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An O-antigen-specific murine monoclonal antibody (MAb) directed against an immunodominant epitope
expressed on Klebsiella O1, O6, and O8 lipopolysaccharides (LPS) was examined with respect to its binding to
nonencapsulated and encapsulated bacterial cells and its ability to protect against lethal murine Klebsiella
sepsis. While the MAb (clone Ru-O1, mouse immunoglobulin G2b) bound well to nonencapsulated organisms
of the O1 serogroup, binding was significantly, but not completely, abolished by the presence of the K2 capsule.
In a model of experimental Klebsiella peritonitis and sepsis induced by a virulent O1:K2 serogroup strain,
higher doses of anti-LPS MAb Ru-O1 than of a previously described anticapsular MAb specific for the K2
capsular polysaccharide were needed to provide protection. However, high-dose (40 mg/g of body weight)
pretreatment with anti-LPS MAb Ru-O1 significantly reduced bacterial dissemination to various organs as
well as macroscopic and histologic pulmonary alterations. Thus, since the number of Klebsiella capsular
antigens occurring in clinical material is too large to be completely “covered” by a K-antigen-specific hyper-
immunoglobulin preparation, O-antigen-specific antibodies may supplement K-antigen-specific immunopro-
phylaxis and -therapy of clinical Klebsiella infection.

Organisms of the genus Klebsiella are an important cause of
hospital-acquired infections (17, 18). In particular, nosocomial
pneumonia (3) and septicemia (2) due to Klebsiella spp. are a
frequent problem in both medical and surgical intensive care
units. In spite of the development of new and potent antibiot-
ics, Klebsiella infections are still associated with a high mortal-
ity rate of up to 40% (2, 3). Therefore, various studies have
been performed in order to elucidate the pathogenesis of Kleb-
siella infections and to characterize possible virulence factors.
The final goal of these studies is the identification of bacterial
surface antigens that might serve as target structures for active
vaccination or passive immunotherapy.
The prominent morphologic feature of Klebsiella organisms

is the large capsule (K antigen), which plays a significant role
in pathogenicity (12, 29, 39). It has been shown that K-antigen-
specific polyclonal and monoclonal antibodies (MAbs) may
enhance phagocytosis of Klebsiella organisms and protect
against experimental Klebsiella infections (9, 15, 23, 34). Re-
cently, a multivalent Klebsiella capsular polysaccharide vaccine
which has been shown to elicit a capsule-specific serum anti-
body response in volunteers was developed (7, 11). The vaccine
contains 24 different capsular antigens in order to provide
broad-spectrum coverage against K serotypes occurring in clin-
ical infections (11). A hyperimmune intravenous (i.v.) immu-
noglobulin preparation made from the postvaccination plasma
of volunteers immunized simultaneously with the Klebsiella
capsular antigen and Pseudomonas vaccines recently under-
went a randomized placebo-controlled prophylactic trial in in-
tensive care unit patients (8). The results of this study showed

that the incidence of vaccine-specific Klebsiella infections was
reduced by.50% in patients receiving the hyperimmune glob-
ulin preparation (P 5 0.05), although this difference was not
significant at the preassigned 1% level (10). However, approx-
imately 30% of all Klebsiella infections occurring in this study
were caused by capsular serotypes not included in the vaccine.
Since more than 70 different capsular antigens have been
found in clinical material (26), it would be necessary to add
many additional K serotypes in order to broaden the antimi-
crobial spectrum of the currently available vaccine.
An alternative approach may be the development of a com-

posite Klebsiella vaccine containing other surface determinants
in addition to capsular antigens. The lipopolysaccharide (LPS)
(O antigen) is an attractive candidate, since the number of
clinically relevant O-antigenic types in Klebsiella is relatively
small. In a recent study, only four O antigens (O1, O2ab, O2ac,
and O3) were shown to account for 72% of clinical isolates and
for .80% of O serotypeable isolates (37). The percentage of
clinical strains that were typeable by O-antigen-specific sera
varied between 79% (37) and 93.6% (14). Thus, few O-anti-
body specificities may be sufficient to significantly broaden the
antimicrobial spectrum of a K-antigen-based vaccine, provided
that protection by O-antigen-specific antibodies can be dem-
onstrated in vivo.
However, although it has been shown that O-specific anti-

bodies may penetrate through the Klebsiella capsule and bind
their target antigen on the bacterial cell surface (24, 32, 33),
little is known about the ability of such antibodies to protect
against infection with virulent Klebsiella strains. In the present
study, we therefore prepared an O-specific MAb and examined
its functional effect in a model of lethal murine Klebsiella
infection. Since the O1 antigen appears to play an important
role in clinical strains, being detectable in ;25 to 30% of
isolates (1, 37), experiments were performed with a MAb gen-
erated against this antigen.

* Corresponding author. Mailing address: Department of Medical
Microbiology and Hygiene, University of Ulm, Steinhövelstr. 9,
D-89075 Ulm, Germany. Phone: (49) 7315026950. Fax: (49)
7315026949.
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MATERIALS AND METHODS

Animals. Eight- to 10-week-old pathogen-free male BALB/c mice weighing 20
to 25 g each were used throughout the study.
Bacteria and LPS. The following KlebsiellaO serogroup reference strains were

obtained from the Statens Seruminstitut, Copenhagen, Denmark: Klebsiella
pneumoniae Friedländer 201 (O1:K2), 8238 (O1:K37), 7380 (O2ab:K2), 5053
(O2ac:K2), 390 (O3:K11), 1702 (O4:K42), 4425/51 (O5:K57), NCTC 8172 (O6:
K64), 264(1) (O7:K67), 889 (O8:K69), 1205 (O9:K72), 337 (O10:K73), 378 (O11:
K78), and 708 (O12:K80). As a positive control strain for the Klebsiella O1
antigen, we used Escherichia coli 8188/41 (O19ab), since the O19b component of
this strain is known to be immunologically identical to Klebsiella O1 (19, 26).
Negative controls for enzyme-linked immunosorbent assay (ELISA) binding
studies included E. coli Bort (O18:K1:H7) (34) as well as E. coli 8858/41 (19),
which expresses the O19a antigen only. K. pneumoniae 23 (O1:K2) and its
isogenic nonencapsulated derivative 23/3 as well as strains 37 (O1:K7), 58 (O1:
K7), and 557 (O1:K21) were kindly supplied by R. Podschun, Kiel, Germany.
The production of LPS from the O-serogroup reference strains and from E. coli
Bort was described previously (37, 38). LPS preparations from the other E. coli
strains were obtained by the same methods. Whole-bacterial-cell ELISA exper-
iments and experimental infections were performed using the highly virulent
variant of strain K. pneumoniae Caroli (O1:K2), which has been used before by
ourselves (15, 34) and by other authors (4). A nonencapsulated mutant of this
strain was kindly prepared by R. Podschun.
MAbs. The capsule-specific MAb III/5-1, a murine immunoglobulin M (IgM)

antibody, was described previously (34). MAb Ru-O1, a mouse IgG2b MAb
specific for Klebsiella O1 LPS, was obtained in the same way as described
previously for the capsule-specific MAb except that mice were immunized twice
with K. pneumoniae Friedländer 201 (O1:K2). The bacterial suspension used for
immunization was prepared as follows. Bacteria were grown in Trypticase soy
broth for 3 h, washed three times in physiological saline, and adjusted nephelo-
metrically to a concentration of 2 3 107 organisms per ml. The bacteria were
inactivated at 608C for 1 h, and the suspension was stabilized by the addition of
0.5% formalin. A 1-ml volume of this suspension was mixed with an equal
volume of complete Freund’s adjuvant (Sigma, Deisenhofen, Germany) and
injected subcutaneously into two mice. Three weeks later, the animals were
boosted with 10 mg of LPS O1 given intraperitoneally (i.p.). Four days later, the
animals were sacrificed, and their spleen cells were fused with the murine SP2/
O-Ag14 myeloma cell line. Ascites fluid was obtained by injection of cloned
hybridoma cells into pristane-primed mice (34). The immunoglobulin class and
subclass were determined by ELISA, using typing reagents obtained from Sigma.
Control MAbs were commercially available; we used purified mouse IgM (clone
TEPC 183) and IgG2b (clone 74-12-4, ATCC HB147, or clone MOPC 141, all
from Sigma) myeloma antibodies.
Antibody purification. MAb Ru-O1 was purified from ascites fluid by column

chromatography over protein G-Sepharose by following the instructions of the
supplier (HiTrap Protein-G; Pharmacia, Uppsala, Sweden). Purified IgG was
concentrated by means of Centriprep-10 concentrators (Amicon, Beverly,
Mass.). The protein concentration was determined by the Coomassie blue dye
binding method with bovine serum albumin (BSA) as the standard. Purification
of MAb III/5-1 was described previously (34).
Direct LPS-ELISA. To study the specificity of MAb Ru-O1, samples of LPS

from O-antigen reference strains were dissolved in phosphate-buffered saline
(PBS), pH 7.4, at 25 mg/ml. Flat-bottomed 96-well ELISA plates (Greiner,
Nürtingen, Germany) were coated with the LPS solutions (100 ml/well) and
incubated at 48C for 18 to 24 h. After removal of antigen, nonspecific binding
sites were blocked with 0.5% casein–0.5% BSA in PBS (casein-BSA) as de-
scribed previously (35). Purified MAb or isotype-matched mouse IgG2b control
MAb was added to the plates at 10 mg/ml and incubated for 24 h at 48C. After
being washed with PBS, bound mouse immunoglobulin was traced with appro-
priately diluted alkaline phosphatase-conjugated goat anti-mouse IgG antibody
(Sigma). Plates were washed again, and reactions were developed by adding
phosphatase substrate (no. 104; Sigma) dissolved at a concentration of 1 mg/ml
in diethanolamine buffer, pH 9.8. The optical densities of the wells at 405 nm
(OD405) were read in a Titertek Multiscan Plus reader (Flow Laboratories,
Helsinki, Finland).
Whole-bacterial-cell ELISA. Binding of MAb to whole bacterial cells was

examined by using a slight modification of a previously described method (36). In
short, approximately 43 108 organisms were inactivated by a short heat exposure
(908C, 10 min) in a water bath to abolish intrinsic alkaline phosphatase activity.
After bacterial cells had been washed, MAbs were added to the bacterial pellets
at 10 mg/ml in casein-BSA. After incubation and repeated washings, MAbs
bound to the bacterial surface were traced with alkaline phosphatase-conjugated
anti-mouse IgG or IgM goat antibodies (Sigma) at appropriate working dilutions.
Reactions were developed further as described previously (36).
Experimental Klebsiella infection. To ensure the virulence of the challenge

strain, bacteria were injected i.p. into BALB/c mice and reisolated from liver and
spleen homogenates 24 h later. For experimental infections, bacteria grown on
blood agar plates for 18 h were suspended in sterile PBS, pH 7.4. The challenge
organisms were washed two times in PBS to remove loose slime containing
extracellular polysaccharides. Bacterial suspensions were adjusted densitometri-
cally at 365 nm to the desired concentration, which was confirmed by colony

counts on blood agar plates after serial 10-fold dilutions. For determination of
the 50% lethal dose (LD50), various bacterial concentrations in a volume of 0.2
ml were injected i.p. into BALB/c mice. The animals were observed daily for 7
days, and mortality in different groups was recorded. The LD50 of K. pneumoniae
Caroli as calculated by the method of Reed and Muench (28) was 10 organisms
per mouse. LD50 determinations for Klebsiella sp. strains NCTC 8172 (O6:K64)
and 889 (O8:K69) were performed in the same way.
Protection studies. Groups of 10 animals were pretreated with an i.p. injection

of purified MAb Ru-O1 at the doses indicated or with PBS. Four hours later, the
animals were infected i.p. with an estimated dose of 50 organisms of K. pneu-
moniae Caroli, corresponding to five times the LD50. This dose was selected
because in the LD50 determination study, all animals challenged with this dose
died within 4 days, with a mortality of approximately 50% after 2 days. Mortality
was recorded daily for 2 weeks. Animals surviving beyond this time point were
considered healthy, because visible signs of illness were absent and bacteria could
not be isolated from their tissues. In experiments comparing the protective effect
of MAb III/5-1 and MAb Ru-O1, mice were pretreated i.p. with increasing doses
of each of the MAbs and challenged with five times the LD50 of strain Caroli 4 h
later.
For bacterial clearance experiments, groups of five animals were pretreated

with anti-LPS MAb Ru-O1 and anticapsular MAb III/5-1 at the doses indicated
in the Results section and challenged with 50 organisms of K. pneumoniae Caroli,
given i.p., 4 h later. After 90 min after infection, 0.2 ml of blood was obtained
from the tail of each animal after careful skin disinfection and plated on blood
agar. Colonies were counted after incubation at 378C for 18 h, and the number
of organisms per ml of blood was calculated.
To evaluate the influence of different routes of antibody application, we also

performed experiments in which MAb Ru-O1 (40 mg/g) was injected i.v. 4 h
before i.p. or i.v. challenge with 50 organisms of K. pneumoniae Caroli.
Quantification of viable K. pneumoniae in infected organs. In quantification

experiments, mice were sacrificed on the first and second day after infection. The
lungs, livers, and spleens were excised aseptically, placed on sterile steel nets, and
homogenated by passage into sterile distilled water. Serial 10-fold dilutions of the
homogenates were plated in duplicate onto blood agar plates (100 ml per plate).
After incubation at 378C for 24 h, colonies of K. pneumoniae were counted, and
bacterial counts were expressed as log10 CFU per organ.
Histological examination. Two randomly selected animals from each group

were sacrificed on the first and second day after infection, and their lungs, livers,
and spleens were excised and placed in 10% formalin. After fixation for 1 day,
the tissues were fixed in ethanol and embedded in paraffin. Sections 5 mm thick
were placed on glass slides and stained with hematoxylin and eosin.
Statistical methods. Bacterial counts in infected organs and blood were com-

pared by using the Mann-Whitney U test.

RESULTS

Binding of MAb Ru-O1 to Klebsiella LPS. The results of
ELISA binding studies with MAb Ru-O1 are given in Table 1.
The MAb reacted with LPS prepared from strain Friedländer
201 (O1:K2), which had been used for immunization, but also
with other LPS prepared from strains belonging to the O1
serogroup, irrespective of their capsular types. In addition,
binding was noted against the O19b antigen of E. coli, which
has been shown to be immunologically identical to Klebsiella
O1 (19). Furthermore, positive reactions were obtained also
with the O6 and O8 antigens. In this respect, it is of interest
that the O6 antigen has been found to be highly related to, if
not identical to, the O1 antigen (1, 26). The O8 antigen was
found recently to be very closely related to O1, although it
differs from the latter serogroup by an O-acetylated polysac-
charide side chain (20). In our own experiments, we could not
differentiate between the O1 and O8 antigens by conventional
serological methods, since homologous LPS-specific antibodies
present in rabbit antisera prepared against reference strains
Friedländer 201 (O1:K2) and 889 (O8:K69) could be com-
pletely removed by absorption with the heterologous strains
(data not shown). Thus, both the strain representing the O6
antigen (strain NCTC 8172) and the one representing the O8
antigen (strain 889) may in fact belong to the O1 serogroup. To
our knowledge, no strains of serogroups O6 and O8 other than
the two mentioned have ever been described.
In addition to the studies summarized in Table 1, we per-

formed ELISA inhibition experiments with all clinical Kleb-
siella strains of known O-antigen serotype that we described in
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our previous report (37). MAb Ru-O1 reacted with 19 of 19 O1
serogroup isolates (sensitivity, 100%) but with none of 46 iso-
lates belonging to other serogroups and none of 17 isolates that
were not O-antigen typeable (specificity, 100%).
The conclusion that MAb Ru-O1 is directed against an im-

munodominant O-antigenic determinant representing the
Klebsiella O1 serogroup is thus based on the following obser-
vations. (i) The MAb reacts with E. coli O19ab but not with a

corresponding E. coli strain expressing an O antigen that is the
same except for the 19b component (Table 1). Thus, the MAb
is specific for the O19b determinant, which is an immunodom-
inant determinant of E. coli 8188/41 and is known to be im-
munologically identical to the major antigenic determinant of
Klebsiella O1 (19). (ii) The MAb reacts with all clinical Kleb-
siella O1 serogroup isolates studied so far. (iii) The MAb does
not react with the shared O-antigenic determinants of Kleb-
siella LPS that have been described. All Klebsiella strains listed
in Table 1 except strain 264(1) (O7) have a common LPS
epitope previously described by our group (36). However,
MAb Ru-O1 reacts only with a subset of these strains contain-
ing O1, O6, or O8 serogroup LPS. Furthermore, strain 7380
(O2ab, Table 1) has been described as a strain harboring the
D-galactan I component of LPS which is present in O1, O2, O6,
O8, and O9 serogroup reference strains and may thus be re-
garded as a shared antigenic determinant of these strains (21).
However, MAb Ru-O1 did not react with LPS derived from
strains 7380 (O2ab) and 1205 (O9) and was thus not specific
for D-galactan I. (iv) Immunoblotting experiments showed that
MAb Ru-O1 reacted with high-molecular-weight components
present in strains representing the O1, O6, O8, and E. coli
O19b serogroups. The reaction pattern was identical to that
obtained with a rabbit immune serum directed against the E.
coli O19b determinant (data not shown).
ELISA binding of MAb to whole bacteria. The respective

experiments are summarized in Table 2. It can be seen that
MAb Ru-O1 bound well to the nonencapsulated mutant of
strain Caroli, while insignificant binding occurred in the pres-
ence of the K2 capsule. In these experiments, the mouse IgG-
specific antibody conjugate used as a tracer antibody was di-
luted at 1:30,000, corresponding to the working dilution
suggested by the manufacturer. When the antibody conjugate
was used at a 10-fold-higher concentration (1:3,000), mean
ODs 6 1 standard deviation (SD) rose to 0.72 6 0.11 for the
encapsulated K. pneumoniae Caroli parent strain compared to
0.03 6 0.01 for the control strain E. coli Bort (four experi-
ments; P , 0.05). Thus, under very sensitive conditions, some
degree of antibody penetration through the capsule could be
detected. The findings were reproducible with a second sero-
type O1:K2 strain (strain 23). As anticipated, MAb III/5-1
bound strongly to the encapsulated K2 strains (Table 2).
Protection studies. Preliminary experiments showed no dif-

ference in mortality between animals pretreated with PBS or
an irrelevant MAb of the IgG2b subclass, since in both groups,

TABLE 1. Reaction of MAb Ru-O1 with LPS preparations from
Klebsiella O-serogroup reference strains, additional Klebsiella strains,

and serologically related E. coli strains

Source of LPS Serogroup
Reaction with
MAb Ru-O1

(OD405 6 1 SD)a

K. pneumoniae Friedländer
201b O1:K2 3.10 6 0.02
7380b O2ab:K2 0.02 6 0.02
5053b O2ac:K2 0.07 6 0.03
390b O3:K11 0.01 6 0.01
1702b O4:K42 0.02 6 0.01
4425/51b O5:K57 0.01 6 0.01
NCTC 8172b O6:K64 3.24 6 0.12
264(1)b O7:K67 0.01 6 0.01
889b O8:K69 2.99 6 0.25
1205b O9:K72 0.02 6 0.00
337c O10:K73 0.01 6 0.01
378b O11:K78 0.00 6 0.00
708b O12:K80 0.00 6 0.00

K. pneumoniae
Caroli O1:K2 2.91 6 0.58
37 O1:K7 3.11 6 0.08
58 O1:K7 3.32 6 0.46
557 O1:K21 3.19 6 0.09
8238 O1:K37 3.21 6 0.02

E. coli
8188/41 O19abd 2.09 6 0.55
8858/41 O19ad 0.02 6 0.00

a ELISA reaction was read after 30 min of incubation time. MAb Ru-O1 was
used at a concentration of 10 mg/ml in casein-BSA. Results are from three
independent experiments.
b Klebsiella O serogroup reference strains.
c Strain 337 was removed from the list of Klebsiella O-serogroup reference

strains because it was found to belong to the genus Enterobacter. This LPS was
included as a negative control.
d Figures refer to E. coli O serogroups. E. coli serogroup O19b has been found

to be immunologically identical to Klebsiella O1 (19).

TABLE 2. Binding of MAb Ru-O1 (O-antigen specific) and MAb III/5-1 (K2-antigen specific) to whole bacterial cells

MAb tested

OD405 6 1 SD

K. pneumoniae Caroli (O1:K2) K. pneumoniae 23 (O1:K2)
E. coli Bort
(control)Encapsulated

parent strain
Nonencapsulated

variant
Encapsulated
parent strain

Nonencapsulated
variant

Ru-O1 (IgG2b)
Normal test sensitivitya 0.09 6 0.03 2.47 6 0.07 0.13 6 0.01 2.86 6 0.32 0.03 6 0.00
Enhanced sensitivitya 0.72 6 0.11 $4.00 0.67 6 0.04 3.36 6 0.13 0.03 6 0.00

IgG2b controlb

Normal test sensitivity 0.03 6 0.01 0.15 6 0.06 0.03 6 0.01 0.01 6 0.00 0.03 6 0.01
Enhanced sensitivity 0.04 6 0.01 0.05 6 0.02 0.04 6 0.02 0.07 6 0.02 0.05 6 0.03

III/5-1 (IgM)
Normal test sensitivity 3.36 6 0.14 0.15 6 0.06 2.87 6 0.29 0.10 6 0.03 0.08 6 0.00

IgM controlb

Normal test sensitivity 0.17 6 0.11 0.08 6 0.03 0.17 6 0.04 0.13 6 0.07 0.07 6 0.03

a For details, see text.
b Control MAbs were clones MOPC 141 (IgG2b) and TEPC 183 (IgM).
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all animals died within 4 days after challenge. Therefore, con-
trol animals received PBS in further experiments. When ani-
mals were pretreated with graded doses of MAb III/5-1 (cap-
sule specific) and MAb Ru-O1 (O-antigen specific), it became
apparent that the anticapsular antibody was by far more pro-
tective on a weight basis. The dose of antibody protecting 50%
of the animals was ,0.25 mg/g for MAb III/5-1 but ;30 mg/g
for MAb Ru-O1 (P , 0.01) (Table 3).
The influence of MAb pretreatment on the level of bacte-

remia was examined in groups of five animals 90 min after i.p.
challenge with 50 CFU of K. pneumoniae Caroli. The numbers
of bacteria in the blood, expressed as CFU per milliliter 6 1
SD, were 77 6 49 (control without pretreatment), 0 6 0 (pre-
treatment with MAb III/5-1 at 0.25 mg/g; P # 0.01 versus
control), 226 17 (pretreatment with MAb Ru-O1 at 0.25 mg/g;
P $ 0.05 versus control), and 10 6 8 (pretreatment with MAb
Ru-O1 at 40 mg/g; P # 0.01 versus control). Thus, the reduc-
tion of bacteremia effected by the MAbs was closely correlated
to the overall protective efficacy of the MAbs as measured by
survival.
In order to determine whether MAb Ru-O1 would protect

also when given via the i.v. route, we performed an experiment
in which the MAb (40 mg/g) was injected i.v. to animals given
50 CFU of K. pneumoniae Caroli i.p. or i.v. (five animals per
group). None of the control animals without MAb pretreat-
ment survived, while three of five animals given i.v. MAb be-
fore i.p. infection and five of five animals given i.v. MAb before
i.v. infection survived. Thus, protection obtained by i.v. pre-
treatment was at least as good as that obtained by i.p. pretreat-
ment with anti-LPS MAb.
In an attempt to show the protective effects of the anti-LPS

MAb for strains harboring the O6 and O8 antigens, we used
the respective reference strains (strains NCTC 8172 and 889,
Table 1) for LD50 determinations in groups of five mice. How-
ever, both strains were weakly pathogenic, with LD50s exceed-
ing 108 organisms per animal (data not shown). At these doses,
animals died rapidly as a result of intoxication rather than
infection. Therefore, no attempt was made to use these strains
for protection experiments. The observation that strains har-
boring capsular antigens other than K1 and K2 are weakly
pathogenic for mice has been described previously by Kauff-
mann (19) and Mizuta and coworkers (25). Thus, although the
O1 antigen appears to be relevant for full expression of patho-
genicity (30, 31), the presence of this antigen (and of the
related antigens O6 and O8) is by itself not sufficient to cause
lethal infection.
Bacterial counts in infected organs. In further experiments

with MAb Ru-O1, the optimally protective dose of 40 mg/g was
used. As shown in Fig. 1, prophylactic administration of MAb
Ru-O1 led to a significant reduction of bacterial counts in

lungs, livers, and spleens compared to those in control mice. At
macroscopic inspection, lungs of MAb-treated mice were
smaller than those of control animals, and multiple visible liver
abscesses were found in the control group only (data not
shown).
Histological examination. Twenty-four hours after infection,

lungs of MAb-pretreated animals appeared to be almost nor-
mal, with mild peribronchial and septal infiltration by granu-
locytes and monocytes in less than 5% of the areas examined
(Fig. 2A). At the same time, cellular infiltration was much
more pronounced and was associated with perivascular edema
in the lungs of control animals in more than 30% of the areas
investigated (Fig. 2B). Histological changes in the control
group were even more pronounced at 48 h after infection, with
consolidated areas filled with extravasated granulocytes, mono-
cytes, and erythrocytes, while cellular infiltration in the MAb-
pretreated group remained moderate (data not shown).

DISCUSSION

O-antigen-specific antibodies have been shown to be protec-
tive in experimental models of E. coli (13, 22) and Pseudomo-
nas aeruginosa infection (16, 27). The immunoprophylactic ef-
fect of such antibodies has led to the development of
O-antigen-based vaccines comprising the E. coli and P. aerugi-
nosa O antigens most commonly encountered in clinical ma-
terial (6, 7). Furthermore, an O-antigen-specific hyperimmu-
noglobulin preparation made from the plasma of volunteers
screened for antibody against a panel of Pseudomonas O an-
tigens has been in clinical use in Europe for several years (5).
By contrast, little is known about the immunoprotective ef-

TABLE 3. Protective effect of MAb III/5-1 and MAb Ru-O1 in
animals challenged with K. pneumoniae Caroli

Dose of MAb
(mg/g)

No. of animals surviving/no. challenged

MAb III/5-1 MAb Ru-O1

0.25 5/5 NDa

0.50 5/5 ND
1.00 10/10 0/10
10.0 10/10 0/10
20.0 10/10 1/10
40.0 ND 7/10
200.0 ND 6/10

a ND, not done.

FIG. 1. Bacterial counts in organs of mice infected with K. pneumoniae
Caroli and previously protected or not protected with MAb Ru-O1 on day 1 (A)
or day 2 (B) after infection. Columns represent the median CFU per organ for
10 animals. Error bars represent the range between minimal and maximal CFUs
per organ.
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fect of O-antigen-specific antibodies in Klebsiella infections.
Since, compared to the capsular antigens, the number of O
serogroups in the genus Klebsiella is relatively small (with a
total of nine established serogroups), an O-antigen-targeted
immunotherapy of Klebsiella infection may be feasible, pro-
vided that O-antigen-specific antibodies can be shown to afford
protection against encapsulated Klebsiella strains.
It has been shown previously by other authors that poly-

clonal antibodies raised against Klebsiella LPS may penetrate
through the Klebsiella capsule and react with their target

epitopes on the bacterial cell surface, as detected by ELISA
(32, 33) or immunogold staining (24). However, different Kleb-
siella capsular serotypes appear to have various capacities for
“shielding” the bacterial cell surface against O-specific anti-
bodies. Thus, while the K1, K10, and K16 capsules act as
complete barriers against the penetration of O-specific anti-
bodies, other serotypes, including K2, allow at least partial
binding of O antibodies compared to what nonencapsulated
control strains allow (32, 33).
The MAb examined in the present study was therefore char-

FIG. 2. Photomicrograph of hematoxylin-and-eosin-stained mouse lung 24 h after infection with K. pneumoniae Caroli. The mice were pretreated with MAb Ru-O1
(A) or PBS (B). The bar represents 50 mm.
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acterized not only with respect to its binding to purified LPS
but also for its ability to detect cell-bound LPS on the surfaces
of both nonencapsulated and encapsulated Klebsiella strains.
In experiments using purified LPS from various O-antigen
prototype strains, we found that MAb Ru-O1 reacted with
Klebsiella serogroups O1, O6, and O8. The cross-reaction of
the O1-specific MAb with strains representing the O6 and O8
serogroups was not surprising, since it was shown previously
that both the O6 and the O8 serogroups are highly related to
O1 (20, 21, 26). In fact, although the O8 antigen appears to
differ chemically from the O1 antigen (20, 21), our own data
show that these two antigens cannot be differentiated by con-
ventional serology. We also found that MAb Ru-O1 reacted
with E. coli 8188/41 (O19ab), which expresses an O antigen
found previously to be serologically identical to that of Kleb-
siellaO1 (19). Therefore, the LPS binding data show that MAb
Ru-O1 recognizes an immunodominant epitope present in the
side chain of Klebsiella O1 LPS.
For binding studies with whole organisms, we used a sero-

group O1:K2 strain, K. pneumoniae Caroli, which had been
found in previous studies to be highly virulent for mice and rats
(4, 15, 34). As shown in Table 2, the MAb bound well to a
nonencapsulated mutant of this strain, while its binding to the
parent strain was considerably reduced by the presence of the
K2 capsule. Similar findings were obtained with a second se-
rotype O1:K2 strain and its isogenic, nonencapsulated variant.
The fact that some degree of binding to the encapsulated
strains was noted under conditions of enhanced sensitivity may
possibly be explained by heterogeneity of the bacterial popu-
lation, which may include subpopulations exhibiting reduced
capsule layers (see below).
We subsequently analyzed the ability of the MAb to protect

in a model of experimental Klebsiella infection induced by
strain Caroli. Compared to a capsule-specific MAb described
previously, the amount of MAb needed to provide 50% pro-
tection was more than 100-fold higher (;30 mg/g compared to
,0.25 mg/g). However, subsequent studies using the optimally
protective dose of 40 mg/g showed that the MAb was able to
reduce the number of organisms in the blood, to inhibit bac-
terial dissemination to various organs, and to reduce sepsis-
related lung injury (Fig. 1 and 2). The fact that the MAb
promoted bacterial clearance in the bloodstream shows that it
is opsonic under in vivo conditions.
In contrast to these in vivo findings, initial in vitro phagocy-

tosis experiments with MAb Ru-O1 performed in our labora-
tory by means of a previously described microplate method
(34) showed that the MAb opsonizes only nonencapsulated O1
serogroup strains. Thus, at a 2:1 ratio of bacteria to human
granulocytes, a 5-mg/ml final MAb concentration in the assay
system induced a 94.4% 6 3.0% uptake of the nonencapsu-
lated variant of K. pneumoniae Caroli. By contrast, the encap-
sulated parent strain was not phagocytosed under the same
assay conditions, while the anticapsular MAb III/5-1 was highly
opsonic, with a mean bacterial uptake of 92.2% 6 5.1% (P ,
0.001) (33a). At first site, these data appear to be at variance
with the observation of an vivo phagocytosis-promoting effect
of the anti-LPS MAb. However, during multiplication in vivo,
significant subpopulations of encapsulated organisms may have
a reduced capsule thickness or even lack the capsule, as sug-
gested by data reported by Frasa et al. for E. coli (13). There-
fore, more detailed studies are needed to fully elucidate the
opsonophagocytic effect of MAb Ru-O1. Furthermore, in ad-
dition to promoting phagocytosis, O-antigen-specific MAbs
may also exert protection by neutralizing circulating free LPS
and thereby reduce activation of proinflammatory cytokines
(13, 22). Straus et al. showed that the release of soluble LPS

plays a significant role in the pathogenesis of Klebsiella-in-
duced lung injury (30, 31). Further studies, in which we will
analyze the contribution of various mechanisms to the overall
protective effect exerted by MAb Ru-O1, are therefore under
way in our laboratory.
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