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The polysaccharide capsule of Klebsiella pneumoniae is an important virulence factor that confers resistance
to phagocytosis. The treatment of encapsulated bacteria with salicylate to inhibit capsule expression was found
to enhance the phagocytosis of encapsulated bacteria by human neutrophils only in the presence of cell
surface-specific antibodies. Both type-specific rabbit antisera and anticapsular human hyperimmune globulin
were employed as opsonins. Salicylate significantly enhanced phagocytosis with homologous, but not
heterologous, whole-cell antisera. Antisera, diluted 1:40, no longer opsonized fully encapsulated bacteria but
promoted the uptake of multiple salicylate-treated bacteria in >90% of neutrophils. Salicylate (0.25 to 1.0 mM)
also enhanced opsonization with globulin against homologous bacteria. Higher salicylate levels (1 to 2.5 mM)
enhanced the opsonization of heterologous serotypes with human globulin. The nature of antibody attachment
to encapsulated bacteria was determined by immunofluorescence. Even after the addition of purified capsular
polysaccharide to prevent phagocytosis, K-specific antibodies attached in large amounts to bacteria. K-specific
antibodies reacted with antigens throughout the capsule and showed a predilection for a denser inner layer of
the capsule, indicating that many of the K-specific antibodies may be masked underneath the capsule surface.
K-specific antibodies can also be rendered nonfunctional by soluble, cell-free capsular antigen. In culture, large
quantities of soluble capsular polysaccharide extrude from bacteria after overnight growth. The reduction in
capsule expression caused by salicylate largely affected the soluble, cell-free fraction. Purified capsular
polysaccharide was shown to retard the opsonophagocytosis of salicylate-treated bacteria in a concentration-
dependent manner. However, extensive washing of encapsulated bacteria to remove loosely attached capsular
material did not significantly enhance opsonophagocytosis. In conclusion, cell-free capsule and cell-associated
capsule are antiphagocytic; both act to neutralize K-specific antibodies by binding or concealment. Salicylate-
mediated inhibition of capsule expression, particularly of the cell-free fraction, improved K-specific opsoniza-

tion dramatically.

Encapsulated gram-negative bacteria, such as Klebsiella
pneumoniae, are among the leading causes of morbidity and
mortality in the hospital environment (16). An important
characteristic of K pneumoniae growth is the production of
capsular polysaccharide (CPS). A thick CPS layer, referred to
as a capsule, envelops these bacteria and thwarts protective
host defenses (20, 22, 25, 26). Encapsulated K. pneumoniae
also produces large quantities of cell-free CPS (12), which is
aggregated with toxic lipopolysaccharide (LPS) and contrib-
utes to pathogenicity (1, 11, 21). Circulating, cell-free CPS may
also bind and neutralize antibodies that would otherwise attach
to and opsonize bacteria (5, 18).

The production of opsonizing antibodies is an important
aspect of immunity to K pneumoniae. In vitro analysis has
identified antibodies to CPS (K-specific antibodies) as impor-
tant opsonins for phagocytic uptake (19). Thus, vaccine devel-
opment for encapsulated bacteria has emphasized capsular
(K-specific) antigens (3, 6). However, K-specific immunother-
apy for K pneumoniae must cover numerous serotypes among
the 70+ serologically distinct capsular types identified within
this species. A 24-valent, K-specific vaccine, now in clinical
trials, covers 60 to 70% of the bacteremic isolates of K
pneumoniae. Human hyperimmune globulin has been raised
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from this vaccine for passive administration and has shown
promise in combatting K. pneumoniae infections (3, 4).

For K. pneumoniae and related bacteria, the quantity of CPS
made is directly related to virulence (8, 11, 14). Salicylate has
been used in vitro to reduce CPS expression by several
serotypes of K. pneumoniae (10). It was shown recently that the
inhibition of K. pneumoniae capsule expression with salicylate
enhanced the phagocytic uptake of an O1:K2 strain, especially
in the presence of antiserum raised in rabbits against homol-
ogous, formalinized whole cells (9). This report evaluates the
opsonic potential of K-specific antibodies against a number of
K pneumoniae serotypes after capsule reduction.

MATERIALS AND METHODS

Bacteria and media. K. pneumoniae KP1-LC (0O1:K1), 52145
(01:K2), and C3 (O1:K66) were employed in opsonophagocy-
tosis studies. K. pneumoniae B5055 (O1:K2) (the reference
strain for capsular type 2), originally obtained from Stanley
Cryz, Jr. (Swiss Serum Vaccine Institute, Bern, Switzerland),
was used for animal studies. Bacteria were subcultured on
nutrient or sheep blood agar with careful selection and main-
tenance of mucoid colonies. A defined minimal salts liquid
broth medium with a high glucose concentration and low
nitrogen concentration was prepared to promote capsule pro-
duction (10, 12).

CPS. Purified CPS was obtained from gel filtration chroma-
tography of culture supernatants (7). Briefly, CPS from the
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60-ml culture supernatant was precipitated in ethanol, redis-
solved in 10 ml of 1% Zwittergent in 100 mM citric acid, and
loaded on a Sepharose 6B column (2.5 by 45 cm) equilibrated
with 0.05% Zwittergent in 20 mM sodium citrate (pH 4).
Fractions were collected and assessed for their content of CPS,
LPS (15), and protein (17). CPS was measured by uronic acid
determinations (2). Total CPS was measured after mild, quan-
titative extraction of bacteria with Zwittergent 3-14 (Calbio-
chem, La Jolla, Calif.) in citric acid (7, 10).

Opsonophagocytosis. The growth of bacteria with or without
salicylate treatment and the purification of human polymor-
phonuclear leukocytes (PMNL) have been described previ-
ously (9). Bacteria and PMNL were suspended in Hanks’
balanced salt solution (HBSS) containing 0.1% gelatin. Op-
sonophagocytic mixtures contained 160 .l of bacteria (2 X 107
CFU/ml), 160 ul of PMNL (2 X 10° cells per ml), 40 ul of
normal rabbit serum (Sigma Chemical Co., St. Louis, Mo.) as
a source of complement, and 40 pl of antiserum. All antisera
were used undiluted except for K2 antiserum, which was
diluted 1:40 in HBSS to minimize aggregation of bacteria.
Mixtures were incubated for 30 min at 37°C in a shaking water
bath and then diluted to 10 ml with cold HBSS. After
centrifugation at 400 X g to separate PMNL and extracellular
bacteria, the pelleted cells were resuspended in 1 ml of HBSS.
Smears were prepared by centrifuging 125 pl onto glass slides
with a Cytospin 2 centrifuge (Shandon, Pittsburgh, Pa.). Cells
were stained with LeukoStat stain (Fisher Diagnostics, Or-
angeburg, N.Y.). One hundred PMNL each on duplicate slides
were examined to determine the percent phagocytosis (%P)
[(number of PMNL containing bacteria/total number of
PMNL) X 100] and phagocytic index (PI) (number of intra-
cellular bacteria in 100 PMNL).

Antisera. Serotype-specific, polyclonal antisera were raised
in rabbits with formalin-treated, whole-cell encapsulated bac-
teria (13). K66 antiserum was a gift from Juan M. Tomas.
Nosocuman, a human intravenous immunoglobulin (IVIG)
preparation, enriched in antibodies to the Klebsiella K2 CPS,
was used both for in vivo studies and for in vitro studies.

Immunofluorescence. Smears were prepared from op-
sonophagocytic mixtures to demonstrate rabbit K2 antibodies
bound to O1:K2. Goat anti-rabbit immunoglobulin G (IgG)
conjugated with rhodamine (Sigma), diluted 1:100, was incu-
bated with smears for 30 min at 37°C and examined and
photographed by using a Labphot microscope with episcopic
fluorescence and Microflex AFX photographic attachments
(Nikon Corp.).

RESULTS

The reduced expression of capsule by all K pneumoniae
serotypes was achieved by culturing bacteria in the presence of
salicylate. Overnight growth in defined medium containing 2.5
mM salicylate reduced CPS expression by 70 to 80% for all
strains (10). In the presence of fresh complement, but in the
absence of specific antisera, salicylate treatment increased the
%P and the PI only marginally. The results with K-specific
antiserum as the opsonin are shown in Fig. 1. Homologous
K-specific antiserum increased the %P and PI for salicylate-
treated bacteria markedly, especially for O1:K2. K2 antiserum
diluted 1:40 no longer promoted bacterial aggregation and
showed virtually no opsonization of fully encapsulated O1:K2,
yet it promoted a pronounced uptake of salicylate-treated
O1:K2 bacteria by PMNL (P < 0.001). The absorption of
anti-K2 antibody with a noncapsular variant strain of O1:K2
did not appreciably affect the results, and the antisera retained
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FIG. 1. Effects of salicylate and homologous, K-specific antiserum
on opsonophagocytosis. K pneumoniae serotypes O1:K1, O1:K2, and
01:K66 were cultured overnight with (gray bars) or without (black
bars) 2.5 mM salicylate, washed, and incubated with human PMNL in
10% fresh, normal serum and 10% K-specific antiserum for 30 min at
37°C. (a) %P; (b) PI. Each error bar represents 1 standard deviation (n
= 3).

serotype specificity even after salicylate treatment of bacteria
(data not shown).

Similar results were obtained with IVIG, a hyperimmune
globulin produced in humans from a 24-valent K-specific
vaccine (Nosocuman). This IVIG is reactive with serotype 2
but not with serotype 1 K pneumoniae. In phagocytic assays
employing fully encapsulated O1:K1 or O1:K2 bacteria and 2.5
mg of IVIG per ml, minimal phagocytosis was observed, as
shown in Fig. 2. Phagocytic uptake for both serotypes was
enhanced by salicylate pretreatment in a concentration-depen-
dent manner. A marked increase in opsonization of O1:K2
occurred at relatively low concentrations of salicylate (=1
mM), while opsonization of O1:K1 occurred gradually and
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FIG. 2. Effects of salicylate concentration on opsonophagocytosis
of K. pneumoniae in the presence of K-specific IVIG. K. pneumoniae
serotypes O1:K1 and O1:K2 were cultured overnight in various
concentrations of salicylate and incubated with human PMNL in 10%
fresh, normal serum and 2.5 mg of IVIG per ml for 30 min at 37°C. The
%P of strains O1:K1 (O) and O1:K2 (O) and the PI of strains O1:K1
(M) and O1:K2 (@) are shown. Each error bar represents 1 standard
deviation (n = 3).
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TABLE 1. Effects of the removal of loosely adherent CPS

on opsonophagocytosis
Salicylate No. of Cell-free .
g;fl‘c’:a(;";‘;,‘, washes®  CPS (ng/ml)® %P PI
0 0 4,800 = 700 ND* ND
0 1 120 = 70 0x0 0+0
0 2 20+ 10 0.5+0.5 05+05
0 3 10+x4 25+25 3.0 +3.0
1 0 950 + 470 ND ND
1 1 127 975+ 25 581 = 140

“ K pneumoniae O1:K2 was cultured overnight in defined medium with
salicylate added as indicated.

® One milliliter of an overnight bacterial culture was washed with 1 ml of HBSS
to remove loosely adherent CPS. Washed bacteria were placed immediately into
opsonophagocytic assays.

< Estimate of the cell-free CPS concentration carried over to the phagocytic
mixture. CPS concentrations were determined from washes of overnight cultures
(10° CFU/ml) that were diluted to final concentrations of 8 X 10% CFU/ml in
phagocytic assays. CPS concentrations were factored from uronic acid determi-
nations (2) multiplied by 3.78 (uronic acid is 26.4% of the weight of CPS).

4 Determined after a 30-min incubation at 37°C in the presence of comple-
ment, PMNL, and homologous, K-specific antiserum.

¢ ND, not determined.

only after pretreatment with high concentrations of salicylate
(>1 mM). Both the %P and the PI increased in proportion to
the salicylate pretreatment concentration. Thus, opsonization
by K-specific, human hyperimmune globulin was enhanced
substantially by the treatment of bacteria, particularly the
homologous O1:K2 serotype, with salicylate.

An understanding of how decapsulation enhances K-specific
opsonophagocytosis may lie in the nature of antibody attach-
ment. It is widely held that bacteria neutralize anticapsular
antibodies by producing large quantities of cell-free CPS.
Loosely adherent CPS that detaches from bacteria (antigen
sloughing) may bind to an opsonic antibody, thus making it
unavailable to promote phagocytosis. The influence of antigen
sloughing was assessed by thorough removal of loosely at-
tached CPS from bacteria. Three washes of fully encapsulated
O1:K2 reduced the quantity of cell-free CPS in samples by
several orders of magnitude, as summarized in Table 1.
However, when washed cells were immediately placed into
phagocytic assays, the %P and PI in the presence of K-specific
antibody increased only slightly. Thus, extensive washing of
bacteria to remove cell-free capsule and loosely attached
capsule had little influence on the poor opsonization of fully
encapsulated bacteria with K-specific antibodies. Compare this
with the extensive opsonophagocytosis of O1:K2 pretreated
with 1 mM salicylate, which was used as a positive control
(Table 1).

Salicylate also had a significant effect on the proportion of
CPS that became cell free during culture. Overnight cultures of
K. pneumoniae O1:K2 contained large amounts of cell-free
capsular material, which fractionated into the supernatant
upon centrifugation. The influence of salicylate concentration
on overall CPS production and capsule shedding from serotype
O1:K2 is shown in Fig. 3. Cultures showed salicylate concen-
tration-dependent decreases in both cell-associated CPS and
cell-free CPS. However, with increasing amounts of salicylate,
there was a disproportionately greater decrease in cell-free
CPS. At 2.5 mM salicylate, the percentage of CPS in superna-
tants was 35.9% * 8.2% versus 53.6% * 7.9% for cultures not
treated with salicylate (P < 0.005).

The influence of antigen sloughing on opsonophagocytosis
was also tested by adding purified K2 CPS to salicylate-treated
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FIG. 3. Influence of salicylate concentration on CPS production
and shedding. K pneumoniae serotype O1:K2 was cultured in defined
medium containing various salicylate concentrations. Cultures were
centrifuged, and CPS was extracted from the bacterial pellet (black
bars) and culture supernatants (gray bars). CPS is expressed as the
quantity (in nanograms) of uronic acid recovered per 10° CFU. Each
bar represents the mean of at least three trials.

O1:K2 bacteria in phagocytic assays. Added CPS produced a
concentration-dependent decrease in %P for decapsulated
O1:K2 in the presence of PMNL and K-specific rabbit poly-
clonal antiserum diluted 1:40. The %P was reduced by 23% *
15%, 73% * 29%, and 97% * 5% with 0.025, 0.25, and 2.5 pg
of added CPS per ml, respectively. The 50% inhibitory con-
centration of CPS was 0.145 pg/ml. Immunofluorescence mi-
croscopy showed that even at 2.5 ng of added CPS per ml,
K-specific antibodies attached in apparently large amounts to
bacteria, as illustrated in Fig. 4a, yet virtually no phagocytosis
was observed. In Fig. 4b, K-specific antibodies are shown
attached to fully encapsulated O1:K2 bacteria which are bound
to PMNL. Though the intensity of fluorescence was high, again
no phagocytosis was observed.

DISCUSSION

Promoting phagocytosis with decapsulating agents repre-
sents a novel approach to immunotherapy as well as a novel
form of immune modulation. It is widely assumed that K-
specific antibodies can be neutralized and rendered nonfunc-
tional by copious production of CPS. If capious capsule
production and sloughing play an important role in pathogen-
esis, then salicylate may curtail this virulence parameter and
allow K-specific opsonophagocytosis to occur efficiently.

The potential importance of cell-free CPS in pathogenicity
warranted a closer look at the conditions that influence its
production. Several investigators (11, 12, 14) have observed
that cell-free CPS elaborated by K. pneumoniae increases in
proportion to the size of the cell-associated capsule. The
shedding of capsule is influenced by a number of factors,
including pH and cation content (7, 23). It is now evident that
salicylate diminishes the sloughing of cell-free CPS to a
disproportionately greater degree than expected. The effects of
salicylate on pH or chelation of cations could possibly affect
the degree of sloughing. Since multivalent cations can act to
stabilize capsule structures, copious capsule production can act
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FIG. 4. Immunofluorescence. Samples of opsonophagocytic mixtures of K pneumoniae serotype 01:K2 and rabbit anti-K2 serum were stained
with goat anti-rabbit IgG conjugated with rhodamine. (a) Salicylate-treated bacteria in the presence of cell-free CPS (2.5 ng/ml). Magnification,

X19,278. (b) Fully encapsulated bacteria. Magmﬁcatlon, X49,140.

as a cation sink, thus depleting the “cement” that keeps the
capsule together.

By limiting the expression of both cell-associated CPS and
cell-free CPS, salicylate rendered bacteria susceptible to
phagocytosis in the presence of anticapsular antibodies. Our
evidence indicates that even the smallest amount of cell-free
CPS carried over from sample preparation can inhibit op-
sonophagocytosis. The quantity of cell-free CPS in phagocytic
assays after one wash of fully encapsulated O1:K2 (120 ng/ml;
Table 1) approximated the 50% inhibitory concentration for
K2 CPS on anti-K2 opsonization (145 ng/ml). Thus, in the
standard phagocytosis procedure, enough cell-free CPS is
carried over after the preparation of bacteria to inhibit op-
sonophagocytosis by nearly 50%. However, a more thorough
washing of encapsulated O1:K2 did not enhance opsono-
phagocytosis to any great extent. Though much antibody was
bound to the capsule, as seen by immunofluorescence, such
attachment did not promote phagocytosis. The nature of
antibody attachment in general suggested a concentration
gradient, whereby most of the antibody bound to proximal sites
within the capsule. A similar immunofluorescence pattern with
K-specific antibodies has been reported previously for this
serotype (24).

Since CPS is exposed on the surface of encapsulated K
pneumoniae, it is not immediately apparent why the inhibition
of CPS enhances opsonization by anticapsular antibodies. The
data presented here point to at least three aspects of capsule-
mediated resistance to K-specific phagocytosis: (i) neutraliza-
tion of antibody by cell-free CPS, (ii) blocking of phagocytic
receptors on PMNL by immune complexes of cell-free CPS
and antibodies, and (iii) masking of antibody by the capsule.
The first aspect is probably important in situations involving
limited amounts of antibody. The blocking of phagocytic
receptors, especially those for IgG molecules, by immune
complexes may also mediate resistance. Our evidence for this
is that added cell-free CPS inhibited the opsonophagocytosis
of salicylate-treated bacteria even when bacteria contained
bound antibody, as determined by immunofluorescence. A
similar phenomenon may occur with fully encapsulated bacte-
ria, in that antibody-coated bacteria may bind to PMNL and

then detach because of the loosely adherent nature of CPS.
Thirdly, the capsule may act as a large antigenic sink, capable
of absorbing large quantities of anticapsular antibody. Inhibit-
ing capsule expression limits capsule shedding, allowing more
antibodies to reach their intended targets, and may also
unmask many of the antibodies attached to inner layers of the
capsule. Much of the antibody fluorescence emanated from
interior sections of the capsule, indicating that considerable
quantities of IgG were masked below the capsule surface. Such
antibodies may not be opsonic unless they are exposed on the
bacterial surface.

With such a pronounced reduction of capsule by salicylate,
perhaps other non-K opsonins may also play a role. Appar-
ently, certain non-K antibodies are present in IVIG since the
O1:K1 strain was opsonized after high-dose salicylate treat-
ment of bacteria, even though the K1 serotype is not re-
presented in this IVIG preparation. Apparently, antibodies
directed at targets masked by the capsule (i.e., LPS) were
present at low levels and became functional opsonins only after
severe repression of CPS production (25). After salicylate
treatment of bacteria, IVIG not only became a better opsonin
but also exhibited a broader range of activity. Thus, salicylate
treatment may improve both efficiency and coverage in immu-
notherapy.

Whether salicylate actually inhibits capsule production in
vivo is still not known. Preliminary data indicate that while
salicylate allowed the reduction of the IVIG (Nosocuman)
protective dose under certain conditions, the data were mixed.
IVIG has been shown to protect mice against lethal K
pneumoniae challenge (3, 4). Mice challenged with K pneu-
moniae (25 50% lethal doses) received IVIG and salicylate at
the time of challenge. At subtherapeutic levels of anti-K2 IgG,
salicylate (~1 mM peak serum concentration) improved sur-
vival, perhaps by facilitating interaction between bacteria and
host cells. However, at doses of IVIG capable of mediating
protection, the addition of salicylate decreased survival, per-
haps by altering an important host response. There are likely
pleiotropic effects of salicylate on both host and target bacteria
that are not well understood.
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