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Interactions between Antibiotics and Human
Neutrophils in the Killing of Staphylococci

STUDIES WITH NORMALANDCYTOCHALASINB-TREATEDCELLS

RICHARDK. ROOT, RAUL ISTURIZ, ABDOLGHADERMOLAVI, JULIA A. METCALF,
and HARRYL. MALECH,Department of Internal Medicine, Section of Infectious
Diseases, Yale University School of Mledicine, New Haven, Connecticut 06510

A B S T RA C T Normal and antibiotic-pretreated staph-
ylococci were incubated with human neutrophils to
determine the interactions between cells and anti-
microbials in the killing of the organisms. Staphy-
lococcus aureus 502A pretreated during log-phase
growth with subinhibitory (1/4 minimum inhibiting
concentration) (MIC) concentrations of penicillin G
were more susceptible to killing by normal neutro-
phils than untreated bacteria (intracellular survival
0.17+0.04 vs. 1.5+0.38%, mean±+SEM, respectively,
at 35 min in 14 experiments; P < 0.01 by t test).
Furthermore, this enhanced susceptibility to killing
was observed even when phagosome formation was
inhibited by cytochalasin B (65.6+±4.6% pencillin-
treated vs. 30.5+4.5% untreated killed at 30 min in 14
experiments, P < 0.001). Pretreatment of S. aureus
with vancomycin similarly enhanced susceptibility to
killing by cytochalasin B-treated polymorphonuclear
leukocytes (PMN), whereas pretreatment with genta-
micin did not.

The enchancement of killing by pretreatment with
cell wall-active antibiotics was present in a dose-
response fashion to 1/16th the MIC. It required
specific antimicrobial activity; i.e., penicillin activity
was inhibited by penicillinase or by incubation with
bacteria at 4°C. It also required active cellular
metabolism and intact neutrophils. For antibiotic-
pretreated bacteria to be killed by normal and
cytochalasin B-treated cells, phagocytosis or binding
to the cells was essential via a serum opsonin-
dependent mechanism. In experiments with the cyto-
chalasin B-treated cells, all bound penicillin-treated
bacteria were killed vs. only a fraction (70%) of the
bound untreated bacteria. Penicillin in 10 times the
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MIC had no direct effects on PMN phagocytic,
metabolic, or microbicidal functions against a non-
susceptible organism, Carj4ida albicans.

The results indicate a cooperative effect between
cell wall-active antibiotics at low concentrations and
human PMNin the killing of staphylococci. The model
establishes conditions for the study of the mechanisms
involved in the cooperation of these bactericidal
systems.

INTRODUCTION

During the treatment of bacterial infection with
antimicrobials, an important interaction must occur
between the drug administered and the defenses
of the host to eradicate the invading bacteria. Much
has been learned about the action of antimicrobials
on microorganisms (1, 2), and the mechanisms in-
volved in the opsonization, phagocytosis, and killing
of bacteria have been characterized to a great extent
(3, 4). Relatively little is known, however, whether
specific antimicrobials alter the encounter between
phagocytes and bacteria by modifying the surface or
other properties of the organisms.

With these points in mind the present investigations
were undertaken. It was postulated that those
compounds that modified the bacterial cell surface
would be more likely to affect the processes of
phagocytosis and killing by human granulocytes
(PMN)l than any that have a subcellular locus of
action. Since concentrations of antimicrobials that are
subinhibitory with respect to growth and killing of
bacteria may modify bacterial structure and physiology

'Abbreviations used ini this paper: DMSO,dimethyl sulfox-
ide; HBSS, Hanks' balanced salt solution; MIC, minimal in-
hibitorv concentration; PMIA, phorbol myristate acetate; PMlN,
polymorphonuclear leukocyte; TSB, trypticase soy broth.
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(5, 7), these were used to discriminate more clearly
between effects of antibiotics and those of PMNon
phagocytosis and killing. The results indicate that the
susceptibility of staphylococei to killing by human
PMNis significantly enhanced by pretreatment with
antibiotics with a cell-wall, but not a ribosomal, site
of action. Furthermore, susceptibility to killing is
enhanced to the point that the organisms are killed
witlout phagosome tormiiatioin, that is, wheni bound to
the surface of cytochalasin B-treated PMN.

METHODS

Reagen ts. Cytochalasin B was purchased from Aldrich
Chemical Co., Inc., Milwaukee, Wisc., dissolved in dimethyl-
sulfoxide (DMSO, Sigma Chemical Co., St. Louis, Mo.) to a
coneenitrationi of 2.5 mg/mi.i, and frozeni at -20°C. Cytochalasi n
B was used in the experimental suspensions at a final con-
centration of 5 ,ug/ml, and fresh aliquots were thawed and
tiseci daily. '4C-labeled mi;xed L-amiinlo acids, [2-'4C]uracil,
1251, and Aquasol for liqtuid scintillation counting were pur-
chased from the New England Nuclear Company, Boston,
Mass. Trypticase soy agar and broth (TSB) were purchased
from Baltimore Biological Laboratories, Cockeysville, Md.
Lysostaphin was obtained from Schwartz/Mann, Div. Becton,
Dickinson & Co., Orangeburg, N. Y., and suspended in 0.9%
saline at a concentration of 1,000 U/ml. Hanks' balanced salt
solution (HBSS) came from Flow Laboratories, Rockville,
Md. 3% dextran in saline, penicillinase, and cacodylate
buffer were purchased from Sigma Chemical Co. Penicillin G
was obtained from E. R. Squibb and Son, Inc., Princeton,
N. J.; genitamilicini fromil Schering Corp., Kenilworth, N. J.; and
vancomycin from Eli Lilly & Co., Indianapolis, Ind.
12 x 75-mm pyrex borosilicate tubes were purchased from
Coming Glass Works, Coming, N. Y. Glutaraldehyde, Epon
812, and osmium tetraoxide were obtained from Electron
Microscopy Sciences, Fort Washington, Pa. Phorbol myristate
acetate was purchased from Consolidated Midland Co.,
Brewster, N. Y.

Microorganisms. The coagulase positive, penicillinase
negative, Staph ylococcus aiureus H. R. Shinefield 502A
(ATCC. 27217) was used in all experiments with bacteria.
Using a previously described method (8), it was determined
that this organism has a minimal inhibitory concentratioin
(MIC) for penicillin G of 0.075 U/ml, for gentamicin of 4.0
gg/ml, and for vancomycin of 0.25 ,ug/ml. A strain of Candida
albicans was kindly supplied by Dr. Vincent Andriole of
Yale University School of Medicine for use in measurements
of PMNcandidacidal activity.

Serum. Normal humiian serum was obtained from the
clotted blood of healthy consenting volunteers, pooled,
separated into aliquots, and stored at -70°C until used.

Leukocyte preparationt. PMN were separated from the
heparinized (10 U/ml) peripheral blood of healthy con-
senting volunteers. The blood was processed either by
dextran sedimentationi or by Ficoll-Hypaque and dextran
sedimentation, with hypotonic lysis of the erythrocytes as
previously described (9). The cells were washed in modified
Hank's solution (9), centrifuged at 150 g for 7 min at 4°C,
eiiumerated by hemocytometer, and resuspended in anti-
biotic-free HBSS to a fiiial concenitrationi of 5 x 106/ml. PMN
comprised 80-95% of the final cell population anid con-
stituted 98% of the phagocytic cells.

Preparationi of S. aureus. Samples taken from stock
cuiltures (1/100 dilution) vere incubated in fresh TSB at

37°C for 2 h to place the bacteria in the logarithmic phase
of growth. At this point, the bacterial suspension was
divided into two equal aliquots and the antibiotics to be
tested were added to one (final concenitrations 1/4 to 1/32
of the MIC), an(d sterile ITSB to the other (conitrol). Both
bacterial suspensionis were allowed to grow for another
2 h. At the end of that period, the bacteria were removed
from the antibiotic-containing broth by centrifugation at
2,200g for 10 min., washed by suspension in MHS, re-
centrifuged, and finally resuspended in HBSS. They were
adjusted to -2.5 x 108 ml after gentle sonication (20,000 Hz
output of 35 W for 15 s, Bronson Sonic Power Co.,
Danbury, Conn.). The bacterial inoculum was standardized
Visuallv by turbidity. When desired, '4C labeling of bacterial
proteins vas achieved by performing the 4-h incubation in the
presence of 2-3 uCi (-300,000 counts) of '4C-labeled mixed
L-amino acids or ['4C]uracil.

Bactericidal assays. 1-ml suspensions containing 2.5 x 106
PMNand 2.5 x 107 bacteria were incubated in HBSSat 37°C
in the presence of 10% serum as a source of opsonins. When
cytochalasin B was used, the cells were preincubated with
5 ,mg/ml of the compound for 10 min at 37°C before the addition
of the bacteria.

Initial samples (0 time) were taken immediately after addi-
tion of the bacteria to the tubes, which were then capped
and rotated at 37°C. Killing of the inoculum was measured
at various times by a previously described method (10). In
experiments with noncytochalasin B-treated cells, lysostaphin
was added at the end of a 25-min incubation period in a con-
centration of 10 U/ml for 10 min to kill extracellular bacteria.
The percent survival was calculated by dividing the number
of colony-forming units at various times by the number at
0 min and multiplying by 100. From this figure the percent
killing could be calculated by subtraction from 100.

Phagocytosis assays. The association (binding plus phago-
cytosis) of viable 14C-labeled staphylococci with the cells was
assessed as previously described (9, 11). Leukocytes in a final
concentration of 2.5 x 106/ml were placed in 12 x 75-mm
glass borosilicate tubes with HBSSand 10% serum for opso-
nization. After preincubation for 10 min at 37°C, bacterial sus-
pensions (2.5 x 107) were added to the mixture at 20-s inter-
vals. The capped tubes were allowed to rotate for 30-min,
at which time phagocytosis was stopped by flooding the sus-
pensions with 2 ml of ice-cold HBSS containing 10% fetal
calf serum and 0.2 M NaF and immediately placing them on
ice. Preparation of the cell suspensions for radioactive count-
ing was as previously described (10, 11). The percentage of
organisms associated with the cells could be calculated by
dividing cell-associated counts per minute by the counts per
minute in the original inoculum and multiplying by 100.
Similarly the number of bacteria associated with the cells
could be obtained from calculations of the specific activity
of the radiolabeled organisms.

On several occasions, the bactericidal and phagoeytosis
assays were run simultaneously with the same inoculum. In
experimental and control suspensions, the fraction of bacteria
associated with the cells that were killed could thus be cal-
culated. All the experiments were run in duplicate, as well
as simultaneous cell-free controls.

Myeloperoxidase-mediated protein iodination. After incu-
bation of bacteria with cells, the fixation of inorganic iodide to
a trichloracetic acid-precipitable form was measured as previ-
ously described (12). The incubation conditions were similar
to those in which the bactericidal assays were performed,
containing - 10 bacteria/PM N and 10% serum in the mediunm.

Effect of penicillini G on PMNfunctionts. After the wash-
inig procedure, it did not seemii likely that appreciable amiiounts
of peniicillini wvere carrietl over inito the final incubation

248 Hoot, Istu-iz, Mlolaci, Xletcalf, and AMalech



*47,A -w
.*

I4 N.7
9D

Da

PI

/
I

- U,

ii
I''

I

FIGURE 1 Transmission electron micrographs of log-phase (2 h) S. aureus 502A grown either in
TSB (left panel) alone or TSB to which 1/4 MIC penicillin Ghas been added. Arrows point to cross-
walls. The magnification is x28,000.

mixtures. The concentrations used were subinhibitory not
only for S. aureus, but for other highly susceptible mi-
croorganisms, and could not be detected in the final sus-
pensions by a routine bioassay.2 Nevertheless, experiments
were carried out to exclude any stimulatory effects of peni-
cillin on PMNfunction independent of the action of the com-
pound on the organisms. Phagocytosis of heat-killed S. aureus
added to normal and cytochalasin B-treated PMNin a 10:1
ratio was measured in concentrations of penicillin up to 10
times the MIC (0.75 U/ml) by the methods described above.
The release of H202 by normal and cytochalasin B-treated
PMNingesting opsonized S. aureus at a 500:1 bacteria-to-cell
ratio in the presence and absence of 0.75 U/ml of penicillin
was measured by a previously described method (11). Finally,
the effect of adding the same concentration of penicillin on
the killing of C. albicans by PMNwas evaluated by a dye-
exclusion technique (9), previously used in the laboratory.

Electron microscopy. Control or penicillin-pretreated staphy-
lococci were incubated with normal or cytochalasin B-treated
cells as outlined above. Bacteria-to-cell ratios of 5:1, 10:1,
and 75:1 were used in different experiments, and the various
suspensions were allowed to rotate at 37°C for 5, 10, 20, 30,
and 60 min. The PMN-bacteria interaction was terminated
by mixing the suspension (at room temperature) with an equal
volume of glutaraldehyde in 0.1 Msodium cacodylate buffer
at pH 7.4; the mixture was immediately spun at 150 g for
7 min. The supernate was removed and the pellet overlayed
with additional glutaraldehyde buffer fixative for 15 min. The
pellet was then washed and stored in the sodium cacodylate
buffer. Later, pellets were postfixed in 2%osmium tetraoxide
in cacodylate buffer, stained for 1 h in 0.5% uranyl magne-
sium acetate in 0.15 MNaCl, and then dehydrated in a graded

2 Downs, J., K. P. Andriole, and V. T. Andriole. A modi-
fied agar gel diffusion bioassay procedure for the measure-
ment of antibiotic concentrations in body fluids. Manuscript
in preparation.

series of ethanol washes and propylene oxide. The pellet was
embedded in epon and cut with a diamond knife with an
LKB I ultratome (LKB Instruments, Inc., Rockville, Md.).
Sections were stained with uranyl acetate and lead citrate
and examined in a Phillips 300 electron microscope (Phillips
Electronic Instruments, Inc., Mahwah, N. J.).

Statistical analysis. The t test or the sign test was used
for analysis. Values of P < 0.05 for differences between
control and experimental preparations were considered
statistically significant.

RESULTS

Effect of antibiotic pretreatment on bacterial
growth and morphology. Incubation of organisms
in the presence of 1/4 MIC penicillin often reduced
replication. The size of the viable bacterial population
reached at the end of the 2-h incubation period was
usually 20-40% lower than it was in the antibiotic-free
control and averaged -70% of the control for all ex-
periments. By Petroff-Hausser chamber counting, the
total numbers of organisms (viable and nonviable)
were equal in both penicillin-treated and untreated
preparations, and when washed free of penicillin,
subsequent viability in suspensions incubated without
PMNwas equivalent. No growth inhibition occurred
in the vancomycin- or gentamicin-treated populations.

Morphological differences between the penicillin-
treated bacteria and the control were observed as
previously reported (13). The treated bacteria were
larger, by phase-contrast and electron microscopy,
and the cross walls of dividing organisms were
thicker (Fig. 1).
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In the studies using 14C-amino acid labeling of
bacteria, it was noted that penicillin-treated organisms
had a significantly higher mean number of "4C counts
per minute per 106 bacteria (82.5) than untreated
organisms (49.8, n = 13, P < 0.05), presumably re-
flecting reduced divisions of the treated staphylococci.
Quantitatively similar results were found when the
organisms were grown in the presence of ["4C]uracil,
although the labeling was higher than with '4C-amino
acids (a mean 73.1 and 300 cpm/106 bacteria for un-
treated and penicillin-treated organisms, respectively,
n = 5, P < 0.01).

Effect of pretreatment with sub-MIC penicillin
and gentamicin on killing of S. aureus by normal
PMN. In preliminary bactericidal assays with normal
cells, incubation periods varied between 35 min and
2 h. Most killing occurred during the first 25 min, and
differences present at this time were not changed by
a longer incubation. For the sake of simplicity only
the 25- and 35-min data are presented. A greater
percentage of staphylococci pretreated with 1/4 MIC
penicillin G were killed at 25 min by normal PMN
than untreated bacteria (Table I). Becuase of vari-
ability, the difference between the mean percent
killing of the two populations is not statistically
significant by t testing; however, in 12 of the 14
experiments shown, more penicillin-treated bacteria
were killed than controls. The likelihood that this
would have occurred by chance alone is < 0.01 (sign
test). When intracellular survival 10 min after the
addition of lysostaphin was examined, -6.7 times more
control bacteria were recovered than penicillin-
treated bacteria. The difference between the two

TABLE I
Killitng of Utntreated anld Antibiotic-pretreated

S. aureus 502A by Normal PMN*

Intracellular
Pretreatment Kille(d survival

conditions Inoculuni i (25 mini) (35 min)

No. bacteria S %

No antibiotic
(14) 11.7 x 106+1.7 63.2±5.1 1.14+0.21

Penicillin
1/4 MIC (14) 12.8 x 106+ 1.6 72.4+4.85 0.17+0.4"

Gentamicin
1/4 MIC (4) 15.0 x 106+5.3 63.3±8.8 0.81±0.32

* The data are expressed as the mean+SEMof the number
of experiments shown in parentheses.
I The inoculum was equalized for viable bacteria in all
experiments.
§ P < 0.01, sign test, in comparison to simultaneously run
controls.
"P < 0.01, Student's t test for paired samples in comparison
with simultaneously run controls.

means is highly statistically significant (P < 0.004,
t test).

In the experiments shown in Table I, the suspen-
sions of penicillin-pretreated bacteria actually con-
tained more organisms (viable and nonviable) than
the controls, because the inocula were equalized for
viable counts. To exclude the possibility that the
higher bacteria/cell ratio which resulted from this
adjustment might augment killing by the PMN, heat-
killed bacteria were added to control staphylococci
in amounts sufficient to equalize the bacteria/cell
ratios. No increase in killing of the control bacteria
was observed (data not shown).

Pretreatment of S. aureus for 2 h with 1/4 MIC
gentamicin resulted in no enhancement of killing by
normal PMN, and intracellular survival was similar
to control organisms (Table I).

Dose-response effects of penicillin pretreatment.
To determine the lowest concentration of penicillin
that could be used in pretreatment to augment
intracellular killing of S. aureus, the penicillin
concentrations were serially decreased by twofold
amiounts. Pretreatment with as little as 1/16 the MIC
of penicillin augmented killing by normal PMN, but
the effect was largely abolished at l/32 the MIC
(Fig. 2).

Phagocytosis of control and penicillin-pretreated
bacteria. To determine if the enhanced killing of
penicillin-treated bacteria was due to increased rates
of phagocytosis, the association of control and
penicillin treated bacteria with the cells was studied
by labeling the staphylococcal proteins with '4C-mixed
amino acids as described in Methods. Uptake of
normal and pretreated bacteria by the cells was
equivalent (Fig. 3).

Effect of lysostaphini on? cotntrol anid pen2icillini-
pretreated bacteria. Penicillin treatment of gram-
positive cocci alters peptidoglycan structure and
augments the suseeptibility of the cell wall to attack
by endogenous hydrolytic enzymes (2, 14). Lyso-
staphin is a mixture of hydrolases with peptidase,
amiiidase, and glycosidase activities specific for the
peptidoglycan of S. aureus (15). It thus seemed
possible that its use in these experiments may have
created a potential source of artifact, if small amounts
were to enter the cells and affect the untreated and
penicilliin-pretreated intracellular orgainism s differ-
enitially. Accordingly, a dose-response assay was
performed in the absence of PMN, comparing control
and penicillin-treated S. aureus and using 1, 0.1,
and 0.01 U/ml of lysostaphin (10, 100, and 1,000-
fold less than that employed under standard in-
cubation conditions with cells). 1 U/ml of lyso-
staphin killed both control and treated bacteria
equivalently, whereas 0.01 U/ml was equally in-
effective. A statistically significant increase in killing
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(MIC) = 0.075 u/ml

(1/4)
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PENICILLIN CONCENTRATION(UNITS /ML)

0.018 0.02

FIGuRE 2 Relationship of penicillin concentrations in pretreatment to intracellular survival of
S. aureus 502A in PMN. The results are expressed as the percentage of the original inoculum
surviving 35 min after mixing bacteria with the PMN. The bars denote means, and the fractions
of the MIC of penicillin used in pretreatment are shown in parentheses.

of Y4 MIC penicillin-treated S. aureus was observed
when incubated for 10 min with 0.1 U/ml of lysostaphin
(Fig. 4).

Studies with cytochalasin B-treated PMN: effect of
penicillin pretreatment on bacterial killing. To
avoid the use of lysostaphin and to determine if the

70

60

50

w

i 40

20

I /

0

0

susceptibility of penicillin-pretreated S. aureus to
killing by PMNwas sufficiently enhanced so that
appreciable killing occurred even when phagosome
formation was blocked, studies were performed with
cytochalasin B-treated cells. Addition of cytochalasin
B to the PMN, as described in Methods, reduced the
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FIGURE 3 Phagocytosis of control (-) vs. V4 MIC penicillin-pretreated (0) S. aureus by normal
PMN. Results are given as mean+SEMof the percent cell association of control and pretreated
(Y4 MIC PCN) 14C_S. aureus.
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FIGURE 4 Survival of S. aureus 502A in the presence of 1.0,
0.1, and 0.01 U/ml of lysostaphin at the conclusion of a 10-min
incubation period. Brackets denote the range and circles the
means of three experiments.

rates of killing of both normal and penicillin-treated
S. aureus (Fig. 5). The percent reduction in killing of
the penicillin-treated bacteria by cytochalasin B cells
(a mean 26% at 30 min) was significantly less than
that of the control bacteria (a mean 67%, P < 0.01).
In the presence of cytochalasin B, over twice as many
penicillin-treated organisms as control were killed at
30 min (Table II). Similar results were found at 60 min
incubation. Minimal, nonsignificant differences in
survival of treated or nontreated bacteria occurred in
the absence of cells, with or without cytochalasin B.

Effect of pretreatment of S. aureus w,ith vanco-
mycin or gentamicin on killing by cytochalasin B-
treated cells. Vancomycin and gentamicin were
used, separately, to determine if a cell wall-active

90 1

so N Cells

80

Cyto-B
PMN

4c

60
F.

aR 50-

Cyto-B
40 -PMN

30
Normal
PMN

20 Normal
JL~ ~ ~ PN

10 III
0 30 60 0 30 60

TIME (minutes)

FIGURE 5 Effect of addition of cytochalasin B on the survival
of untreated and Penicillin-pretreated S. aureus when in-
cubated with PMN. Data are given as mean (circles) ±SEM
(brackets) percent survival in experiments of control and
¼/4 MIIC penicillin-treateCl bacteria vhen incubated wvith nior-
mal (0) or cytochalasin B-treated (0) PMN. n = 4.

antibiotic with a different site of action than
penicillin or a ribosomally active compound had any
effect on killing of S. aureus by PMN. Organisms
were preincubated with 1/4 MIC vancomycin or

TABLE II
Effect of Sub-MIC Antibiotic Pretreatment of S. aureus

on Killinig by Cjtochalasini B-treated PMN*

Kille(d
Pretreatment conditionis Inoculum (30 immin)

No. viable bacteria %

No antibiotic (14) 25.0 x 106±2.3 29.3+4.9
Penicillin (1/4 MIC) (14) 18.2 x 106±2.04 62.8±2.7§
Vancomycin (1/4 MIC) (9) 20.5 x 106±1.7 51.1+2.8§
Gentamicin (1/4 MIC) (3) 27.0 x 106+5.3 12.6±5.3t

* Results given are mean+SEMas follows. Data on inoculum
are expressed as number of viable bacteria recovered after
the pretreatment conditions shown on the left. Data on total
killing indicate total percent killed at 30 min. Numbers in
parentheses represent number of experiments.
I P < 0.05, Student's t test for paired samples in comparison
with simultaneously run control untreated preparations.
§ P < 0.01, when compared with control untreated bacteria.
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gentamicin and the results of killing by cytochalasin B
cells compared with penicillin-treated and control
bacteria (Table II). As with penicillin, pretreatment
with vancomycin enhanced susceptibility to killing,
whereas gentamicin-pretreated organisms were killed
less effectively than control.

Relationship of bacterial inoculum size to fraction
killed. In these experiments with cytochalasin B
PMN, the initial bacterial inoculum was not equalized
for the number of viable organisms; thus, the number
of viable bacteria incubated with the cells was
significantly less for penicillin-pretreated than control
organisms. To determine if such differences might
affect the fraction of bacteria killed, bactericidal
assays were performed in parallel with control and
penicillin-pretreated S. aureus at different bacteria-
to-cell ratios. As noted by others (16), the fraction of
bacteria killed remained essentially the same at
bacteria/cell ratios ranging from 2.5/1 to 10/1 and
significantly more penicillin-pretreated organisms
were killed at each ratio (data not shown).

Dose-response relationship between vancomycin
and penicillin pretreatment and enhanced killing
by cytochalasin B-treated PMN. When the con-
centration of penicillin or vancomycin used in the
preincubation was twofold serially reduced, a statis-
tically significant increase in killing of the treated S.
aureus was present in concentrations of the antimicro-
bials equal to 1/8 the respective MIC (Table III), but
killing continued to be greater to ½16 the MIC for the
penicillin-pretreated bacteria.

In another series of experiments, the time of ex-
posure of staphylococci to penicillin (1/4 MIC) was
varied between 15 min and 4 h. Enhancement of
killing by exposure to this concentration of penicillin
was observed with as little as 1 h pretreatment (data

TABLE III
Penicillin and Vancomycin Dose Response for Killing of

S. aureus by Cytochalasin B-treated PMN*

Pretreatment Penicillin Vancomycin
conditions (3) (5)

%killed at 30 min

No antibiotic 29.3+2.0 28.0±4.0
1/4 MIC 70.2+5.9t 58.0±4.5t
1/8 MIC 60.2±5.9t 53.0+4.0t
1/16 MIC 45.3+5.2 32.0±+15.7
1/32 MIC 32.5±9.1 33.3±6.1

* Data are expressed as mean+SEM percent killing by
cytochalasin B-cells of bacteria pretreated with penicillin
and vancomycin at the MIC fractions shown on the left. The
number of experiments are shown in parentheses.
t P < 0.05 by paired t testing in comparison with simultane-
ously run untreated controls.

not shown). Exposure of organisms to penicillin
for >2 h did not significantly increase killing.

Requirement for specific activity of penicillin to
enhance killing. To be certain that the penicillin
effects were mediated by the specific action of the anti-
biotic on the bacteria, incubations were performed
in the presence of penicillinase. No enhancement
of killing occurred when penicillinase (0.031 U) was
added to the medium during the pretreatment phase
with penicillin (a mean 36.6±5.6% killed at 30 min vs.
60.2±2.5%, no penicillinase, n = 5, P < 0.05, t test).
Untreated bacteria were killed at equivalent rates
with or without penicillinase (a mean 37.8 and 38.8%,
respectively).

Temperature dependence of penicillin and PMN
effects. To determine if temperature-dependent
steps were required for the action of the antibiotic
on the bacteria as well as the cells on the organisms,
the incubation conditions were varied: either the
organisms were exposed to penicillin at 4°C, or
organisms pretreated in the usual fashion were
incubated with cytochalasin B-treated cells at 40C.
The penicillin effect was lost when the organisms
were pretreated at 40C and then incubated with
cells at 37°C. Similarly, when the bacteria were
exposed to penicillin at 370C, but added to cells kept
at 40C, a minimal reduction in the initial colony
count occurred and no significant difference was
observed in the killing of untreated and treated
bacteria (Fig. 6).

Requirementfor binding of bacteria to cytochalasin
B-treated cells to promote killing. Staphylococci
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FIGuRE 6 Temperature dependence of the augmented kill-
ing of penicillin-treated S. aureus by cytochalasin B-treated
PMN. The temperature of incubation of the bacteria when
pretreated with penicillin G (Y4 MIC) or with the PMNis
shown on the abscissa. The bars are the means and the brackets
the standard error of the number of experiments shown in
parentheses. Killing was measured at 30 min.
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pretreated with cell wall-active antibiotics were
effectively killed by cytochalasin B PMN despite
reduced phagocytosis (17); however, it was not clear
from the experimental design whether killing was
occurring in the suspending medium or if there
was a requirement for intimate contact between the
organisms and the cells. To answer this question,
opsonizing serum was removed from the medium. No
binding of '4C-tagged organisms to cytochalasin B-
treated cells took place in the absence of serum
(data not shown); similarly no killing of either
control or penicillin-treated bacteria occurred in
serum-free suspensions (Fig. 7). Furthermore, when
intact cells were destroyed by sonication, no killing
occurred even in the presence of serum.

The need for this type of contact and its specificity
for presumed opsonin receptors on the PMNsurface
were supported by two additional experiments. In one,
bacteria and cells were incubated together in a pellet
created by centrifuging the mixtures at 150 g for 5 min.
In the other, the cells were induced to release °2 and
H202, as well as to degranulate their specific granules
into the incubation medium by the addition of PMA
(18, 19). Killing did not occur in either set of conditions
in the absence of opsonically active serum (Table IV).
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treated S. aureus 502A at 60 min when incubat
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TABLE IV
Killing of Untreated and Penicillin-treated S. aureus by

Cytochalasin B-treated PMNin the Absence of
Se iiii: Effect of Phlorbol Alyrista te Acetate

or Incubation in a Pellet vs. Suspension*

Percent killed

Incubation Penicillin-
conditions Additions I Untreated treated

Suspension§ None (4) -5.7±6.5 -2.3±4.0
10% serum (6) 32.1±3.5 56.5±5.0'
PMA(2) 3.7±3.7 3.1±3.1
PMAplus 10%

serum (2) 26.2± 10.2 50.1±3.7"1

"Pellet"§ None (2) 5.1±10.5 8.2±14.3
10% serum (2) 17.9±2.4 47.2±12.411

* Results are given as the mean±SEMpercent bacteria killed
at 30 min of the number of experiments shown in parentheses.
I The suspending medium was HBSS, to which the serum
(10% final concentration) or PMA(0.1 ug/ml final concentra-
tion) was added.
§ Suspension incubation conditions are the standard, whereas
"pellet" incubation conditions are those created by cen-
triftuginig the bacteria and cells together for 5 mIi at 150 g
(see Methods).
"P < 0.05 when compared with untreated controls.

Relationship betwveen binding of bacteria to the cells
atnd killintg. The experiments performed with and

IL without serum suggested that killing by the cytochalasin
B-treated cells required the close association or binding

PEN of intact PMN, presumably by receptors for opsonins
D on the bacterial surface (20). A slight modification of

the bactericidal and phagocytic assays (as described in
Methods) permitted the simultaneous evaluation of
both association of bacteria with the cells and killing
in order to calculate the fraction of "bound" organisms
that were killed.

Using this technique, the mean percent "binding"
of normal and penicillin-pretreated bacteria to the cells
was equivalent and ranged from 40 to 50%.

Whenkilling was analyzed, -70% of bound, untreated
bacteria labeled with '4C-amino acids were killed,
whereas virtually all bound, penicillin-treated organ-
isms were killed (P < 0.01) (Fig. 8).

Whensimilar studies were carried out with ['4C]uracil-
labeled bacteria the percentage of added penicillin-
treated bacteria associated with the cells at 30 min

SERUM was calculated to be slightly higher (53.2±2.7%) than
LYSED+CELLS for '4C-amino acid-labeled organisms (45.9+3.3%, n = 5,

P < 0.1, t test). The fraction of cell-associated [14C]uracil-
penicillin-pre- labeled organisms that were killed remained signifi-

HBSS alone cantly higher after penicillin pretreatment (92.6+5.3%)
by sonication. than when the organisms were untreated (46.9+7.1%,
experiments. n = 5, P < 0.01, t test).
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mean+SEMof eight experiments. "Binding" was measured
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P < 0.05.

Stimulation of PMN-myeloperoxidase-mediated pro-
tein iodination. The rate of bacterial killing by PMN
parallels the rate of phagocytosis, as does the metabolic
activity of the cells (3, 11, 12, 16, 17). Having demon-
strated that the rates of phagocytosis (for normal PMN)
and binding (for cytochalasin B cells) were not affected
by penicillin pretreatment of the bacteria, we measured
the stimulation of myeloperoxidase-H202-mediated pro-
tein iodination by the cells. No difference in the quan-
tity of iodide fixed to protein was found in PMNincu-
bated in 10% serum-HBSS with normal vs. penicillin-
treated bacteria (0.138+0.09 vs. 0.159+0.01 nmol/2.5
x 106 PMNper 30 min, respectively, mean+SEMof
three experiments).

Lack of direct effects of penicillin on PMNfunc-
tions. The addition of up to 10 times the MIC (0.75
U/ml) of penicillin to the medium did not alter the phago-
cytosis of heat-killed S. aureus by normal (6.35 vs.
63.8%) or cytochalasin B-treated cells (39.3 vs. 35.6%
uptake at 30 min in the absence and presence of penicil-
lin, respectively, n = 2). Similar concentrations of peni-
cillin did not affect the rate of H202 released during
ingestion of S. aureus by normal or cytochalasin B-
treated cells, nor the percentage of C. albicans killed
after a 60-min incubation (29.0 vs. 29.3%, no penicillin
vs. penicillin in the medium, respectively, n = 1).

Ultrastructural features of bacteria incubated with
cells. Killing of staphylococci by penicillin can be
associated with lysis of the organisms (1, 2). To see
if morphological changes consistent with lysis occurred
in bacteria incubated with the cytochalasin B PMN,
transmission electron micrographs of suspensions in-

cubated from 5 to 60 min were compared. Beyond
the initial structural changes induced by penicillin,
no differences were observed between control and
penicillin-treated bacteria to suggest earlier lysis of the
latter. Indeed, little evidence of lysis of cell walls in
either preparation was observed through 30 min in-
cubation (Fig. 9).

DISCUSSION

Several reports have appeared describing the inter-
action of antimicrobials with leukocytes in the killing of
bacteria. Gentamicin (21, 22) and several tetracyclines
(23) may inhibit chemotactic responses of PMN, but
their ability to modify phagocytosis and killing has not
been reported. Intracellular staphylococci are pro-
tected from the action of,3-lactams, vancomycin, amino-
glycosides, and a variety of other antimicrobials except
rifampin (24). This has formed the basis of assays of
leukocyte bactericidal activity, in which extracellular
organisms are selectively killed by addition of anti-
biotics (25). In one such study it was observed that
addition of penicillin in MIC or greater concentrations
to susceptible organisms before incubation with PMN
augmented the killing process (26). From this experi-
mental design, however, it was difficult to distinguish
between any separate effects of the antibiotics vs. the
PMNon the bacteria. When initiating our studies, we
were stimulated by a report that pretreatment of staphy-
lococci with nafcillin accelerated their subsequent
phagocytosis by mouse macrophages (27) and that the
use of sub-MIC penicillin increased the susceptibility
of staphylococci to killing by mixtures of lysozyme and
trypsin (28) or to lysosomal extracts (29).

Wechose to pretreat the staphylococci with concen-
trations of the antibiotics that were subinhibitory with
respect to growth and viability. This choice was based
upon two observations: (a) sub-MIC antibiotics may
produce measureable morphological changes in bac-
teria in vitro without importantly affecting viability
(13, 30); and (b) such concentrations and morphological
alterations may be found at tissue sites of infection
in vivo (31, 32).

When organisms are treated with subinhibitory con-
centrations of antibiotics, the primary action of which
is to inhibit protein synthesis, the rate of division is
slowed and preceeded by a prolonged lag phase (33,
34). Abnormally thick walls may be observed with some
bacteria, including staphylococci (6, 13). The,8-lactams
and other cell wall-active antibiotics produce two major
effects on susceptible organisms in sub-MIC concen-
trationis. Onie is to impede crosswall formation so that
unusually long filamentous cells are formed (6); the
other is to cause the formation of thickened cross walls
without subsequent separation (13). The latter changes
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FIGURE 9 Transmission electron micrographs of cytochalasin B-treated PMNincubated for 30
min with untreated (left panel) and 1/4 MIC penicillin-treated (right panel) S. aureus. Magnification
is x28,000. The bacteria/cell ratio was 75/1.

are particularly characteristic of staphylococci exposed
to subinhibitory concentrations of the penicillins and
were seen after 2 h incubation of S. aureus 502A with
1/4 MIC penicillin G in the present studies. When
incubation of staphylococci with sub-MIC penicillins
is prolonged, then very large multiseptate organisms
have been described (13), a morphologic feature not
observed with our incubation conditions.

As drug concentrations approach the MIC, a pro-
gressive loss of viability (i.e., ability to replicate) has
been observed (30). In our studies, use of 1/4 MIC peni-
cillin G for most experiments resulted in an average
30% inhibition of growth, although in some experi-
ments growth over a 2-h period was equal to untreated
controls. The decreased number of cell divisions in
the presence of penicillin was reflected by a greater
accumulation of '4C-amino acids and ['4C]uracil per or-
ganism when specific activities were calculated. When
the organisms were removed from the antibiotic or
when penicillinase was added, no further inhibition of
growth was noted. This is consistent with the reversible
nature of penicillin effects on cell wall synthesis at

these low concentrations, as reported by others (2, 6).
Although not measured in our studies, exposure of
the staphylococci to low concentrations of the cell wall-
active drugs might be expected to cause release of some
bacterial surface macromolecules (2, 35). Similar data
are not available for the aminoglycosides, represented
in our studies by gentamicin.

By pretreating staphylococci with the antibiotics be-
fore exposing them to the PMN, we were able to distin-
guish between effects of the antibiotics on the bacteria
and effects of the PMNon control and treated organ-
isms. The results indicate that when cell wall-active
drugs are employed in the pretreatment period, the
susceptibility of S. aureus 502 A to killing by PMN
is appreciably enhanced. Normal PMNkilled -10%
more bacteria over a relatively brief, but definitive in-
cubation period; almost sevenfold fewer intracellular
penicillin-pretreated organisms were recovered from
normal PMNwhen lysostaphin was added to the me-
dium. The enhanced killing was not a function of
increased rates of phagocytosis.

The mixture of cell wall lytic enzymes in lysostaphin
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(15, 36) proved to be more active in killing penicillin-
pretreated than untreated S. aureus at low concentra-
tions (0.1 U/ml), this posed the possibility of artifact
in the measurement of intracellular survival of organ-
isms after the addition of lysostaphin to the medium.
To avoid the use of lysostaphin and to determine if
susceptibility to killing by pretreatment with cell wall-
active antibiotics was so enhanced that it could be ob-
served even when phagosome formation was inhibited,
experiments were conducted using cytochalasin B.
Cytochalasin B is known to retard the ingestion phase
of phagocytosis while permitting the binding of or-
ganisms to the cell surface (17, 37, 38). In the presence
of cytochalasin B, the uptake of opsonized "4C-S. aureus
by PMNwas inhibited by -40%, a finding similar to
our previously published studies (17). Killing of un-
treated S. aureus was inhibited even more strikingly
(>65%) in the presence of cytochalasin B, a finding
noted by others (37, 38). In contrast, cytochalasin B-
treated PMNkilled penicillin-pretreated S. aureus sur-
prisingly well, with the net result that over twice as
many pretreated as untreated S. aureus were killed
by PMNin the presence of cytochalasin B. When an-
other cell wall-active antibiotic, vancomycin, with a dif-
ferent mode of action (39), was used for pretreatment,
similar results were found. Treatment of organisms
with sub-MIC gentamicin, an antibiotic without known
ability to modify the bacterial cell surface (40), not
only had no enhancing effect on killing by cytochalasin
B-exposed PMN, but actually inhibited it, for reasons
that remain unclear.

Conditions for the enhancement of killing by pre-
treatment with cell wall-active antibiotics were estab-
lished. As little as 1/8 MIC of penicillin or vancomycin
were active and at least 1 h of contact between anti-
biotics and bacteria was necessary. The intact ,f-lactam
ring of penicillin was required, since the effect was
reversed by the addition of penicillinase during pre-
treatment. Both penicillin action on the organisms and
the action of the PMNon the pretreated bacteria in-
volved temperature-dependent steps, thus implying
that metabolic energy is essential both for the antibiotic
and leukocyte activities. Furthermore, killing was not
observed with sonicates of cells, suggesting that the
bactericidal event was triggered only by a specific con-
tact between the organisms and intact PMN.

In studies to define the nature of this contact, it was
determined that organisms could not be killed when
simply mixed with the cells, even when close contact
was established by cocentrifugation of bacteria and
cells, or when 0°, H202, and specific lysosomal granule
discharge were provided by the addition of PMA(18,
19). Opsonizing serum was essential to promote the
killing effect under all conditions examined, indicating
that the organisms had to bind to opsonin receptors (20)
on the cells or be ingested to trigger the bactericidal

response. When simultaneous studies of bacterial cell
association and killing were carried out using radio-
active labels of bacterial proteins or nucleic acids, it
was determined that penicillin (and presumably vanco-
mycin) acted by increasing the susceptibility of staphy-
lococci to leukocyte bactericidal mechanisms, rather
than by improving opsonization or the uptake of bac-
teria by the cells. In fact, the data indicate that virtually
all cell-associated, penicillin-pretreated staphylococci
were killed by cytochalasin B PMNcompared with only
a fraction of those not pretreated.

The increased killing of penicillin-treated bacteria
was not due to enhanced cellular responses as measured
by myeloperoxidase-H202-mediated protein iodination.
Furthermore, incubation of the PMNin up to 10 times
the amount of penicillin used for pretreatment of bac-
teria did not nonspecifically increase PMNphagocytic
or metabolic activities, alter the PMNresponses to cy-
tochalasin B, or promote killing of a nonpenicillin-sus-
ceptible organism, C. albicans.

The precise mechanism(s) by which pretreatment of
staphylococci with cell wall-active antibiotics augments
their susceptibility to killing by PMNremains to be
determined. The antibiotic and PMNeffects could be
independent (affecting differing loci) or interdependent
and perhaps sequential in their action. Transmission
electron microscopy showed little evidence of lysis of
either the control or penicillin-treated staphylococci
after 60 min incubation (a time at which most of the
bacteria were dead). Thus, a lytic killing mechanism
by the PMNsimilar to that of penicillin seems un-
likely. The fact that antibiotic enhancement of killing
was not reproduced by a drug that acts at the level
of the bacterial ribosome, suggests that surface charac-
teristics of organisms are important in regulating sus-
ceptibility to killing by PMN.

Wehave subsequently obtained evidence that modi-
fication of the surface of staphylococci by pretreatment
with cell wall-active antibiotics increases their sus-
ceptibility to the nonoxidative as opposed to the oxida-
tive killing mechanisms of PMN(4, 41). Furthermore,
these observations have now been extended to other
pathogenic strains of staphylococci (including those
that produce 83-lactamase), other antimicrobial com-
pounds with a similar mechanism of action (42) and
to pneumococci and other streptococci (43). Finally,
the lytic arm of complement does not appear to partici-
pate in the enhanced killing of penicillin-pretreated
S. aureus (44). Detailed reports of these findings are
being prepared.

In conclusion, we have demonstrated a cooperative
effect between the antimicrobial properties of PMN
and those of two antibiotics which modify bacterial
cell surface structure by different mechanisms. The
susceptibility of staphylococci to killing was enhanced
by pretreatment with sub-MIC doses of cell wall-active
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antibiotics to where it readily occurred in the absence
of complete phagosome formation by the PMN. Al-
though the relevance of these observations to clinical
situations remains to be established, the model we have
described provides a means to examine the occurrence
and mechanism of similar interactions between a wide
variety of antibiotics and microorganisms.
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