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Staphylococcus aureus 502A was grown in the presence of one-third of the
minimal inhibitory concentration of clindamycin. Phagocytosis of the antibiotic-
treated bacteria by human polymorphonuclear leukocytes was significantly en-
hanced, compared with that of the untreated control (P < 0.001). Study of
opsonization kinetics by a chemiluminescence assay demonstrated that clindamy-
cin-treated staphylococci were opsonized more rapidly than control bacteria and
that the serum concentration required for sufficient opsonization was lower.
Complement was consumed much faster, and the opsonic fragment C3b was fixed
more rapidly to the bacterial surface when the staphylococci were preincubated
with clindamycin. Electron micrographs showed an alteration of the staphylococ-
cal cell wall after clindamycin treatment.

Human polymorphonuclear leukocytes
(PMNs), because of their ability to phagocytize
and kill microorganisms, serve as the corner-
stone of defense against invading bacteria. Sev-
eral antimicrobial agents have been shown to
interfere with the phagocytosis process either
directly by influencing the chemotactic, phago-
cytic, and bactericidal activity of the phagocytic
cells or indirectly by inducing changes in the
target microorganism (4, 6, 10). Enhanced up-
take, killing, or both, of antibiotic-altered bacte-
ria by phagocytes has been reported (1, 2, 5, 8,
11). However, little is known about the mecha-
nisms by which these drugs affect phagocytic
functions. Recently it was shown that clindamy-
cin, when present in subinhibitory concentra-
tions, enhances opsonization of Streptococcus
pyogenes through inhibition ofM protein forma-
tion (3).

In a previous study, we have investigated the
influence of subinhibitory concentrations of sev-
eral antibiotics on the uptake of Staphylococcus
aureus (9). It was found that pretreatment with
clindamycin and doxycyclin augmented phago-
cytosis by PMNs. In this investigation, we tried
to elucidate the mechanism by which clindamy-
cin affects phagocytosis of S. aureus by examin-
ing the opsonization kinetics of untreated and
clindamycin-pretreated bacteria. This phenome-
non was studied by means of leukocyte chemilu-
minescence (CL) and fixation of the third com-
plement component (C3) to the bacterial sur-
face.

MATERIALS AND METHODS

Bacteria. S. aureus 502 A was grown overnight at
37°C in Mueller-Hinton broth (Difco Laboratories) in
the presence or absence of one-third of the minimal
inhibitory concentration (MIC) of clindamycin (The
Upjohn Co.), washed three times in phosphate-buff-
ered saline (PBS), and adjusted photometrically to
yield 2 x 108 CFU/ml. For phagocytosis studies, the
bacteria were radiolabeled by adding 2 j±Ci/ml of
[methyl-3H]thymidine (Amersham Corp.) to the
Mueller-Hinton broth.
PMNs. Human PMNs were isolated from heparin-

ized blood by dextran sedimentation and Ficoll-Hy-
paque gradient, as previously described (9). The puri-
fied PMNs were finally suspended in Hanks balanced
salt solution with 0.1% gelatin to contain 1 x 107 or 5
x 106 cells per ml.
Phagocytosis assay. The uptake of radiolabeled bac-

teria by PMNs was measured in an assay that has been
described elsewhere (13). The phagocytic mixture
contained 5 x 10' PMN, 2 x 107 bacteria, and 5%
pooled human serum. After a 15-min incubation at
37°C in a shaking water bath, 100-,ul samples were
removed to determine leukocyte-associated and total
radioactivity by differential centrifugation. In some
experiments, the leukocyte pellet was incubated for 30
min in 1 p.g lysostaphin (Sigma Chemical Co.) per ml
to lyse any noningested leukocyte-adherent staphylo-
cocci.
CL. CL response of PMNs during phagocytosis of

the bacteria was measured in a liquid scintillation
counter (Marc II; Nuclear-Chicago Corp.), operating
in the out-of-coincidence mode. The assay mixture
contained 1 ml ofPMN (5 x 106), 1 ml of preopsonized
bacteria (2 x 108), and 0.1 ml of a 0.3 ,uM luminol
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TABLE 1. Mean percentage (± SD) of untreated and
clindamycin-treated S. aureus taken up by human
PMNs after a 15-min incubation of the phagocytic

mixture
S. aureus n Uptake (%) P value

Untreated
Clindamycin treated

8 56.3 ± 9.1 <0001
8 76.1 ± 5.3 <.0

Untreated + lysostaphina 5 52.0 ± 8.0 <0.01
Clindamycin treated + ly- 5 68.4 ± 5.7

sostaphina
a Leukocyte pellet was incubated in 1 p.g of lysosta-

phin per ml to remove any extracellular leukocyte-
adherent staphylococci.

solution. Resting values were determined by substitut-
ing Hanks balanced salt solution-0.1% gelatin for
bacteria. Initially, the polypropylene vials (Biovials;
Beckman Instruments, Inc.) containing PMN and lu-
minol were prewarmed in a shaking water bath at 37°C
in the dark. At time zero, opsonized S. aureus was
added to initiate the reaction. CL was monitored for
0.1 min at 60 s intervals over a period of 20 min. Vials
were maintained at 37°C between the counts.
Complement consumption. The tubes containing 0.2

ml of the bacterial suspension (2 x 108 CFU/ml) and
0.8 ml of 10% serum were incubated at 37°C for
different time intervals. The total hemolytic comple-
ment remaining in the serum was titrated with optimal-
ly sensitized sheep erythrocytes by the method of
Mayer (7). The consumption of complement in each
test sample was expressed as a percentage of the
hemolytic complement remaining in a control sample
of serum incubated with PBS instead of bacteria.
Measurement of C3 fixation. The amount of C3 fixed

to the bacterial surface was measured by using an
indirect fluorescent immunoassay. Of the bacterial
suspension, 0.2 ml (2 x 108 CFU/ml) was mixed with

0.8 ml of diluted serum and incubated at 37°C in a
shaking water bath. At indicated times, the process of
C3 fixation was stopped by the addition of 2.5 ml of
PBS containing 10 mM EDTA to the vials. Bacteria
were washed three times with ice-cold PBS. The
pellets were incubated with 500 pAl of 1:20 diluted
fluorescein isothiocyanate-conjugated antiserum spe-
cific for human C3 (Wellcome Research Laboratories)
for 15 min at room temperature. After repeating the
washing procedure, the pellets were suspended in 2.5
ml of 0.1 N NaOH and left at room temperature for 10
min. After centrifugation, the fluorescence of the
supernatant was measured in a spectrofluorometer
(Farrand Optical Co.) with excitation and analyzing
wavelengths of 485 and 525 nm, respectively. The
results are given as percentages ranging from zero
(control test performed with PBS) to 100% (maximal
emission intensity of the series in a day).

RESULTS
S. aureus grown in the presence of subinhibi-

tory clindamycin concentrations was taken up
more readily by PMNs than were control bacte-
ria. After 15 min of incubation, 56% (standard
deviation [SD], ±9) of untreated and 76% (SD,
±5) of clindamycin-treated S. aureus were
phagocytized (P < 0.001). The increased uptake
was not merely due to enhanced attachment of
the bacteria to the PMN, since lysostaphin treat-
ment showed that only about 5% of the bacterial
population was attached and not ingested by the
PMN, no matter whether the bacteria were drug
treated or not (Table 1).
By comparison of the CL responses of the

PMNs during phagocytosis of clindamycin-treat-
ed and control S. aureus, differences in the
opsonic requirements of the two bacterial popu-

cpm x 104
B

V----_*-;.................. 0... ... 0..b.....0..

5 10 15 20 min 5 10 15 20 min

FIG. 1. CL response of PMN induced by untreated ( ) and clindamycin-treated (------) S. aureus,
preopsonized for 5 min in 5% serum (A) and in 1% serum (B). Resting values (.... ) were obtained by
substituting Hanks balanced salt solution-0.1% gelatin for bacteria.
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5 3 1 min 5 3 1 min

FIG. 2. Peak CL response induced by untreated
(A) and clindamycin-treated (B) S. aureus, preopson-
ized for 1, 3, and 5 min in 5%, 2.5%, and 1% serum.
The peak values with drug-treated and untreated
staphylococci, opsonized for 5 min in 5% serum, were
set as 100% in each kinetic experiment. Mean percent-
age (±SD) of three experiments.

lations were revealed. Clindamycin-treated bac-
teria, when incubated for 5 min either in 5%
serum or in 1% serum, induced the same maxi-
mum amount of light emission by the PMNs. In
contrast, the CL peak values obtained with
untreated S. aureus decreased from 550,000 to
130,000 cpm when the serum concentration for
opsonization was diminished from 5% to 1%
(Fig. 1).
To investigate further the opsonization kinet-

ics, bacteria were preincubated for 1, 3, and 5
min in various serum concentrations. The CL
peak values of the PMN induced by drug-treated
and untreated staphylococci preopsonized for 5
min in 5% serum were set as 100% in each
kinetic experiment.

This manner of presenting the results was
chosen because although the CL peak values
showed a relatively high day-to-day variation of
20%, the ratio between the absolute kinetic
values measured in an experimental series of
one day displayed only slight day-to-day varia-
tions which never exceeded 5%. As demonstrat-
ed in Fig. 2, clindamycin-treated bacteria were
already well opsonized after a 1 min exposure to
2.5% serum, inducing about 60% of the CL
response. In contrast, untreated control bacteria
stimulated only 5% of the CL production.

Since opsonization in heat-inactivated serum
resulted in less than 10% phagocytosis of control
as well as drug-treated staphylococci, the en-
hanced opsonization of clindamycin-treated bac-
teria as measured in the CL assay was assumed
to be complement dependent.
Complement consumption of the two bacterial

populations was determined by measuring the
remaining hemolytic activity in the serum after
opsonization of the bacteria for various time
intervals. As can be seen in Fig. 3, clindamycin-
treated S. aureus consumed complement much
faster than did control bacteria (for example,
67% versus 16% after 15 min and 97% versus
43% after 30 min of opsonization), the differ-
ences being statistically significant (P < 0.005).
To examine whether the increased comple-

ment consumption by clindamycin-treated S.
aureus was also reflected by increased binding
of the opsonic complement fragment C3b to the
staphylococcal cell wall, C3 fixation kinetics
were studied by using an indirect immunofluo-
rescent assay. In a previous study, it has been
shown that the intensity of the C3-specific fluo-
rescence is directly proportional to the absolute
amount of C3 attached to the bacteria (12).

It was assumed that all binding sites for C3 on
the bacterial surface were already saturated af-
ter 30 min of incubation in 50% serum, as
incubation in 100% serum did not further in-
crease the fluorescence intensity. Clindamycin-
treated and untreated S. aureus fixed the same
maximum amount of C3 on the cell wall as

5 10 15 30 60 min

FIG. 3. Mean percentage (±+ SD) of complement
consumed by untreated ( ) and clindamycin-treat-
ed (------) S. aureus during incubation for 5, 10, 15, 30,
and 60 min in 10% serum (n = 3).
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determined in four experiments on four different
days, the mean extinction values being, 2,658
(+411) and 2,621 (±309), respectively. Table 2
shows the kinetics of C3 fixation of untreated
and clindamycin-treated bacteria in 2.5 to 50%
serum. After 1 min of incubation in 50% serum,
clindamycin-treated bacteria already bound 28%
of C3, compared with only 4% by the control. In
10% serum, drug-treated staphylococci fixed
about 15% of C3 after 1 min of incubation,
whereas untreated bacteria required 15 min of
incubation for binding the same amount of C3.

DISCUSSION
Our study has shown that clindamycin used in

a concentration of one-third of its MIC renders
S. aureus more susceptible to phagocytosis by
PMN. The increased uptake of drug-treated bac-
teria was due to enhanced complement-de-
pendent opsonization. Study of opsonization
kinetics in a CL assay demonstrated that clinda-
mycin-treated S. aureus was opsonized much
faster than untreated bacteria and that the serum
concentration required for sufficient opsoniza-
tion was lower. The enhanced opsonization was
reflected by an accelerated complement con-
sumption and C3b binding by the antibiotic-
treated staphylococci.
As the maximum amount of C3 fixed by drug-

treated and control staphylococci was the same
and, in all experiments, an equal number of
treated and untreated bacteria was used, we
concluded that the maximum C3 binding capaci-
ty was the same for each single cell of the two
bacterial populations. This indicates that clinda-
mycin does not increase the number of comple-
ment-binding sites on the cell wall of S. aureus.
The increased amount of activated C3 fixed by
clindamycin-treated bacteria after short incuba-
tion times and in lower serum concentrations, as
well as the accelerated complement consump-
tion, suggest an earlier activation of C3 or a
higher affinity of activated C3 to the surface of
S. aureus, or both, after exposure to subinhibi-
tory clindamycin concentrations.
Although clindamycin affects bacterial protein

synthesis and is not an antibiotic which acts on
the cell wall, it induced alterations of the staphy-
lococcal cell wall structure which appears to be
thickened considerably (Fig. 4). It is possible
that the morphological changes are responsible
for alterations of the complement-activating
sites on the bacterial surface.
Gemmell et al. (3) showed that sublethal co-

centrations of clindamycin enhance opsoniza-
tion and phagocytosis of Streptococcus pyo-
genes by affecting formation ofM protein on the
bacterial surface; the M protein is known to
have antiphagocytic properties.
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FIG. 4.
x40,OOO).

After exposure to low doses of 1-lactam anti-
biotics, hypersusceptibility of S. aureus and
group A streptococci to the bactericidal action
of leukocytes has been reported (2, 5, 11). The
enhanced killing seems not to be a function of
increased uptake (9, 11). It was suggested that
modification of the bacterial surface structure
after antibiotic exposure could be the reason for
the increased susceptibility of these cells. Sub-
MIC doses of tetracycline were shown to exert a
positive effect on the uptake of S. aureus (9) and
Listeria monocytogenes (1). In another study,
we have observed an enhanced uptake of staph-
ylococci after exposure to subinhibitory concen-
trations of erythromycin and chloramphenicol
(unpublished data).

It is possible that, in general, antibiotics influ-
encing bacterial surface characteristics, when
present in subinhibitory concentrations, facili-
tate certain steps of the phagocytosis process,
the mechanism of action of which remains to be
determined for each antibiotic.
As the actual time of contact of bacteria with

antibiotic levels greater than the MIC may be
relatively short at the site of infection, potentia-
tion of host defense by subinhibitory antibiotic
concentrations might also to be expected in
vivo.
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