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Abstract. Treatment of mice with muramyl dipeptide, a known immunoadjuvant, resulted in
marked augmentation of the phagocytic activity of peritoneal macrophages incubated in vitro
with Escherichia coli. Even greater phagocytosis occurred when the E. coli were pretreated for
2 hr with subinhibitory concentrations of the semisynthetic penicillins cyclacillin or ampicillin,
but not penicillin G to which they were resistant. The antibiotic-pretreated E. coli were more
rapidly ingested by the macrophages derived from MDP-treated mice as compared to similar
cells from normal mice. Optimum augmentation of phagocytosis of untreated or antibiotic-
pretreated E. coli occurred 2 to 3 days after administration of MDP to the mice. Similar aug-
mentation of phagocytosis occurred by treating cultures of peritoneal macrophages from normal
mice in vitro with MDP prior to incubation with the antibiotic-pretreated bacteria. These results
indicate that macrophages from MDP stimulated mice interact with antibiotic-pretreated bacteria
to a greater extent than with untreated E. coli, resulting in increased phagocytosis and killing

of the bacteria.

A wide variety of substances stimulate in-
creased phagocytic activity of macrophages,
either in vivo or in vitro (1-4). In this regard,
purified bacterial cell wall products, as well as
synthetic analogs of the adjuvants of such cell
walls are strong immunologic stimulators and
macrophage activators (5, 6). A large number
of studies have shown that substances such as
muramyl dipeptide (MDP), widely studied as
a synthetic analog of the cell wall adjuvant
derived from microorganisms such as mys-
cobacteria, activate macrophages and increase
their phagocytic activity (4-12). Previous
studies in this laboratory, as well as others,
have shown that bacteria such as staphylococci
or Escherichia coli, when incubated in vitro
with an antibiotic which inhibits cell wall syn-
thesis, become extremely susceptible to killing
by phagocytic cells such as macrophages,
polymorphonuclear cells, neutrophils, etc.
(13-22). In the present study E. coli, when
incubated with semisynthetic penicillins such
as cyclacillin or ampicillin, but not with pen-
icillin G to which they were resistant, became
much more susceptible to phagocytosis not
only by macrophages from normal mice, but
also from animals pretreated with the mac-
rophage stimulator MDP.

Experimental Methods and Procedures.
Bacteria. A penicillin-resistant strain of E. coli
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was utilized for the study (13, 16). The bacteria
were cultured for 18 hr in brain-heart infusion
broth at 37°C, washed by centrifugation at
10,000g with sterile saline and resuspended
to a concentration of 10% bacteria per milliliter
saline as determined by standard plate count-
ing. The bacteria were resistant to at least S00
U penicillin/ml but were susceptible to cycla-
cillin and ampicillin, with an MIC of 5-10
pg/ml.

Animals. Inbred BALB/c mice weighing 16—
18 g each were obtained from The Jackson
Laboratory (Bar Harbor, Me.). They were
maintained in groups of five to six in plastic
mouse cages and fed Purina mouse pellets and
water ad libitum.

Phagocytic assay. Cells from the perito-
neum of unstimulated mice were obtained by
lavage with 5 ml sterile Medium 199. The
cells in the lavage fluid were pelleted by cen-
trifugation at 1000g, and resuspended in Me-
dium 199 containing 10% fetal calf serum.
The percentage of macrophages in the cell
suspensions was ascertained by microscopic
examination after Giemsa staining. Over 90%
of the cells readily phagocytized latex particles
within 15 min at 37°C as determined by mi-
croscopic examination. For phagocytic studies,
a suspension of 10° nucleated cells in 0.5 ml
medium were incubated for up to 4 hrat 37°C
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with 107 or 10® bacteria. The number of
phagocytizing cells per 100 macrophages was
determined by microscopic examination,
usually with triplicate samples, and the average
number of phagocytizing cells per culture cal-
culated.

Muramyl dipeptide. MDP was obtained as
a kind gift from the Pasteur Institute, Paris,
France, through the courtesy of Dr. Louis
Chedid. The adjuvant was suspended in saline
at varying concentrations and injected into
animals or added to cultures as needed.

Antibiotics. Cyclacillin, ampicillin, and
penicillin G were obtained from Wyeth Lab-
oratories and resuspended in saline in the ap-
propriate concentrations (16).

Experimental design. Dispersed macro-
phage preparations were obtained from nor-
mal or MDP-pretreated mice and suspensions
of 10% washed cells were placed in test tubes
to which were added graded numbers of viable
E. coli, either untreated or previously treated
for 2 hr with the indicated concentration of
antibiotic. Following further incubation of the
bacteria~cell mixture for 30 min to 4 hr, al-
iquots of the cell samples were washed, the
supernatants plated for bacteria, and the pel-
leted cells examined microscopically, after
staining with gram stain, for the numbers of
bacteria per cell. In some experiments the pel-
leted cells, after washing, were frozen and
thawed three times and the numbers of bac-
teria determined by standard plate counting.
In all cases at least 100 macrophages were
examined for phagocytic activity per slide.

Experimental Result. As is apparent in Ta-
ble I, peritoneal macrophages from MDP-
treated mice had approximately twice as much
phagocytic activity as those from normal mice
after incubation with untreated E. coli. How-
ever, when the E. coli were pretreated for 2
hr with graded amounts of cyclacillin, am-
picillin, or penicillin, and then washed before
incubation with the macrophage cultures,
marked differences in the percentage of
phagocytizing cells occurred. Those E. coli
which had been preincubated with cyclacillin
or ampicillin were much more readily phago-
cytized by macrophages from both normal as
well as MDP-treated mice. In general, mac-
rophages from the MDP-treated mice phago-
cytized twice as many antibiotic-pretreated
bacteria as did the macrophages from normal
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TABLE 1. EFFECT OF MDP PRETREATMENT OF MICE
ON PHAGOCYTIC ACTIVITY OF PERITONEAL
MACROPHAGES INCUBATED WITH ANTIBIOTIC-
PRETREATED E. coli

Macrophage source for phagocytosis®

Antibiotic
pretreatment of Normal MDP
E. coli® mice pretreated® P?
None (control) 52x13 11.3 £ 2.1 <0.05
Cyclacillin (ug)
10.0 153 +24 30.5 £ 2.6 <0.01
5.0 18.5 £ 3.1 326 + 38 <0.01
1.0 123+ 1.2 252+ 19 <0.01
Ampicillin (ug)
10.0 123 +2.1 283 £ 3.1 <0.01
5.0 159 £ 3.1 3.1 £27 <0.01
1.0 16.1 £ 29 252 + 3.2 <0.01
Penicillin G (U)
200 6.1 +£0.8 10.3 £ 1.2 <0.05
50 5.8+0.7 1.5+ 09 <0.05

¢ Indicated antibiotic incubated with 10® E. coli for 2 hr at 37°C
before assay.

% Average percentage + SD of macrophages taking up two or
more E. coli after incubation for 2 hr at 37°C with 10® E. coli.

¢ Mice injected 2 days earlier with 50.0 ug MDP.

4 Probability determined by Student’s ¢ test (probability between
MDP pretreated vs control for each group).

control mice. It was apparent, however, that
when E. coli were pretreated with penicillin,
either a high or low dose, there was essentially
no difference in their uptake by macrophages
as compared to the uptake of untreated bac-
teria.

In other experiments (data not shown) it
was found that greater killing of the bacteria
occurred with macrophages from MDP-
treated mice as compared to normal mice.
Following incubation with the bacteria for 2
hr fewer organisms were recovered in the su-
pernatant or cell-free lysates from cultures of
macrophages derived from MDP-pretreated
mice as compared to control cultures, using
E. coli pretreated with cyclacillin or ampicillin,
but not penicillin.

The time of administration of MDP to mice
markedly affected the ability of the peritoneal
cells to phagocytize either untreated or anti-
biotic-pretreated E. coli (Table II). Maximum
augmentation of phagocytosis occurred when
peritoneal cells were obtained from mice given
MDP 2 days earlier. Increased phagocytosis



368

TABLE II. EFFECT OF TIME OF ADMINISTRATION OF
MDP TO MICE ON ABILITY OF PE MACROPHAGES TO
PHAGOCYTIZE UNTREATED OR ANTIBIOTIC-
PRETREATED E. coli

Phagocytosis of E. coli®

Day of Cyclacillin Penicillin
injection® None (2.0 ug) (100 U)
None 4208 14.1 £ 2.3* 53+ 1.1
MDP

1 9.1+12 22,6 +2.1* 81+12
2 113+16 30.1 + 3.2 123+ 19
4 72 +08 178 = 1.9* 6.7 £0.7
8 5.1+ 1.1 153 +2.1* 82+ 1.1
15 4307 138+ 1.7* 53+08

2 Mice injected ip with 50 ug MDP on day indicated before
assay for phagocytosis.

b Average percentage + SD of PE macrophages phagocytizing
two or more E. coli after 2-hr incubation at 37°C with 10® E. coli
either untreated or after 2-hr pretreatment with indicated antibiotic.

* P < 0.02 determined by Student’s ¢ test for phagocytosis of
cyclacillin vs untreated bacteria.

also occurred, but to a lesser extent, when the
macrophages were obtained 1 day after MDP
administration. However, by the third to
fourth day after MDP administration there
was only a slight or marginal effect on phago-
cytic activity. By 8 to 15 days after MDP pre-
treatment there was essentially no detectable
effect.

PHAGOCYTOSIS ENHANCEMENT OF E. coli

MDP addition to cultures of normal mac-
rophages increased their ability to phagocytize
E. coli, either untreated or pretreated with cy-
clacillin (Table III). Addition of 1-10 ug MDP
to cultures of normal macrophages 2 hr prior
to addition of the E. coli resulted in marked
stimulation of the ability of the macrophages
to phagocytize the bacteria. In other experi-
ments (data not shown) addition of MDP at
the time of culture initiation had marginal, if
any effect on the uptake of the bacteria.

Discussion and Conclusions. Results of this
study indicate that macrophages obtained
from the peritoneum of mice stimulated with
a known macrophage activator, i.e., MDP,
showed enhanced ability to phagocytize and
kill E. coli in vitro. The total number of
phagocytized E. coli in the macrophages and
the percentage of macrophages showing up-
take of two or more E. coli increased markedly
when these cells were obtained from MDP-
treated mice. Furthermore, addition of MDP
to cultures of macrophages in vitro resulted
in markedly stimulated phagocytosis of both
untreated and cyclacillin or ampicillin-pre-
treated E. coli.

Previous studies had shown that semisyn-
thetic penicillins, i.e., cyclacillin and ampi-
cillin, markedly increased the susceptibility of
E. coli to killing by antibody and complement
in vitro or by macrophages (13-16). It seemed
likely that a subinhibitory dose of the anti-

TABLE III. EFFECT OF MDP ADDITION TO CULTURES OF NORMAL MOUSE PERITONEAL MACROPHAGES ON
PHAGOCYTOSIS OF ANTIBIOTIC-PRETREATED E. coli

Antibiotic pretreatment of E. coli®

Cyclacillin®
MDP addition to cultures® None 5.0 ug 1.0 ug Penicillin (100 U)“
None 52+1.2 15.1 + 2.5% 17.3 £ 2.1* 6.1 £09
MDP (ng)
100 121 £2.2 24.4 + 1.9* 31.4 £ 2.4* 11.3+1.2
5.0 113+ 19 28.5 + 2.6* 30.5 + 3.1* 10.1 £2.2
1.0 6.5 +0.5 20.1 £ 2.5* 27.6 + 1.3* 83+13
0.5 72 +£09 14.5 £ 2.2% 20.3 £ 2.1* 75209

% Indicated amount of MDP added to cultures of 10° peritoneal macrophages from normal mice 2 hr before assay

for phagocytosis.

b Average percentage + SD of macrophages in 3—4 cultures phagocytizing two or more E. coli after incubation for

2 hr with 10® E. coli at 37°.

¢ E. coli pretreated for 2 hr culture with indicated antibiotic at 37°C before washing and phagocytosis assay.
* P < 0.02 for phagocytosis of cyclacillin vs untreated bacteria.
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biotic altered the surface of the bacteria suf-
ficiently so they would be more readily rec-
ognized by host immune factors such as an-
tibody or phagocytes. Studies from a number
of laboratories have shown that filaments are
formed when E. coli or other bacteria are ex-
posed in vitro for even relatively short periods
of time with a subinhibitory concentration of
an antibiotic (26). Furthermore, other studies
in this laboratory showed a greater immu-
nogenicity of antibiotic-pretreated E. coli as
determined by appropriate injection of ex-
tracts of macrophages cultured in vitro with
the bacteria (6).

The results of this study support the view
that even a subinhibitory concentration of an
antibiotic, which does not kill the bacteria,
may alter the susceptibility of a bacterium to
host factors, possibly by exposure of new an-
tigenic determinant(s) on the surface or in-
creasing the amount of somatic antigens. Such
bacteria undoubtedly become much more
readily recognizable by cells such as macro-
phages. The results of the present study further
show that activated macrophages, i.e., those
obtained from MDP-pretreated mice, can rec-
ognize such antibiotic-pretreated bacteria to
a greater extent than untreated bacteria and
thus result in increased phagocytosis and kill-
ing of the bacteria. Such synergism between
antibiotic pretreatment of bacteria and en-
hancement of phagocytic activity by an ad-
juvant may be a useful strategy for increasing
the immunologic competence of immuno-
suppressed individuals who are susceptible to
opportunistic microorganisms such as gram-
negative bacteria. The combination of anti-
biotic therapy and immunostimulation should
be useful for overcoming heightened suscep-
tibility to infection by individuals with im-
munologic deficiencies.
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