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Klebsiella pneumoniae KP1-0 capsular polysaccharide (PS) was isolated from culture ‘supernatants by
coprecipitation with N-cetyl-N,N,N-trimethylammonium bromide. PS was composed primarily of carbohy-
drate and contained <1% (wt/wt) protein and nucleic acids. The protective capacity of passively transferred
anti-PS was evaluated in a murine burn wound sepsis model. Anti-PS antibody was found to offer high levels of
protection (P = 0.02) against a low challenge dose of K. pneumoniae KP1-0. The 50% lethal dose for mice which
received anti-PS antibody was increased from 10- to 40-fold over that for mice which received normal rabbit
serum. Anti-PS antibody was found to he most effective at reducing mortality when administered before the
challenge. In experiments designed to monitor the course of the infection, anti-PS was found to both delay the
onset of bacteremia and reduce bacterial counts in the blood. Optimal protection against fatal burn wound
sepsis was obtained by the use of a combined antibiotic and passive antibody therapy regimen.

Gram-negative aerobic bacilli currently account for a
substantial percentage of nosocomial infections (2, 6a). Of
this bacterial grouping, Klebsiella spp. are a leading cause of
morbidity and mortality (13, 17). Several hospitalized patient
populations are at increased risks to infections with Klebsiel-
la spp., including neonates (14, 24) in which frequent epi-
demics have been reported, patients receiving respiratory
therapy (15, 19), and urological (4) and burn wound patients
(16, 21). The occurrence of Klebsiella strains displaying
multiple-drug resistance (3, 28) has greatly complicated
therapy. Mortality rates, even in the face of intensive
chemotherapy, may approach or exceed 50% (13, 17).

Several Klebsiella somatic antigens, including capsular
polysaccharide (PS) (6, 8, 12, 26), pili (11), and a heat-labile
cell surface antigen of an unknown nature (6), have been
implicated as important virulence factors. Of these, PS has
been most intensely studied. Possession of a large capsule
appears to be essential for virulence of Klebsiella pneumo-
niae in several animal models (8, 10). Anti-PS antibody,
elicited in response to immunization either with whole-cell
or ribosomal vaccines, confers good levels of protection
against a live challenge (6, 12, 26, 27). To date, the efficacy
of systemically administered anti-PS antibody has not been
evaluated.

In the present report, the efficacy of intravenously admin-
istered antiserum raised against purified PS was evaluated.
In light of the importance of Klebsiella spp. as a human burn
wound pathogen (16, 21, 24), protection afforded by anti-PS
antibody was studied by using a murine burn wound sepsis
model.

MATERIALS AND METHODS

Bacterial strains and growth conditions. K. pneumoniae
KP1-0 was obtained from Dr. Straus, Texas Tech University
Health Science Center, Lubbock, Tex. Cultures were grown
at 37°C with shaking in Trypticase soy broth with dextrose
(BBL Microbiology Systems, Cockeysville, Md.) supple-
mented with 1% (vol/vol) glycerol.

Purification of PS. Stationary-phase cultures (16 h) were
centrifuged at 12,000 x g for 30 min. The semiclear superna-
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tant was decanted off and recentrifuged twice. N-Cetyl-
N,N,N-trimethylammonium bromide (E. Merck AG, Darm-
stadt, Federal Republic of Germany) was added as a 10%
stock to equal 0.5% (wt/vol). The mixture was stirred for 1 h
at room temperature and then centrifuged at 5,000 x g for 10
min. The pellet was dissolved in 500 ml of 1 M NaCl by
gentle stirring. An equal volume of water was added, fol-
lowed by the addition of ethanol to yield 25% (vol/vol). This
was stirred overnight at 4°C and centrifuged for 30 min at
12,000 x g. The pellet was discarded, and the ethanol
concentration was increased to 80% (vol/vol). The precipi-
tate was collected by centrifugation, resuspended in water,
and ultracentrifuged at 100,000 X g for 16 h to remove
lipopolysaccharide. PS was precipitated from the clear su-
pernatant with ethanol (80% [vol/vol]), collected by centrifu-
gation, dissolved in water, and lyophilized.

Chemical analysis. Protein was determined by the method
of Lowry et al. (18), using bovine serum albumin as a
standard. Nucleic acids were quantitated by measuring the
absorbance at 260 nm of a 1-mg/ml PS solution in water by
using the conversion formula, 50 pg of nucleic acid per ml
yields an absorbance of 1.0 in a 1-cm cuvette (29). Residual
water content was determined by Karl Fischer titration. 2-
Keto-3-deoxyoctonate was quantitated by the thiobarbituric
acid method (22). Carbohydrate content was determined by
the phenol-sulfuric acid method (9).

Enzyme-linked immunosorbent assay. Enzyme-linked im-
munosorbent assays for the quantitation of anti-PS antibody
were performed as follows. Microtiter plates (Linbro; Flow
Laboratories, Inc., Hamden, Conn.) were coated with PS by
the addition of 200 pl of a 50-pg/ml solution in 0.1 M sodium
carbonate (pH 9.6) per well. Plates were incubated at 37°C
for 3 h and then stored at 4°C. Antisera were diluted in
phosphate-buffered saline (PBS) containing 0.02% Tween 20
(PBS-Tween 20). Coated microtiter plates were washed
three times with PBS-Tween 20, and 200 ul of appropriately
diluted antiserum was added per well. Plates were incubated
at 22°C for 6 h and then washed three times with PBS-Tween
20. A 200-pl volume of a 1:2,500 dilution of peroxidase-
labeled protein A (20) (for the detection of immunoglobulin
G) was added per well, and the plates were incubated
overnight at 4°C. Plates were washed with PBS-Tween 20,
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and 200 pl of substrate solution [10 mg of 2,2'-azino-di(3-
ethyl-benzylthiozoline) sulfonic acid 6 (Boehringer Mann-
heim, Mannheim, Federal Republic of Germany) in 50 ml of
0.1 M NaPO, (pH 4) to which 125 pl of 10% H,0, was added
just before use] was placed into each well.

The reaction was allowed to proceed for 30 min. The
absorbance was then measured at 405 nm in a Titertek
Multiscan (Flow Laboratories, Inc.). Titers are expressed as
the serum dilution which gave an absorbance at 405 nm of
0.4, a value which is at least two standard deviations above
the readings obtained when normal rabbit serum (negative
control) was tested.

Production of antisera. Antisera to purified PS and to live
K. pneumoniae were raised in rabbits (2.5 to 3 kg, New
Zealand White) as follows. Rabbits were immunized intra-
muscularly on days 0, 14, 28, and 42 either with 1 mg of PS
(first dose in Freund complete adjuvant, second dose in
Freund incomplete adjuvant, and the third and fourth doses
in 0.5% AIOH) or with 10'° washed KP1-0 cells (without
adjuvant). Animals were exsanguinated 14 days after the
final immunization. Rabbit antisera had an immunoglobulin
G enzyme-linked immunosorbent assay titer of 150.

Burn wound model. The murine burn model was used as
previously described (7). Mice (18 to 20 g, Swiss Webster
White) were anesthetized in an atmosphere of fluoromethyl
ether (Ethrane; Abbott Laboratories, North Chicago, Ill.)
and subjected to a 10-s ethanol burn over a 2-cm? area of the
back. The challenge organisms (diluted in PBS) were given
subcutaneously at the burn site in 0.5 ml of PBS. The
bacterial challenge was quantitated for each experiment by
viable plate counts.

Quantitation of bacteria in blood and tissues. Bacterial
numbers in the blood, skin (at the challenge site), and liver
were quantitated as previously described (7).

Statistical analysis. The mean lethal dose was calculated by
the method of Reed and Muench (25). Statistical significance
was determined by the chi-square method.

RESULTS

PS was isolated from culture supernatants of K. pneumo-
niae KP1-0 by coprecipitation with N-cetyl-N,N,N-trimeth-
ylammonium bromide. Further purification of PS entailed
the removal of nucleic acids by ethanol precipitation and the
removal of lipopolysaccharide by ultracentrifugation. PS
was composed primarily of polysaccharide with trace quanti-
ties of protein, nucleic acids, and lipopolysaccharide present
(Table 1). Yields exceeded 400 mg of PS per liter of initial
culture supernatant.

The protective capacity of passively transferred anti-PS
antibody against fatal K. pneumoniae burn wound sepsis
was first evaluated against a low challenge dose (Table 2).
Three independent experiments were performed with con-
trol mice receiving normal rabbit serum. In all three determi-
nations, anti-PS provided high levels of protection against

TABLE 1. Composition of K. pneumoniae KP1-0 polysaccharide

Component % Dry wt
Carbohydrate................... ..o, 70
Protein ... 0.75
Nucleicacids. ...ttt 0.65
AmMINO SUBATS ...ttt ittt it ND«
KDO? .. 0.15
Residual moisture. .............. ..o, 49

“ ND, None detected.
b KDO, 2-keto-3-deoxyoctonate.

INFECT. IMMUN.

TABLE 2. Protection against fatal K. pneumoniae sepsis by
passive transfer of anti-PS*

Experiment Antiserum s

no. transferred® Mortality P

1 Norma] rabbit 13/15 <0.01
Anti-PS 2/15

2 Normal rabbit 7/10 0.02
Anti-PS 1/10

3 Normal rabbit 19/20 <0.01
Anti-PS 720

“ Mice were challenged with ca. 10 K. pneumoniae KP1-0.

5 A 0.2-ml volume of serum per mouse was transferred intravenously 24 h
before the challenge.

¢ Number dead/total number of mice.

lethal infection (P < 0.01 to P = 0.02). Mortality was
reduced from 70 to 95% in the control groups to 10 to 35% in
groups which received specific antibody. In additional ex-
periments, an equivalent degree of protection (86%) was
provided by the passive transfer of either anti-PS antibody or
antiserum produced against intact K. pneumoniae KP1-0
cells.

Next, the degree of protection provided against fatal
infection by passive therapy with anti-PS antibody was more
precisely defined by determining the 50% lethal dose (LDsg)
for treated and control mice (Table 3). More than 50% of the
animals in the control group died at the lowest challenge
dose in both experiments (<20 organisms). Anti-PS antibody
raised the LDs, between 10- and 40-fold. Attempts to further
increase the LDsq by the additional administration of specific
antisera at various times postchallenge were hampered by
the adverse reactions noted in mice which received multiple
doses of anti-PS.

All previous experiments were carried out with the anti-
sera administered before the challenge under conditions in
which anti-PS antibody was found to be highly protective.
Next, the protective capacity of anti-PS antibody was com-
pared when given pre- and postchallenge (Table 4). Statisti-
cally significant protection (P < 0.01) was obtained only
when specific antiserum was administered 24 h before the
challenge. However, the reduced mortality rates seen when
anti-PS antibody was given at +24 h and +48 h (71 and 78%,
respectively) as compared with that of the control group
(93%) suggested that some protection was provided by
specific antibody. Antiserum administered at times later
than 48 h did not substantially reduce mortality.

The mechanisms by which anti-PS antibody mediates its
protective effect was investigated by monitoring the course
of the infection. Preliminary experiments showed that al-
though treatment with specific antiserum (given at —24 h
relative to the challenge) only slightly reduced the numbers
of bacteria in the skin at the challenge site as compared with

TABLE 3. Mean lethal dose for mice receiving normal rabbit
serum or anti-PS after challenge with K. pneumoniae KP1-0

LDs,? in expt:
Serum transferred”

1 2
Normal rabbit <1.65 X 10 <1.6 X 10
Anti-PS 6.7 x 10? 1.6 x 10?

“ Each mouse received 0.2 ml of serum by intravenous route 24 h before
challenge.
b Groups of six mice were used.
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TABLE 4. Protective effect of anti-PS administered pre- and
postchallenge against K. pneumoniae KP1-0 infection

Administration No. dead/total

Serum administered time (h)? (%) P
Normal rabbit -24 14/15 (93)
Anti-PS —-24 5/15 (33) <0.01
Anti-PS +24 10/14 (71) NS
Anti-PS +48 11/15 (78) NS
Anti-PS +72 14/15 (93) NS
Anti-PS +96 12/14 (86) NS

“ The challenge dose was ca. 2 X 10 K. pneumoniae KP1-0.

® Time of antibody administration relative to the time of challenge (0). Each
mouse received 0.2 ml of serum intravenously.

< NS, Not significant (P > 0.05).

that in control mice, bacteremia and liver colonization were
markedly reduced (data not shown). Therefore, the develop-
ment and severity of bacteremia was studied in control and
specific antiserum-treated mice (Table 5). Bacteremia was
first noted at 2 days postchallenge in control mice and
persisted throughout the course of the experiment. By day 5,
80% of control mice were bacteremic, with numbers ap-
proaching 10%/ml of blood. In contrast, the onset of bacter-
emia was delayed to day 4 in antiserum-treated mice (20%
culture positive). Blood cultures were negative on days 5 and
6, with bacteremia again detected on days 7 and 8. However,
although between 40 and 60% of mice which received
antiserum were bacteremic on these later days, the number
of organisms was ca. 1,000-fold less than that concurrently
seen in control mice.

Finally, the effect of combined antibiotic and passive
therapy on fatal KP1-0 sepsis was evaluated. Gentamicin,
administered 24 h postchallenge was ineffective at reducing
mortality (Table 6). Whereas anti-PS antibody increased the
LDsy at least 7-fold, the inclusion of gentamicin into the
therapeutic regimen resulted in a further 15-fold increase in
the LDs, (to yield a total 105-fold increase in the LDs).

DISCUSSION

The importance of PS in the pathogenesis of K. pneumo-
niae experimental infections has been recognized for some
time (10). Although the role of capsule in human infections
has not been extensively investigated for Klebsiella species,
a direct correlation between the presence of capsular antigen
in the blood and a fatal outcome has been demonstrated (23).
The consistently high mortality rates for Klebsiella infec-
tions (especially pneumonia) (16) provide an impetus for the
development of immunotherapeutic-immunoprophylactic
agents. However, relatively few studies have been per-
formed in an attempt to investigate the potential of immu-
nological therapy based on anticapsular antibody (5, 6, 12,
26). Furthermore, there have been no previous reports on
attempts to provide protection against experimental Klebsi-
ella burn infections, even though burn patients are at high
risk for Klebsiella infection (16, 21).
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In the present study, anti-PS was produced against a
highly purified antigen. This is in contrast to previous
reports of experiments in which whole bacterial cells (5, 6),
ribosomal vaccines (12, 26), or polysaccharide preparations
containing appreciable amounts of protein (12) were used to
elicit an anti-PS response. Although all of the above studies
were able to demonstrate protection mediated by anti-PS
antibody, recent findings, which have shown that antibody
against an outer membrane protein is also protective (6),
emphasize the need for highly purified antigens in the
performance of such studies.

Anti-PS administered 24 h before the challenge provided
high levels of protectin against fatal K. pneumoniae burn
wound sepsis. An equivalent amount of antibody given
postchallenge had a greatly diminished protective capacity.
This is most likely due to the fact that in the intervening time
between the challenge and antibody therapy the bacterial
load had increased to levels such that the quantity of
antibody given was insufficient. In addition, the release of
soluble cell-free PS by replicating bacteria would also act to
complex antibody before its coming in contact with the
bacterial cell (8).

In the animal model used in the present study, death was
due to overwhelming bacterial sepsis. Anti-PS antibody
appeared to mediate its protective effect primarily by pre-
venting or reducing the severity of bacteremia, since bacteri-
al numbers in the skin at the site of infection were compara-
ble in specific antiserum-treated mice and in control mice.
Mice which received anti-PS antibody were able to survive
infection with low numbers of K. pneumoniae in the blood.
Bacteremia in this group was substantially reduced in sever-
ity and occurred at a much later time than in control animals.
These findings probably stem from a depletion of the trans-
ferred antibody which allows for the continued seeding of
the blood with bacteria from an extracellular site, most likely
from the skin at the site of challenge. Anti-PS antibody
would therefore function as opsonic antibody, facilitating the
clearance of bacteria-from the blood. This hypothesis is
supported by the finding that anti-PS (secretory immuno-
globulin A) has been shown to promote the killing of K.
pneumoniae in the presence of polymorphonuclear leuko-
cytes (5).

We found that the administration of gentamicin alone was
ineffective in treating an established localized K. pneumo-
niae KP1-0 infection. However, when gentamicin was used
in combination with passive therapy, the protection afforded
was substantially greater than that observed only with
immunotherapy. Increased protection in this case was most
likely due to the action of both agents to prevent sepsis. The
synergistic effect noted could well prove to be an important
aspect in the future evaluation of passive therapy for the
treatment of K. pneumoniae infections.

In two recent reports, infections with Klebsiella species
were second only to Pseudomonas aeruginosa as the cause

. of fatal burn wound sepsis (16, 21). Passive immunotherapy

TABLE 5. Reduction of bacteremia by passive transfer of anti-PS*

% Bacteremic mice (mean counts per ml of blood) on postchallenge day:
2 3 4 5 6 7 8

Normal rabbit <10 20 (2.68 x 10°) 40 (2.64 x 10% 60 (5.8 x 10) 80 (9.2 x 10°) 80 (2.2 x 10*) 60 (3.9 x 10% ND*
Anti-PS <10 <10 <10 20 (7.2 % 10%) <10 <10 60 (3.8 x 10) 40 (1.6 x 10)

2 Mice were challenged (day 0) with ca. 10 K. pneumoniae KP1-0. Groups of five mice were sacrificed at the times indicated, and the number of bacteria in the
blood was determined. The limit of detection was 10 bacteria per ml of blood.

5 Serum (0.2 ml) was transferred intravenously per mouse 24 h before challenge.

“ ND, Not determined.

Serum transferred®
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TABLE 6. Effect of combined antibiotic and passive
immunotherapy on K. pneumoniae KP1-0 burn wound sepsis

Antiserum transferred® ag:‘?;?;?;:;gb LDs"
Normal rabbit No <1.55 x 10
Yes <1.55 x 10
Anti-PS No 9.94 x 10
Yes 1.55 x 10°

2 Serum (0.2 ml) was transferred intravenously 24 h before challenge.

b Each mouse received 2 mg of gentamicin intraperitoneally 24 h postchal-
lenge.

< Groups of six mice were used per challenge dose.

for the prevention and treatment of P. aeruginosa infections
in burn patients has shown promising results (1). Using an
experimental model relevant to human disease, we have
demonstrated that passive therapy with anti-PS is a viable
approach for the prevention of K. pneumoniae sepsis. Al-
though the present study was limited to a single strain of K.
pneumoniae, the ease whereby PS could be isolated and
purified, together with the high level of protection obtained
with anti-PS, warrants further investigation as to the use of
K. pneumoniae PS as a human vaccine candidate.
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