieved significance where indicated (***).
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DISCUSSION

The extensive empirical use of antibiotics has selected for wide-
spread resistance to virtually all small-molecule antibacterial drug
classes. As a result, effective antibiotic treatment options are rap-
idly diminishing, particularly for serious Gram-negative patho-
gens, including P. aeruginosa. In this challenging environment, a
monoclonal antibody-based strategy for the prevention of infec-
tion, or adjunctive use with antibiotics to treat serious bacterial
infections, is an approach with considerable potential (10, 23, 25,
30). Monoclonal antibodies have been demonstrated to enhance
bacterial clearance, prevent colonization and invasion, and pre-
vent damage caused by cytotoxic or hyperinflammatory factors (8,
31, 32). These mechanisms are distinct from those of small-mol-
ecule antibiotics and, as a result, antibody-based antibacterial
agents do not encourage cross-resistance to small-molecule anti-
biotics. In fact, they can actually complement antibiotic effective-
ness and thus reduce the potential for antibiotic overuse (30, 33,
34). This high specificity of MAbs minimizes off-target interac-
tions and allows for the selective treatment of only the disease-
causing bacteria without impacting the beneficial microbiota of
the host. In addition, the half-lives of antibodies far exceed those
of small-molecule antibiotics, and the potential for drug-drug in-
teractions between antibodies and small molecules is negligible.
These advantageous features make antibodies highly compatible
with concurrent small-molecule antibiotic therapy, particularly in
intensive care settings where patients frequently receive antibiot-
ics in addition to other drug treatments.

The type III secretion system (T3SS) plays a critical role in P.
aeruginosa pathogenesis and is a well-studied and validated viru-
lence factor in multiple bacterial species and animal models of
infection. This macromolecular syringe-like complex is located on
the bacterial surface and delivers exotoxins into the cytoplasm of
host cells. Injected P. aeruginosa exotoxins (ExoS, T, U, and Y) can
disrupt signal transduction, subvert bacterial phagocytosis, or di-
rectly degrade cell membranes (16). Located at the injectisome
needle tip, PcrV is thought to act as a chaperone or scaffold for the
insertion of the proteins PopB and PopD into the host cell mem-
branes, where they form a pore, or translocon, through which
exotoxins are injected into the target cells (31). By inhibiting PcrV

function with specific antibodies, translocon formation and exo-
toxin injection are blocked (35).

In the present study, anti-PcrV MAbs were derived from
rPcrV-immunized mice expressing human antibody variable re-
gions. A subset of anti-PcrV MAbs inhibited T3SS function in a
red blood cell lysis assay and were prioritized for evaluation of
protective activity in a P. aeruginosa mouse acute pneumonia
model. Two novel MAbs, 29D2 and V2L2MD, provided potent
protection against P. aeruginosa in animal models of infection.
Interestingly, several anti-PcrV MAbs exhibited in vitro inhibition
of T3SS comparable to or greater than that of V2L2MD, but they
provided no survival benefit when administered prophylactically
in the pneumonia infection model. This incongruity was surpris-
ing given that the function-based MAb screening assay involved
live bacteria injecting toxins into eukaryotic cells and was expected
to be quite correlative of T3SS function despite its in vitro setting.
The MAb V2L2MD, while identified as less potent using this same
assay and binding an epitope distinct from that bound by MAbs
that are inactive in vivo, was found to exhibit superior potency in
an in vivo infection model. Given our observation that these MAbs
bind different regions of PcrV, these results suggest that only a
subset of inhibitory epitopes on PcrV is present or accessible in
vivo. Epitope modifications in the infected host or blocking by
host factors might also account for these observations. Alternate
explanations are certainly possible, and further structural and
mechanistic studies on MAb-mediated inhibition of the T3SS are
warranted as the focus of a separate investigation. Given that mul-
tiple independent MAbs with unique sequences and epitope spec-
ificities exhibited this disparity between in vitro and in vivo activ-
ities, the importance of testing the in vivo activities of potential
therapeutic MAbs as early as practical in the selection process
cannot be overstated.

With an anti-PcrV pegylated Fab currently in clinical trials
(23), we sought to better understand the role of bivalency and Fc
function in the activities of our novel MAb. The V2L2MD Fab
displayed in vitro T3SS inhibition activity identical to that of the
IgG form. Similarly, the effector function-negative N297Q version
of V2L2MD exhibited in vivo protective activity that was indistin-
guishable from that of the parent molecule. While the mecha-
nisms of some antibacterial MAbs require Fc-mediated functions,
such as opsonization or toxin clearance (5, 36), our results
strongly suggest that the protection provided by V2L2MD-medi-
ated T3SS inhibition does not require Fc functions.

To understand the properties and performance of our novel
anti-PcrV MAbs in the context of the well-studied and promising
benchmark antibody MAb166, we expressed an IgG with the
MAb166 VH and VL regions, termed MAb166.2a, for use as a
comparator molecule in our studies. Both the measured affinity of
MAb166.2a for rPcrV and its inhibition of P. aeruginosa-mediated
red blood cell lysis closely matched the published values for
MAb166 for these activities (11, 35), supporting its utility in our
experiments.

V2L2MD compared quite favorably to MAb166.2a when its
T3SS inhibition activity was assayed in vitro in two cell-based as-
says, with V2L2MD exhibiting IC50s �10-fold lower than those
observed for MAb166.2a. In addition, V2L2MD exhibits a 50-
fold-higher affinity for PcrV than MAb166.2a, though based on
our preliminary analysis, it appears that the two MAbs bind to
distinct and likely conformational epitopes on PcrV (data not
shown). More importantly, V2L2MD provided remarkable pro-

FIG 9 Postinfection protective activity of anti-PcrV MAbs V2L2MD and
MAb166.2a in the acute murine pneumonia model. BALB/c mice (n � 10)
were administered i.v. with V2L2MD, MAb166.2a, or control IgG at the indi-
cated concentrations 1 h after i.n. infection with 	2� the LD100 dose (1e6
CFU/mouse) of P. aeruginosa cytotoxic exoU strain 6077. The animals were
monitored for survival up to 96 h. The results are represented as Kaplan-Meier
survival curves; differences in survival were calculated by the log rank test for
V2L2MD versus MAb166.2: P � 0.0067, 15 mg/kg; P � 0.0003, 5 mg/kg; and
P � 0.0001, 1 mg/kg.
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tective potency in multiple mouse models of P. aeruginosa infec-
tion. The survival benefit afforded by V2L2MD was observed in
both the acute pneumonia and acute bacteremia models. This
protection was observed for both the cytotoxic (ExoU-expressing)
strains 6077 and 6206 and for the noncytotoxic (ExoS-expressing)
strain 6294, underscoring the potential for broad-strain coverage
of V2L2MD-mediated protection. Further, V2L2MD (at doses as
low as 0.2 mg/kg) afforded strong protection in the murine bac-
teremia model and dramatically inhibited bacterial proliferation
and dissemination in the murine pneumonia model compared to
those in the untreated controls. In contrast, MAb166.2a had a
more modest effect on lung bacterial burden and provided no
observable protection in the bacteremia model, even at doses up to
15 mg/kg. These results further support the hypothesis that the P.
aeruginosa T3SS function impairs phagocytic clearance of bacteria
in the lungs in this model (37) and that V2L2MD blocks this effect.
Further, the T3SS has also been shown to play a role in the disrup-
tion of epithelial barriers, leading to the dissemination of infection
(38). The marked reduction in spread from the lungs to the spleen
and kidneys observed with V2L2MD-treated animals is consistent
with this mechanism. Thus, V2L2MD likely provides enhanced
protection in the survival models by both preserving innate host
bacterial clearance mechanisms and preventing bacterial dissem-
ination by neutralizing P. aeruginosa T3SS-mediated epithelial
disruption.

A previous study described a modest survival benefit when
multiple doses of MAb166 were administered beginning at the
time of P. aeruginosa infection in a murine thermal injury model
(39). To investigate the potential of V2L2MD for treating existing
infections, we adapted a therapeutic dosing modality similar to
that in our murine pneumonia model. i.v. administration of
V2L2MD at 1 h postinfection provided a significant (P � 0.0001)
survival benefit. These results, taken together with those of a re-
cent study demonstrating the benefit of combining anti-PcrV
MAb administration with antibiotics (34), suggest that the addi-
tion of V2L2MD to an existing antipseudomonal antibiotic regi-
men might hold substantial promise for the treatment of P. aerugi-
nosa infections.

In summary, we have derived and characterized a novel anti-
PcrV MAb that exhibits potent inhibition of the P. aeruginosa
T3SS in vitro and provides significantly greater protection against
P. aeruginosa infection in multiple animal models than does
MAb166.2a, the progenitor of the clinical candidate KB001-A.
While this study is not a direct comparison of V2L2MD to
KB001-A, published data indicate that this humanized pegylated
Fab version of MAb166 shows only a very modest performance
advantage over MAb166 IgG in murine infection models (11).
Notwithstanding the indirect nature of the comparison to
KB001-A, the data for V2L2MD provided in the present study
suggest that targeting PcrV has even greater potential for prevent-
ing and treating P. aeruginosa disease than was previously recog-
nized and support V2L2MD as a promising component in a new
strategy for controlling P. aeruginosa infections.
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