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Pseudomonas aeruginosa is a significant human pathogen, and no vaccine is commercially available. Passive
antibody prophylaxis using monoclonal antibodies (MAb) against protective P. aeruginosa epitopes is an
alternative strategy for preventing P. aeruginosa infection, but mouse MAb are not suitable for use in humans.
Polyclonal human antibodies from multiple donors have variable antibody titers, and human MAb are difficult
to make. We used immunoglobulin-inactivated transgenic mice reconstituted with megabase-size human
immunoglobulin loci to generate a human MAb against the polysaccharide (PS) portion of the lipopolysac-
charide O side chain of a common pathogenic serogroup of P. aeruginosa, 06ad. The anti-PS human immu-
noglobulin G2 MAb made from mice immunized with heat-killed P. aeruginosa was specific for serogroup 06ad
pseudomonas. The MAb was highly opsonic for the uptake and killing of P. aeruginosa by human polymor-
phonuclear leukocytes in the presence of human complement. In addition, 25 mg of the MAb protected 100%
of neutropenic mice from fatal P. aeruginosa sepsis. DNA sequence analysis of the genes encoding the MAb
revealed VH3 and Vk2/A2 variable-region genes, similar to variable-region genes in humans immunized with
bacterial PS and associated with high-avidity anti-PS antibodies. We conclude that human MAb to P. aerugi-
nosa made in these transgenic mice are highly protective and that these mice mimic the antibody response seen
in humans immunized with T-cell-independent antigens such as bacterial PS.

Pseudomonas aeruginosa remains a serious pathogen in a
variety of human patients, including patients with cancer and
receiving chemotherapy, individuals with burns, patients in
critical care units, and children with cystic fibrosis and AIDS
(9, 28, 29, 30, 33, 34). Morbidity and mortality from infection
with P. aeruginosa remain high despite the availability of anti-
biotics to which the organism is sensitive. In addition, there is
no commercially available vaccine to prevent infection with the
organism, and experimental vaccines against a variety of sur-
face epitopes have been complicated by toxicity and/or poor or
inconsistent immunogenicity in target populations (5, 7, 10, 11,
14, 25).

Passive administration of antibodies against protective
pseudomonas epitopes is an attractive alternative to active
vaccination of patients who are at risk for pseudomonas infec-
tions. Many patients susceptible to infection with pseudomo-
nas are immunocompromised, do not respond well to active
immunization, and may not make high-avidity, protective an-
tibodies (17, 18, 25). Other patients may require rapid acqui-
sition of high-titer antibodies to prevent colonization or infection
after acute, intense exposure to pseudomonas in environments
such as burn units or intensive care units, so that active immu-

nization with the accompanying delay in the formation of an-
tibodies may not be ideal.

Thus, passive administration of polyclonal antibodies or
monoclonal antibodies (MAb) prior to infection with P. aerugi-
nosa has the potential advantage of providing immediate high-
titer antibodies to susceptible individuals. Passive administration
of antibodies against O antigens of P. aeruginosa lipopolysac-
charide (LPS) has been shown to be protective in numerous
animal models of infection with P. aeruginosa (4, 16, 20, 24, 26,
44, 45). Human antibodies against these antigens would be
ideal for use in at-risk patient groups. Polyclonal antibody
preparations derived from healthy human donors, however,
have been problematic due to variable titers of protective an-
tibodies and the high cost of purifying antibodies from multiple
donors (6, 42). MAb have the theoretical advantage of unlim-
ited quantity, low cost, and custom-designed specificity. Mouse
MAb against the polysaccharide (PS) portion of the pseudo-
monas LPS O side chain have been shown to be protective
against sepsis and pneumonia and to facilitate clearance of the
bacteria from the intestinal tract (4, 26, 36). Mouse MAb,
however, are not suitable for repeated administration to hu-
mans, due to the induction of antibodies by foreign mouse
proteins. Similarly, engineered mouse-human chimeric anti-
bodies still contain some elements of mouse antibodies and are
expensive to produce (23, 28). More recently, human MAb
have been demonstrated to protect mice and guinea pigs from
pseudomonas infection, and they have been well tolerated in
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human clinical trials (16, 33, 44, 45). However, human MAb
are difficult to make, and most of the antibodies tested to date
have been immunoglobulin (Ig) M (IgM), which penetrates
poorly into pulmonary tissue and can be associated with im-
mune complex formation and enhanced inflammation (16, 33).

Recently, another technique for manufacturing human MAb
of an appropriate isotype and directed against selected anti-
gens has become available. The use of Ig-inactivated mice that
have been reconstituted with human Ig loci now allows the
generation of entirely human MAb from immunized mice by
standard hybridoma techniques (22). These XenoMouse (Ab-
genix) mice were constructed by introducing multiple mega-
base-size contiguous fragments of human Ig loci on yeast ar-
tificial chromosome transgenes into mice whose heavy- and
light-chain Ig genes were inactivated by targeted deletion.
These mice bear a majority of human heavy (66 VH) and
kappa light (32 Vk) variable genes in germ line configuration
(12, 13, 22). Human MAb have been successfully made from
XenoMouse animals against both protein and bacterial PS
antigens, and antibody recombination, class switching, and af-
finity maturation appear to occur in a manner similar to that
observed in humans (13, 22, 31).

In this report, we examine the functional capability of a
human MAb generated in these transgenic mice and directed
against the high-molecular-weight PS portion of the P. aerugi-
nosa LPS O side chain. In particular, we address the hypothesis
that a multivalent, human antipseudomonas MAb preparation
could have practical use in the prevention of infection with P.
aeruginosa in a variety of susceptible patients. Our data show
that human anti-pseudomonas LPS antibodies made from
these mice have high avidity, are opsonic for the uptake and
killing of the bacteria by human polymorphonuclear leukocytes
(PMN), and are highly efficacious in preventing mortality in
the neutropenic mouse model of pseudomonas sepsis. We also
show that anti-PS antibody variable (V)-region gene usage in
these mice is similar to that observed in humans following
immunization with PS vaccines.

MATERIALS AND METHODS

Bacterial strain. P. aeruginosa serogroup 06ad was used for mouse immuni-
zations, mouse protection experiments, and opsonic assays. Bacteria for mouse
challenge experiments and the killing assay were freshly plated onto Pseudosel
agar (Becton Dickinson, Sparks, Md.) and incubated at 37°C overnight. One
CFU was picked from the plate, inoculated into Luria-Bertani (LB) broth, and
incubated at 37°C in a shaking water bath to a concentration of 5 3 108 CFU/ml.
Bacteria were centrifuged at 10,000 rpm for 10 min in a Sorvall RC5C centrifuge,
resuspended, washed in chilled phosphate-buffered saline (PBS) three times, and
diluted as needed. Bacteria for immunization experiments were grown as de-
scribed above, heat killed at 60°C for 1 h, and stored at 4°C until use. Labeled
bacteria used in the flow cytometry opsonic assays were grown and heat killed as
described above. However, these bacteria were resuspended in alkaline conju-
gation buffer (a 1:3 solution of 0.5 M Na2CO3 and 0.5 M NaHCO3 [pH 9.5]) to
give a concentration of 109/ml as described previously (31). An equal volume of
alkaline conjugation buffer with 0.06% fluorescein isothiocyanate isomer I
(FITC; Amresco, Solon, Ohio) was added and incubated for 20 h at room
temperature with gentle shaking. Bacteria were washed in Veronal-buffered
saline, resuspended in PBS at 109/ml, and stored at 280°C.

Antigens. The high-molecular-weight PS (high MW PS) portions of the LPS O
side chains from P. aeruginosa strains 06ad (International Typing System
[IATS]), 011 (IATS), 016 (IATS 02a,b,e), 170003 (IATS 02a,b), and PAO1
Holloway (IATS 05) were made as previously described and were lyophilized for
storage (14). These PSs were used to coat 96-well plates for enzyme-linked
immunosorbent assays (ELISA) as described below. The 06ad high MW PS was
also used in the blocking and avidity assays described below.

XenoMouse animal immunization and generation of hybridomas secreting
anti-LPS antibodies. Mice that were transgenic for human heavy and light Igs
were bred and maintained by Abgenix, Inc., Fremont, Calif. The strain of Xeno-
Mouse animals used was XMG2, which is an Ig-inactivated mouse strain recon-
stituted with a yeast artificial chromosome containing cointegrated human heavy-
and light-chain Ig transgenes (22). This mouse strain has been reconstituted with
only one human IgG constant region (IgG2). Mice were housed in microisolator
cages in a pathogen-free facility after shipping, and food, bedding, and water
were autoclaved prior to use. Mice were immunized with 107 heat-killed 06ad
P. aeruginosa twice per week intraperitoneally (i.p.) (107 bacteria in PBS) (21)
and/or in the footpad (107 bacteria and RIBI adjuvant; Sigma-Aldrich, St. Louis,
Mo.). Their sera were screened for 06ad high MW PS O-side-chain antibodies by
the ELISA described below.

Hybridomas were generated by fusing spleen and/or lymph node cells from
immunized, seropositive XenoMouse animals with the nonsecreting sp2/0 my-
eloma cell line as described previously (22, 36). Supernatants from hybridomas
were screened for the production of human MAb against the 06ad high MW PS
using the ELISA procedure described below. Hybridomas found to be secreting
IgG anti-PS antibodies were then cloned three times by limiting dilution. One
IgG2-secreting clone, S20, was chosen for further experiments based on initial
experiments measuring the strength of binding to solid-phase 06ad PS.

Detection of antibodies to LPS O side chains. An ELISA was used to detect
antibodies to the 06ad high MW PS in sera of immunized mice and in hybridoma
supernatants as previously described (36). Briefly, each well of 96-well microtiter
polystyrene plates (Nalge Nunc, Naperville, Ill.) was coated with 100 ml of 06ad
high MW PS (2 mg/ml) overnight at 4°C. Plates were washed, and each well was
blocked with 200 ml of 1% bovine serum albumin (Sigma-Aldrich) in PBS–0.05%
Tween 20 (Amresco). Plates were washed and incubated overnight with serial
dilutions of MAb or sera in 1% bovine serum albumin in PBS. Plates were
washed, and bound antibodies were detected by adding isotype-specific alkaline
phosphatase-conjugated mouse anti-human polyclonal antibodies (Southern
Biotechnology Associates, Birmingham, Ala.). Each well of the plates was de-
veloped with 100 ml of p-nitrophenylphosphate (Sigma-Aldrich) chromogenic
substrate in diethanol amine buffer. Optical densities were measured at 415 nm
with a microplate reader (Bio-Rad, Hercules, Calif.).

Blocking assays to determine MAb specificity were performed in an identical
fashion except that soluble 06ad high MW PS or control PS at different concen-
trations was added to the MAb prior to addition to PS-coated 96-well ELISA
plates. Similarly, the cross-reactivity ELISA was run in an identical fashion
except that PSs from P. aeruginosa 011, 016, 170003, and PA01 Holloway were
used to coat plates in addition to 06ad, and 2.5 mg of human MAb/ml was then
added. The relative avidities of the MAb were calculated with an assay similar to
one that has been previously described (3, 35, 41). Antibodies were added to the
wells of a high MW PS-coated ELISA plate, followed by serial dilutions of 06ad
high MW PS or equal volumes of PBS (negative control). The concentration of
PS required to inhibit 50% of the maximum absorbance was calculated, and the
inverse of this value was used to represent relative avidity.

Characterization of V-region genes. Dideoxy DNA sequencing was performed
as previously described to determine the sequences of the V regions of the
human MAb (32, 35). Total RNA was isolated from hybridoma cells from nine
different clones using TRIZOL reagent (Gibco BRL) and converted into ran-
domly primed cDNA for use as a template in PCR. Human heavy-chain and
light-chain V regions were amplified using degenerate leader peptide primers
and constant-region primers provided in the Human Ig-Primer Set (Novagen,
Madison, Wis.). The PCR products were analyzed on a Tris-acetate-EDTA
agarose gel. Samples positive in the PCRs were extracted with chloroform-
isoamyl alcohol (24:1) and cloned into the EcoRI site of pT7Blue (Novagen)
(39). The clones were sequenced by the dideoxy method with a Sequenase V2.0
DNA sequencing kit (U.S. Biochemical Corp., Cleveland, Ohio). Gene usage
analysis was performed using the Vbase database (Medical Research Council
Centre for Protein Engineering, Cambridge, United Kingdom; www.mrc-cpe
.cam.ac.uk).

Antibody-mediated, complement-dependent opsonization. The ability of the
human MAb to opsonize P. aeruginosa 06ad for uptake by human PMN was
measured by flow cytometry as previously described (35). P. aeruginosa 06ad was
grown, heat killed, and FITC labeled as described above. Opsonization was
carried out by incubating the labeled bacteria with MAb with or without 1%
human serum from an agammaglobulinemic patient as the complement source.
Bacteria were washed in PBS containing 6% dextran and 0.2% glucose and then
were resuspended in Hanks balanced salt solution with 0.1% gelatin. PMN were
isolated from peripheral human blood via venipuncture of healthy adult volun-
teers as previously described (35, 40) in accordance with the institutional review
board guidelines of the University Hospitals of Cleveland. PMN were resus-
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pended to achieve a concentration of 107 cells/ml and were activated for 30 min
with 10 ml of a 1026 dilution of N-formyl-Met-Leu-Phe (FMLP; Peninsula
Laboratories, San Carlos, Calif.) per ml of cells. PMN were added to each
opsonized bacterial sample, incubated at 37°C, separated from free bacteria by
differential centrifugation, and resuspended in PBS. Single-color flow cytometric
analysis of PMN was performed utilizing a FACScan and CellQuest software
(Becton Dickinson, Mountain View, Calif.), and phagocytosis was expressed in
relative units of mean fluorescence of 10,000 PMN for each sample. To demon-
strate that the observed opsonophagocytosis was associated with bacterial killing,
an alternative assay was used in which 25,000 CFU of live 06ad P. aeruginosa
were mixed with agammaglobulinemic human serum, various concentrations of
MAb, and 106 fresh human PMN obtained as described above in RPMI medium
(400-ml final volume). Samples were obtained at the beginning and end of a
90-min 37°C incubation, after which bacteria were diluted and then plated for
bacterial enumeration (37).

Protection of neutropenic mice from fatal sepsis. The protective efficacy of the
human MAb against invasive infection with P. aeruginosa was measured with the
neutropenic mouse model as described previously (27, 36). Female 6-week-old
BALB/c ByJ mice (Jackson Laboratories, Bar Harbor, Maine) were maintained
in a pathogen-free, pseudomonas-free environment in which water, bedding, and
food were autoclaved prior to use. Neutropenia was established by administering
3 mg of cyclophosphamide (Cytoxan; Bristol-Myers Squibb, Princeton, N.J.) i.p.
to each mouse on days 1, 3, and 5. On day 5, the cyclophosphamide was admin-
istered at time zero; 2 h later, 25 mg of antibody was administered i.p.; and 103

CFU of live 06ad P. aeruginosa was administered 2 h later. Negative control mice
received either PBS or an irrelevant MAb at the same dose (MOPC 21; Sigma-
Alrich). Positive controls received mouse MAb D8, directed against the O-side-
chain PS from the same pseudomonas serotype and previously reported to
protect neutropenic mice from fatal sepsis (36). Mice were observed daily there-
after for 5 days, and cumulative mortality was the outcome measured.

Statistics. Comparison of mortality between treatment groups in the neutro-
penic mouse experiments was performed using Fisher’s exact test and the Stat-
View statistical program for MacIntosh, version 4.5 (Abacus Concepts, Inc.,
Berkeley, Calif.).

RESULTS

V-region gene usage in transgenic mouse-derived anti-LPS
antibodies. Immunization of the transgenic mice with heat-
killed 06ad P. aeruginosa resulted in the production of IgM and
IgG2 human antibodies directed to the 06ad LPS O side chain,
consistent with the constant-region reconstitution of these
mice (data not shown). V-region genes from hybridomas ob-
tained from the fusion of spleen cells from P. aeruginosa-
immunized transgenic mice with the nonsecreting sp2/0 cell
line were cloned and sequenced in order to determine V-
region gene usage. The protective IgG2 anti-LPS MAb that
was made in the human Ig transgenic mice and that was chosen
for further study utilized genes from the VH3 gene family,
similar to the restricted VH gene usage described after immu-
nization of humans with a variety of bacterial PSs (GenBank
accession number AF332470) (3, 8, 19, 38). Nine other MAb
made in fusion experiments with spleen cells from pseudomo-
nas-immunized transgenic mice yielded antibodies that also
used the VH3 gene family for the heavy-chain gene elements,
as determined by DNA sequencing (data not shown). More
specifically, DNA sequence analysis showed that the VH3/
V3–33 and JH4 genes were used in the protective anti-LPS
MAb, similar to the gene usage in antipneumococcal MAb
made in the same transgenic XenoMouse mice (31). Similarly,
the light-chain gene segments used were Vk2/A2 and Jk1, also
previously reported as being commonly used in humans after
PS vaccine immunization (GenBank accession number
AF332471) (3). In summary, gene usage for anti-LPS antibod-
ies after P. aeruginosa immunization in these transgenic mice

appeared to be remarkably similar to that observed in humans
after PS immunization.

Human MAb binds to the LPS O side chain of P. aeruginosa
strain 06ad. The IgG2 human MAb produced in the transgenic
mice bound to the O side chain of P. aeruginosa strain 06ad.
Blocking assays revealed over a 90% reduction in the binding
of the MAb to solid-phase 06ad LPS high MW PS after pre-
incubation of the MAb with the same PS, compared to less
than 10% inhibition with the control PS (purified type 6B
pneumococcal capsular PS) (Fig. 1). The MAb also bound to
Fisher Devlin immunotype 1 P. aeruginosa, currently consid-
ered part of the 06 serogroup (data not shown). The MAb,
however, did not cross-react with LPSs from other P. aerugi-
nosa serotypes, since no binding could be demonstrated to
solid-phase LPS O-side-chain high MW PS from a variety of
pseudomonas strains, including IATS 011, IATS 016, 170003,
and PAO1 Holloway (Fig. 2). The concentration of high MW
PS that inhibited 50% of the maximum absorbance of MAb
binding to high MW PS was determined and the inverse of this
value was used to calculate the relative avidity of the MAb.
Human anti-PS antibodies are often of low relative avidity,
particularly after immunization with pure PS vaccines. We
found, unexpectedly, however, that the relative avidity of the
human anti-LPS MAb (316 3 106 M21) was similar to the
previously reported increased relative avidity of human anti-PS
antibodies obtained after immunization with a Haemophilus
influenzae type b PS-protein conjugate vaccine in a similar
assay (3).

Human MAb against LPS is opsonic for uptake and killing
of P. aeruginosa by human PMN. Although we showed that the
IgG2 human MAb produced after P. aeruginosa immunization
of mice was specific and avid for 06 P. aeruginosa LPS, func-
tional activity was not yet demonstrated. Thus, we next showed
that the S20 human MAb was highly opsonic for the uptake of
labeled P. aeruginosa by fresh human PMN in a complement-

FIG. 1. Blocking of the binding of human anti-LPS MAb S20 to
solid-phase P. aeruginosa strain 06ad LPS O-side-chain PS by prein-
cubation with 06ad PS (f) but not control PS from Streptococcus
pneumoniae serotype 6B (r) in an ELISA. The x axis shows micro-
grams of 06ad PS or control PS per milliliter added to each reaction
tube. The y axis depicts the percent reduction of absorbance obtained
with the PS inhibitor. Data represent means from three separate as-
says, each run in duplicate, and standard errors of the means.
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dependent assay. In fact, the human MAb was more opsonic
than a previously described protective mouse MAb, D8,
against the same epitope (2.5 mg of human MAb yielded al-
most twice the mean fluorescence as 5 mg of mouse MAb) (Fig.
3). Antibody alone was a poor opsonin, confirming our previ-
ous data that Fcg receptor stimulation without complement
receptor stimulation is not optimal for the phagocytosis of P.
aeruginosa by human PMN (2). Complement alone yielded
some marginal increased uptake of labeled bacteria by PMN,

but the phagocytosis was greatly enhanced with antibody and
complement together, as predicted when both Fcg and com-
plement receptors are stimulated together in human PMN.
Presumably antibody bound to the bacteria yielded polymeric
IgG2 that then bound to the relatively low-affinity FcgR2 and
FcgR3 PMN receptors, as well as facilitating the deposition of
complement onto the bacterial surface. Finally, an ELISA
showed C3 deposition on the surface of P. aeruginosa facili-
tated by the addition of the S20 MAb (data not shown), again
suggesting that S20 is effective at fixing complement to the
bacterial surface. Further studies are required to determine if
the human MAb is capable of opsonizing pseudomonas for
uptake by other phagocytes, such as alveolar macrophages, in
which phagocytosis is primarily mediated by high-affinity
FcgR1 receptors, not low-affinity receptors and complement
receptors (2). Different IgG subclasses of anti-PS antibodies
may also be required to bind to such receptors in order to
initiate phagocytosis.

Since the bacteria were heat killed prior to labeling with
FITC, it seemed possible that increased susceptibility to anti-
body and complement-mediated opsonization could have oc-
curred due to damage to the bacterial surface. Thus, we also
measured opsonization, phagocytosis, and killing of 06ad P.
aeruginosa by PMN in an assay in which live bacteria were
opsonized with antibody and human complement and then
colony counts were determined after exposure to fresh human
PMN. The S20 MAb was also effective in this assay, in which
more than a 90% reduction in P. aeruginosa CFU was obtained
in the presence of complement (Fig. 4).

Human MAb from transgenic mice protects neutropenic
mice from fatal P. aeruginosa sepsis. In order to determine
whether the in vitro avidity, specificity, and opsonic ability of

FIG. 2. Human MAb S20 binds only to P. aeruginosa 06ad LPS
O-side-chain PS and not to LPS O-side-chain PSs from other strains.
The x axis depicts the serotype of pseudomonas O-side-chain PS used
to coat the ELISA plate, while the y axis indicates the absorbance (OD,
optical density). Bars represent the mean absorbance from triplicate
wells in one representative assay.

FIG. 3. Opsonization of FITC-labeled P. aeruginosa 06ad by hu-
man MAb S20 for uptake by fresh human PMN in the presence of
human complement (serum from an agammaglobulinemic patient).
Opsonization and phagocytosis by PMN are shown as mean fluores-
cence obtained by flow cytometry gated for human PMN as described
in Materials and Methods. The results shown are from one represen-
tative experiment out of four separate experiments, all with similar
results. MOPC, MOPC 21.

FIG. 4. Killing of S20 MAb-opsonized P. aeruginosa 06ad in the
presence of human PMN and complement. The y axis depicts percent
killing of the inoculum of approximately 25,000 CFU of P. aeruginosa
06ad after 90 min of incubation with antibody, 106 human PMN, and
human complement. Error bars denote standard errors of the means
from two assays, each assay run in quadruplicate. MOPC 21 (mopc)
was used as an irrelevant MAb and did not cause bacterial killing, and
S20 antibody alone without complement did not yield bacterial killing
(data not shown).
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the MAb translated to in vivo protective efficacy, we rendered
BALB/c mice neutropenic by treatment with cyclophospha-
mide. Mice were then treated with 25 mg of human MAb,
control antibody, or saline i.p. and challenged with 1,000 CFU
of strain 06ad P. aeruginosa in a model designed to imitate the
type of human host likely to develop severe sepsis and invasive
disease with the organism. Mice receiving saline injection or
irrelevant MAb and then challenged with P. aeruginosa sus-
tained 100% mortality, most dying within 48 h after challenge,
consistent with previous descriptions of mortality in nonim-
mune mice in this model (36). In contrast, mice receiving the
human MAb derived from the XenoMouse animals were 100%
protected from mortality (P, ,0.0001, compared to saline con-
trols), as were mice receiving a previously described, highly
protective murine MAb at the same 25-mg dosage (P, ,0.0003)
(36) (Table 1).

DISCUSSION

The current study demonstrates that immunization of the
XenoMouse animals with killed P. aeruginosa yielded IgG2
anti-LPS MAb that utilized VH3 and Vk2 genes, strikingly
similar to the V-region gene usage in humans immunized with
T-cell-independent bacterial PS vaccines. The role of the re-
stricted V-region gene usage in the human antibody response
to PS antigens remains unclear. However, recent data obtained
from human immunodeficiency virus-positive adults suggested
that a shift away from VH3 gene usage was associated with
decreased responsiveness to immunization with bacterial PSs
such as the pneumococcal vaccine, possibly due to depletion of
certain B cells (1). Thus, the ability of these mice to appropri-
ately utilize VH3 genes for antibodies directed against this PS
suggests that further immunization with different PSs is likely
to yield normal adult human-type antibody responses. Our
data are similar to those obtained in a recent report, which
showed isotype restriction as well as VH3 gene usage in these
same transgenic mice after immunization with pneumococcal
capsular PSs (31). This study also suggested that the B-cell
repertoire in these mice strongly resembles that seen in normal
adult humans. Finally, the light chain used by our human MAb,
Vk2/A2, is also commonly utilized by humans after immuni-
zation with bacterial PSs such as the capsule of H. influenzae
type b. In fact, immunization with the H. influenzae type b
conjugate vaccine (HbOC—an oligosaccharide conjugated to
CRM197, a diphtheria toxin mutant) induces antibodies that
preferentially utilize Vk2/A2 genes. Anti-PS antibodies made
after immunization with this vaccine have higher avidity than

antibodies made after immunization with different conjugate
vaccines that induce antibodies that use non-A2 genes, per-
haps explaining the high relative avidity of our antibody (3,
41). Further experiments are required to determine if the
XenoMouse animals utilize the same heavy- and light-chain
V-region genes after immunization with these conjugate vac-
cines. An animal model that mimics both the isotype restriction
and V-region gene usage seen in humans after effective vacci-
nation may provide a unique mechanism for screening the
immunogenicity of new bacterial PS-based vaccines as well as
yield better methods to investigate human V-region gene usage
after immunization.

Despite the existence of appropriate antibiotics, P. aerugi-
nosa continues to be an aggressive and potentially lethal patho-
gen in many patient groups. Cystic fibrosis patients, for exam-
ple, have a unique predilection for chronic pneumonia with P.
aeruginosa that greatly increases morbidity and ultimately re-
sults in respiratory failure. Although these individuals appear
to be initially infected with pseudomonas strains that express
O-side-chain PSs, once chronic infection is established, these
pseudomonas strains usually undergo phenotypic conversion,
express mucoid exopolysaccharide, and become deficient in
LPS O-side-chain PS. By the time chronic infection has oc-
curred, it seems unlikely that any active or passive immuniza-
tion intervention would be successful. However, an effective
cocktail of antibodies to the commonly occurring LPS O side
chains might be prophylactic against infection if given to young
cystic fibrosis patients prior to colonization with O-side-chain-
containing P. aeruginosa. Moreover, one might expect that the
youngest cystic fibrosis patients needing antipseudomonas se-
rotherapy would not be responsive to many of the components
of a purified PS vaccine. Finally, active vaccination against LPS
O-side-chain antigens may also be problematic in light of an-
imal studies that have indicated antagonistic effects between
different high MW PS antigens when combined into a multi-
valent vaccine (15). Similarly, burn, intensive care, and neu-
tropenic cancer patients all have a strong risk of acquiring
invasive infections with P. aeruginosa, and all these patient
groups appear to develop colonization within just a few days of
hospitalization. Thus, active vaccination may not be practical
because of the need for a multivalent vaccine and the duration
required to develop antibodies and because debilitated and
immunocompromised hosts may respond poorly to immuniza-
tion. On the other hand, administration of multivalent high-
titer O-side-chain-specific opsonic antibodies prior to the ac-
quisition of the initial O-side-chain-replete pathogen may be a
potential prophylactic therapy that could prevent or signifi-
cantly delay initial colonization from a variety of pseudomonas
strains (43).

Use of human polyclonal antibodies as well as mouse or
mouse-human MAb has proven problematic for a variety of
reasons, including variability in antibody titer in polyclonal
preparations and costliness of engineered MAb. It is clear that
new technologies that provide cost-effective, specific human
antibodies directed to protective surface epitopes of pseudo-
monas and other pathogens would provide reagents that are a
strong addition to the clinical armamentarium (17).

The human MAb chosen for study was highly opsonic for the
uptake of a homologous strain of P. aeruginosa by human
PMN. The opsonic ability was complement dependent, since

TABLE 1. Protective efficacy of XenoMouse-produced human
MAb in the neutropenic mouse model of P. aeruginosa sepsisa

Material administered % Cumulative mortality No. of mice

PBS 100 6
25 mg of MOPC 21 (control) 100 6
25 mg of MAb D8 (mouse) 0b 8
25 mg of MAb S20 (human) 0c 10

a Control mice received either saline or the irrelevant MOPC 21 in the same
volume as test MAb recipients. Results from two separate experiments with
identical procedures and reagents were combined.

b P value of ,0.0003 compared to result for saline or MOPC 21 recipients.
c P value of ,0.0001 compared to result for saline or MOPC 21 recipients.
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the addition of complement alone enhanced the uptake of the
labeled bacteria and killing of the organism. Antibody alone,
however, was a relatively poor opsonin. The addition of anti-
body to complement greatly enhanced the phagocytic uptake
of the bacteria, presumably since optimal stimulation of both
Fc and complement receptors on the PMN occurred. Most
previous studies have found a strong link between the opsonic
ability of antipseudomonas antibodies and in vivo protection;
thus, it was likely that the antibody would also function well in
vivo (25–28). Pretreatment of neutropenic mice with the hu-
man MAb provided strong protection against fatal pseudomo-
nas sepsis. Thus, this MAb fulfilled the criteria necessary for
full antipseudomonas function: the antibody was of relatively
high avidity for antigen, it fixed complement to the bacterial
surface, it opsonized bacteria for uptake by human phagocytes,
and it protected animals from death from a homologous strain
of bacteria. Further studies are required to determine if such
antibodies can function in humans with equal efficiency.

The IgG2 antibody chosen for detailed investigation in our
study was specific for the 06ad serogroup LPS O side chain and
did not cross-react in an ELISA with LPS O side chains from
several other P. aeruginosa serogroup strains. Although we did
not challenge mice with other serogroups of P. aeruginosa, it
seems very likely that any protection afforded by the antibody
was serogroup specific. Since a variety of pseudomonas sero-
groups circulate in the community and can cause human dis-
ease, a multivalent preparation would be required to prevent
colonization and/or infection in humans. There are approxi-
mately 10 serogroups of P. aeruginosa comprising a vast ma-
jority of isolates from human clinical sources (14), suggesting a
minimum number of components in a multivalent preparation.
Furthermore, the restricted IgG reconstitution of the mice
(IgG2) currently limits the number of IgG subclasses that can
be produced, although isotype switching or new mice reconsti-
tuted with other IgG constant regions will yield antibodies of a
variety of IgG subclasses.

Despite these challenges, the transgenic mice provide an
excellent platform to produce multiple antibodies against a
variety of P. aeruginosa LPS O side chains. Thus, using routine,
inexpensive mouse MAb technology with transgenic mice to
yield functional human antibodies instead of mouse antibodies
may make the production of a high-titer MAb preparation
containing antibodies against a variety of P. aeruginosa sero-
groups feasible.
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