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Viable Escherichia coli and Staphylococcus aureus bacteria elicited markedly different in vitro tumor necrosis
factor alpha (TNF-a) responses when placed in coculture with peritoneal murine macrophages. These include
quantitative differences in TNF-ao mRNA expression and corresponding protein product secretion as well as
kinetic differences in the profiles of the TNF-« responses. Further, lipopolysaccharide (from E. coli) is a major
contributing factor to these differences, as revealed by comparative experiments with endotoxin-responsive
(C3Heb/FeJ) and endotoxin-hyporesponsive (C3H/HeJ) macrophages. Nevertheless, the eventual overall mag-
nitude of the TNF-« secretion of macrophages in response to S. aureus was at least equivalent to that observed
with E. coli, while appearing at time periods hours later than the E. coli-elicited TNF- response. Both the
magnitude and kinetic profile of the TNF-« responses were found to be relatively independent of the rate of
bacterial proliferation, at least to the extent that similar results were observed with both viable and paraform-
aldehyde-killed microbes. Nevertheless, S. aureus treated in culture with the carbapenem antibiotic imipenem
manifests markedly altered profiles of TNF-a response, with the appearance of an early TNF-a peak not seen
with viable organisms, a finding strikingly similar to that recently reported by our laboratory from in vivo
studies (R. Silverstein, J. G. Wood, Q. Xue, M. Norimatsu, D. L. Horn, and D. C. Morrison, Infect. Immun.
68:2301-2308, 2000). In contrast, imipenem treatment of E. coli-cocultured macrophages does not significantly
alter the observed TNF-a response either in vitro or in vivo. In conclusion, our data support the concept that
the host inflammatory response of cultured mouse macrophages in response to viable gram-positive versus
gram-negative microbes exhibits distinctive characteristics and that these distinctions are, under some con-
ditions, altered on subsequent bacterial killing, depending on the mode of killing. Of potential importance,
these distinctive in vitro TNF-« profiles faithfully reflect circulating levels of TNF-« in infected mice. These
results suggest that coculture of peritoneal macrophages with viable versus antibiotic-killed bacteria and
subsequent assessment of cytokine response (TNF-a) may be of value in clarifying, and ultimately controlling,
related host inflammatory responses in septic patients.

Despite appropriate antimicrobial therapy and intensive
supportive treatment, septic shock remains a major cause of
morbidity and mortality in the United States and worldwide.
The mortality rate can, under some circumstances, exceed 40
to 50%, and only a slight reduction in mortality from septic
shock has been reported within the last 3 decades (7, 11, 12,
18). Septic shock is now recognized to be associated with mul-
tiple critical organ failure, usually attributable to the uncon-
trolled release of multiple proinflammatory and anti-inflam-
matory cytokines and biologically active oxygen radicals.
Bacterial endotoxin and other bacterial wall components, such
as peptidoglycan, lipoteichoic acid, and, more recently identi-
fied, bacterial DNA (6, 9, 10, 12-14, 19, 25, 27, 28) are among
the microbial factors that have been strongly implicated as
initiating these responses. Among those cytokines most often
identified in septic patients, tumor necrosis factor alpha (TNF-
a), interleukin-1 (IL-1), IL-6, IL-8, gamma interferon, IL-12,
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and nitric oxide (NO) have been widely investigated as poten-
tially pivotal causative factors in gram-negative and gram-pos-
itive sepsis (1, 9, 18, 26).

Early efforts to treat this disease focused primarily on gram-
negative microbe-induced septic shock. More recently, empha-
sis has been increasingly shifted to gram-positive sepsis inas-
much as gram-positive pathogens now account for up to 50%
of severe cases of all sepsis. In addition, the mortality from
gram-positive sepsis is significant and often exceeds the ob-
served mortality from gram-negative sepsis (7, 18, 26). To date,
the precise pathogenic mechanisms responsible for gram-pos-
itive and gram-negative bacterial sepsis have not been fully
identified. In this respect, these mechanisms may well be sig-
nificantly different as to their active roles in septic shock in
terms of the involvement of both bacterial factors (cell wall
components and soluble and secreted bacterial products) and
host factors (e.g., susceptibility and innate immune response)
(18, 23, 24, 26). In any case, activation of the innate immune
responses in gram-positive and gram-negative sepsis is gener-
ally accepted to be important and largely responsible for ob-
served experimental and clinical symptoms of sepsis including
in vitro studies, animal models, and clinical trials.
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Many studies have documented kinetically earlier and quan-
titatively increased levels of proinflammatory cytokines such as
TNF-a, IL-1, and IL-6 during gram-negative sepsis in compar-
ison with those documented during gram-positive sepsis (1, 4,
16, 23), whereas relatively few studies have suggested the
equivalent involvement of cytokines in gram-positive and
gram-negative sepsis (27, 32). Recent studies from our own
laboratory have demonstrated that intraperitoneal injection of
viable gram-positive Staphylococcus aureus in mice triggers lev-
els of circulating TNF-a production in blood at least as high as
those resulting from gram-negative Escherichia coli infection;
however the appearance of the TNF-a peak induced by S.
aureus treatment occurred at least 6 h later than that from E.
coli treatment. In contrast, antibiotic imipenem treatment of S.
aureus-infected mice converts this response to a quantitatively
smaller TNF-a peak response, which can be detected much
earlier than that documented in the absence of the antibiotic
and which is kinetically similar to that induced by E. coli (both
viable and antibiotic killed) (24).

In order to better understand whether or not different mech-
anisms may be involved in the host innate immune response in
gram-positive and gram-negative bacterial sepsis, we have ini-
tiated a series of in vitro studies using viable E. coli and viable
S. aureus in coculture with mouse macrophages in efforts to
reproduce as closely as possible the in vivo host macrophage
inflammatory response. These studies have been predicated on
the concept that the inflammatory macrophage can be a major
source of proinflammatory cytokines during sepsis. We dem-
onstrate here that the introduction of viable S. aureus into a
macrophage culture will induce TNF-«a release with a magni-
tude comparable to that seen with viable E. coli treatment. In
addition, as was earlier shown in vivo, the appearance of ele-
vated TNF-a levels in the supernatant of macrophages cocul-
tured with microbes in response to viable S. aureus is signifi-
cantly delayed relative to that noted during the in vitro
macrophage response to E. coli. Furthermore, in vitro addition
of the antibiotic imipenem to S. aureus-macrophage cocultures
results in an early but quantitatively reduced induction of
TNF-a not detectable with viable S. aureus organisms. In con-
trast, little change of TNF-a release stimulated by either viable
or antibiotic-killed E. coli is observed. We conclude from these
studies that the qualitative and quantitative differences in cir-
culating serum TNF-a responses in mice to viable versus an-
tibiotic-killed S. aureus and E. coli reported earlier can be
faithfully reproduced at the level of the cultured peritoneal
macrophage, as assessed by levels of TNF-a expression and
release into macrophage culture supernatants.

MATERIAL AND METHODS

Animals. Female C3Heb/FeJ and C3H/HeJ mice were purchased from the
Jackson Laboratory (Bar Harbor, Maine). Animals were maintained in the
American Association for Accreditation of Laboratory Animal Care-certified
University of Kansas Medical Center animal facility with food and water pro-
vided ad libitum. Eight- to 12-week-old mice were used for isolation of peritoneal
macrophages.

Reagents. RPMI 1640 cell culture medium and low-endotoxin heat-inactivated
fetal bovine serum (FBS) were purchased from Sigma (St. Louis, Mo.). Imi-
penem was obtained from Merck & Co. (West Point, Pa.). TRIzol reagent was
purchased from Life Technologies (Grand Island, N.Y.). GeneAmp RNA PCR
kits were obtained from Perkin-Elmer (Norwalk, Conn.). TNF-a enzyme-linked
immunosorbent assay kits were purchased from R&D Systems, Inc. Minneapolis,
Minn.

Bacteria. E. coli strain O111:B4 was originally obtained from List Biological
Laboratories, Campbell, Calif. S. aureus M was generously provided by Chia Y.
Lee, Department of Microbiology, Molecular Genetics, and Immunology, Uni-
versity of Kansas Medical Center.

Bacterial growth. Several colonies from a streaked plate of E. coli or S. aureus
grown overnight on Trypticase soy agar were used to initiate bacterial growth.
Bacteria were inoculated into 2 ml of Trypticase soy broth in a 10-ml culture tube
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and were aerated by mechanical shaking overnight at 37°C. Then 200 pl of the
overnight culture was subcultured in 10 ml of RPMI 1640 culture medium
(without antibiotics) supplemented with 10% FBS in order to adapt bacteria to
the macrophage culture medium. Cells were grown with aeration until mid-log
phase as monitored by light scattering at 650 nm.

Isolation and culture of peritoneal macrophages. Peritoneal exudate macro-
phages were obtained from C3Heb/FeJ or C3H/HeJ mice that had been injected
intraperitoneally 5 days earlier with 1.5 ml of 4% sterile thioglycolate broth
(Difco Laboratories, Detroit, Mich.). Peritoneal exudate cells were harvested by
three cycles of peritoneal lavage with 5 ml of RPMI 1640 culture medium, and
the cells obtained were then washed once with Hanks balanced salt solution
(HBSS), followed by centrifugation at 800 X g for 10 min. Cells were resus-
pended in RPMI 1640 culture medium supplemented with 10% FBS. Cells were
counted and plated into either 24-well cell culture plates (Costar, Cambridge,
Mass.) or 6-well cell culture plates (Costar) at approximate densities of 5 X 10°
and 2.5 X 10° cells per well, respectively. Cells were incubated in a 5% CO,
humidified culture incubator at 37°C for 2 h to allow macrophages to adhere to
the plates. Nonadherent cells were removed by washing two times with HBSS
solution. Since viable bacteria had been used to treat macrophages, no penicillin
or streptomycin was added to the culture medium during the isolation, washing,
or subsequent culturing period.

RNA isolation and reverse transcription-PCR (RT-PCR). The E. coli or S.
aureus cells were added to the established primary cultures of peritoneal mac-
rophages in six-well plates and cocultured for various lengths of time as specified
in Results. Following coculture, TRIzol reagent was added directly to the plate
wells and total RNA was extracted from the cells directly from the culture plates
by following the instructions provided by manufacturer. Equal amounts of total
RNA (0.5 to 1.0 pg) for each sample were reverse-transcribed, and cDNA was
amplified using GeneAmp RNA PCR kits by following the manufacturer’s sug-
gested protocol (Perkin-Elmer). The primers used were as follows: for mouse
B-actin, the sense primer was TGTGATGGTGGGAATGGGTCG and the an-
tisense primer was TTTGATGTCACGCACGATTTCC; for mouse TNF-a, the
sense primer was GGCAGGTCTACTTTGGAGTCATTGC and the antisense
primer was ACATTCGAGGCTCCAGTGAATTCGG). Amplified samples
were subjected to electrophoresis on 1.2% agarose gels, stained with ethidium
bromide, and photographed.

Quantitative TNF-a analysis. Peritoneal macrophages were treated with var-
ious doses of E. coli or S. aureus for different times, and culture supernatants
were filtered to remove the remaining bacteria. In most instances, culture su-
pernatant were frozen at —70°C until analyzed. TNF-a was measured using
mouse enzyme-linked immunosorbent assay kits by following manufacturers’
instructions (Genzyme, Inc., Cambridge, Mass.; R&D Systems, Inc.). As a stan-
dard, recombinant mouse TNF-o, with a detection limit of 15 pg/ml, was used for
the assay.

Statistics. TNF-a secretion and accumulation in macrophage-bacterium co-
culture supernatants and the level of visible bacteria are presented as means *
standard errors of the means (SEM), with differences between groups assessed
for significance via Student’s t-test method (5). A calculated P value of <0.05 was
considered significant.

RESULTS

Viable E. coli and viable S. aureus evoke different patterns of
TNF-« release from mouse peritoneal macrophages. One of
the primary aims of these studies was to establish whether or
not viable E. coli and/or viable S. aureus could elicit innate
immune responses as reflected by TNF-a production and/or
release in vitro and whether the kinetic patterns would approx-
imate those observed earlier in an experimental mouse animal
model (24). To pursue this aim, cultures of C3Heb/FeJ mouse
peritoneal macrophages were cocultured with 5 X 10° CFU of
viable E. coli or viable S. aureus/ml and macrophage secretion
of TNF-« into cell culture medium was then measured in
supernatants collected at fixed time intervals through 6 h of
incubation. Macrophage viability during this same time frame
was assessed by a 3-[4,5-dimethyl thiazol-2-yl]-2,5-diphenyltet-
razolium bromide spectrophotometric assay (15). When mac-
rophages were cocultured with E. coli, percentages of macro-
phage viability relative to that seen in the absence of bacteria,
as determined in quadruplicate experiments, were 113% *+ 8%
at 1 h, 97% =+ 11% at 2 h, 109% = 13% at 3 h, and 130% =
6% at 6 h. The corresponding percentages with S. aureus were
121% =+ 11%, 97% =+ 8%, 114% * 19%, and 90% = 16%.
Thus, there are no apparent or systematic differences in mac-
rophage viability during the 6-h incubation period of the ex-
periment with either of these bacteria.
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FIG. 1. TNF-a secretion from mouse macrophage-viable-bacterium cocultures. Thioglycolate-elicited C3Heb/FeJ mouse macrophages were cocultured with 5 X
10° CFU of E. coli O111:B4 or S. aureus M/ml. (a) TNF-a was assayed in supernatants collected at 0 to 6 h, as described in Materials and Methods. (b) Secondary plot
of the data in panel a. Specifically, from each datum shown in panel a, the experimental value for TNF-a determined at the immediately preceding experimental time
point has been subtracted. (c) Serum TNF-a data taken from reference 24, shown here on a log scale, from the trunk blood of outbred (CF-1) mice challenged
intraperitoneally with the same proliferating bacterial strains as those used in the present study. For the in vitro data, three independent experiments were performed;
for the in vivo data, two experiments were performed, with five mice per datum per experiment. Data are means = SEM. *, P < 0.05; #*, P < 0.005. For the data lacking

error bars, variation was too small to indicate.

As shown by the data in Fig. 1a, E. coli induced substantially
higher levels of TNF-« in culture supernatants during the first
2 h than the almost undetectably low levels of TNF-a induced
by cultured macrophages stimulated with S. aureus during the
same time period. At later times, however, S. aureus-stimu-
lated macrophages stimulated production of substantial
amounts of TNF-a. In fact, by 6 h, the quantitative magnitude
of TNF-a release was found to be higher than that detected in
culture supernatants from E. coli-stimulated macrophages.

In order to more closely compare these TNF-a profiles with
those earlier reported in vivo (from serum) (24), it would be of
value to take into account the fact that TNF-a is usually rapidly
cleared from the circulation, with a half-life of 6 to 7 min (2).
In this regard, therefore, we reevaluated the data shown in Fig.
la as the net increase in accumulated TNF-«, as shown in Fig.
1b. For comparison, earlier-reported in vivo responses of mice
to E. coli versus S. aureus, as assessed by measuring circulating

levels of TNF-a, are shown in Fig. 1c. These data collectively
support the conclusion that the in vitro profiles of TNF-«a
secretion induced by S. aureus and E. coli do, in fact, reflect the
findings earlier reported following in vivo infection (24).
Given that these in vitro experiments resulted in ongoing
bacterial growth, we have considered the question of whether
the observed differences in TNF-a secretion occurred indepen-
dently of the rate of bacterial proliferation. To assess this
factor, we monitored bacterial growth in the macrophage cul-
tures exposed to E. coli or S. aureus over the interval of cocul-
ture. As illustrated by the data shown in Fig. 2a, E. coli repli-
cates much more rapidly than does S. aureus in the primary
macrophage cell cultures. Approximately 14-fold and 43-fold
differences in total CFU between E. coli and S. aureus in
macrophage cultures were detected at 3 and 6 h, respectively.
In order to put these data in perspective, we have also
calculated the ratio of TNF-a to the actual number of live
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FIG. 2. Bacterial proliferation and normalized TNF-a secretion from mouse macrophage-viable-bacterium cocultures. Thioglycolate-elicited C3Heb/FeJ mouse
macrophages were cocultured with 5 X 10° CFU of E. coli O111:B4 or S. aureus M/ml. (a) Bacterial proliferation was determined at the times indicated; (b) TNF-a
concentration from Fig. 1a normalized to bacterial number from panel a. Data are means = SEM. *, P < 0.05; #x*, P < 0.005. Three independent experiments were

performed. For the data lacking error bars, variation was too small to indicate.

bacteria in the cell culture medium (as estimated by CFU), and
these data are illustrated in Fig. 2b. The calculated ratio (Fig.
2b) reflects the levels of TNF-a secreted by macrophages rel-
ative to the concentration of activating stimulus (live bacteria
at 10° CFU/ml) at various times of coculture. The kinetic
profiles of the ratio of TNF-a levels to bacterial counts in
macrophages continued to parallel the kinetics of TNF-a se-
cretion (Fig. 2b versus Fig. 1b) as well as the in vivo profiles
(Fig. 2b versus Fig. 1c). The calculated ratio during the first 2 h
for coculture of E. coli with macrophags was higher than that
for coculture of S. aureus-treated macrophages. Between 3 and
6 h, however, the ratio declined to much lower levels in mac-
rophages treated with E. coli whereas, in contrast, the ratio
increased substantially by 3 h and remained higher at 6 h in S.
aureus-treated macrophages. These data indicate that the dif-
ferent patterns of TNF-a secretion from mouse peritoneal
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macrophages in response to viable E. coli versus viable S.
aureus are most likely not directly related to the different
bacterial growth rates; rather they reflect a true difference in
the activating potential of these prototype gram-positive and
gram-negative microorganisms.

The different in vitro profiles of TNF-« secretion are related
to intrinsic structural differences between E. coli and S. aureus.
In order to further ascertain whether or not the observed
differences in TNF-«a release by primary macrophage cultures
treated with viable E. coli and S. aureus are, in fact, due to
inherent differences between these bacteria, we incubated
macrophages with paraformaldehyde-killed bacteria for vari-
ous times and measured the TNF-a released into culture su-
pernatants in comparison with that released by cocultures of
viable organisms with macrophages. As demonstrated by the
data shown in Fig. 3, macrophages treated with paraformalde-
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FIG. 3. Comparisons of TNF-a secretions from paraformaldehyde-killed versus viable E. coli- and S. aureus-stimulated mouse macrophages from 0 to 6 h.
Macrophage preparation and the TNF-« assay were as described for Fig. 1. E. coli O111:B4 and S. aureus M concentrations: paraformaldehyde-killed, 107 CFU/ml;
viable, 5 X 105 CFU/ml. Data are means = SEM for three independent experiments. For the data lacking error bars, variation was too small to indicate.
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FIG. 4. Comparisons of TNF-a secretion from C3Heb/FeJ (endotoxin-normoresponsive) versus C3H/HelJ (endotoxin-hyporesponsive) mouse macrophages cocul-
tured with viable bacteria for 0 to 6 h. Macrophage and bacterial preparations and the TNF-o assay were as described for Fig. 1, except that each bacterial concentration
was 10-fold lower: E. coli O111:B4 concentration, 5 X 10* CFU/ml; S. aureus M concentration, 5 X 10* CFU/ml. Data are means = SEM for three independent

experiments. For the data lacking error bars, variation was too small to indicate.

hyde-killed bacteria generated TNF-a kinetic profiles qualita-
tively similar to those generated by viable bacteria-treated
macrophages (data from Fig. 1a shown in Fig. 3). Both viable
and paraformaldehyde-killed E. coli induced early TNF-a se-
cretion from macrophages compared to S. aureus. The similar
profiles of TNF-a secretion from macrophages stimulated by
paraformaldehyde-killed bacteria and viable bacteria-treated
macrophages strengthen the hypothesis that fundamental dif-
ferences between E. coli and S. aureus gave rise to the observed
differences in macrophage innate immune responses to these
microorganisms.

LPS is the major component from E. coli that stimulates
macrophages to release TNF-a. One major structural differ-
ence between gram-negative and gram-positive microbes is, of
course, that the former, but not the latter, contain biologically
active endotoxin (lipopolysaccharide [LPS]) in an intact mem-
brane bilayer in the outer leaflet exterior to the cell wall. In
order to determine the extent to which the different abilities of
E. coli and S. aureus to induce macrophage TNF-a may be
related to the presence or absence of LPS, we utilized macro-
phages derived from C3H/HeJ mice to conduct experiments
comparable to those described above with C3Heb/Fel] macro-
phages. C3H/HeJ mice possess a genetic lesion that renders
them significantly less responsive to LPS. Cultures of C3H/HeJ
(LPS-hyporesponsive) and C3Heb/Fel (LPS-normorespon-
sive) mouse peritoneal exudate macrophages were treated with
5 X 10* CFU of either E. coli or S. aureus/ml for 0 to 6 h, and
the TNF-a released into the cell culture medium was then
assayed from the supernatants taken at fixed times. As shown
by the data in Fig. 4, only very low levels of soluble TNF-a were
detectable in culture in supernatants from viable E. coli-stim-
ulated C3H/HeJ mouse macrophages, in contrast to the mag-
nitude of the TNF-a concentrations found in coculture super-
natants from C3Heb/Fe] mouse macrophages. In contrast,
following S. aureus stimulation, the TNF-a concentrations de-
tectable in the supernatants markedly increased between 3 and

6 h and were essentially independent of whether or not the
stimulated macrophages had been originally harvested from
C3Heb/Fel mice or from C3H/HeJ mice. Thus, LPS respon-
siveness appears to be a major determinant for the TNF-a
response following macrophage stimulation by viable E. coli
but not by S. aureus.

Transcriptional differences in TNF-a response are manifest
by macrophages stimulated by viable E. coli versus viable S.
aureus. We next queried whether or not the differences in
TNF-«a secretion from macrophages that we had demonstrated
using viable E. coli and S. aureus as stimuli would also be
reflected at the level of gene transcription. For this purpose, we
used RT-PCR to examine TNF-o« mRNA expression in
C3Heb/Fe] mouse peritoneal macrophages that had been
treated with 5 X 10* CFU of live E. coli or S. aureus/ml for
fixed time periods from 0 to 6 h. In order to normalize the
RT-PCR levels, we also measured cellular levels of mRNA of
the housekeeping gene for B-actin. As shown by the data in
Fig. 5, E. coli stimulation induced an early (1 h poststimula-
tion) upregulation of approximately three- to fourfold in
TNF-a mRNA expression in the stimulated macrophages.
Comparable induction of TNF-o mRNA by S. aureus was also
observed, but only after 3 h of coculture. These findings are
consistent with the temporal differences in TNF-a release
shown earlier in Fig. 1 to 4. Together, these findings support
the concept that the differential responses of macrophages to
E. coli and S. aureus are mediated by early events in cell
activation. Qualitatively similar temporal differences in IL-18,
IL-10, and inducible nitric oxide synthase mRNA expression
were also observed (data not shown), suggesting a global char-
acter to the observed distinctions between macrophages stim-
ulated by viable gram-positive versus gram-negative bacteria.

Bacterial killing by the carbapenem antibiotic imipenem
selectively alters the kinetics and magnitude of TNF-« secre-
tion from macrophages stimulated by S. aureus versus E. coli.
The new data shown in Fig. 1 to 5 are indication of marked
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FIG. 5. Expression of B-actin and TNF-a mRNA in C3Heb/FeJ mouse mac-
rophages cocultured with viable bacteria. Total RNA from macrophages cocul-
tured with 5 X 10* CFU of viable E. coli O111:B4 or S. aureus M for 1 to 6 h was
isolated. An equal amount was reverse transcribed, and cDNAs were amplified
using PCR. (Upper panel) Samples were then subjected to electrophoresis and
stained with ethidium bromide. (Lower panel) Densitometric scanning of am-
plified TNF-o mRNA normalized against the B-actin mRNA control for the
medium, E. coli, and S. aureus. Macrophage preparation was as described for Fig.
1.

temporal differences in TNF-a secretion in macrophages
cocultured with viable E. coli versus S. aureus. We have also
shown that viability would not necessarily serve as an absolute
requirement for such differences, inasmuch as paraformalde-
hyde-killed bacteria yielded similar outcomes (Fig. 3). Never-
theless, there have been several earlier studies from our labo-
ratory (3, 17, 24; D. C. Morrison, Editorial, J. Endotoxin Res.
3:171, 1996) and from other laboratories (8, 11, 20-22, 29-31)
establishing that killing or otherwise inhibiting proliferation of
bacteria through the use of efficacious antibiotic treatments
can significantly alter inflammatory responses depending on
the bacteria and specific antibiotic(s). We therefore investi-
gated the effect of one such antibiotic, imipenem, which effec-
tively kills both gram-positive and gram-negative microbes in
vivo and in vitro.

C3Heb/Fe] mouse macrophages were separately treated
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with live E. coli or S. aureus in coculture, with or without
imipenem (50 pg/ml). TNF-a concentrations in isolated cul-
ture supernatants were then assayed. Bacterial killing was es-
tablished as being complete by 2 h, with 99.9% of E. coli cells
and 90% of S. aureus cells being killed within the first hour
(data not shown). With E. coli, the imipenem treatment had
little apparent effect on either the magnitude or the kinetics of
TNF-a appearance following release from the macrophages.
By contrast, and at the same bacterial concentrations, the mac-
rophage response to S. aureus was found to be markedly af-
fected by the imipenem treatment. Thus, as shown by the
results in Fig. 6e, between 1 and 2 h following the imipenem
treatment, the magnitude of TNF-« release increased from 4
to 789 pg/ml, whereas in the absence of the imipenem treat-
ment, the corresponding differences were negligible. At later
times, it was only in the absence of the imipenem treatment
that the TNF-a response continued to rise, to 1,090 pg/ml
between 2 and 3 h and to a difference increasing to 6.9 ng/ml
between 3 and 6 h. These observations are qualitatively com-
parable to those previously reported (24) from in vivo experi-
ments in which mice were challenged with these same prolif-
erating bacterial strains, with and without the imipenem
killing. For purposes of direct comparison, these published
data are reproduced here (in logarithmic form) in Fig. 6¢ (E.
coli) and Fig. 6f (S. aureus). The early increase in TNF-a was
once again seen with S. aureus following imipenem treatment,
as well as a marked and continuing later increase in TNF-a
when the antibiotic treatment was omitted. As with the in vitro
experiments, neither of these effects was apparent with the E.
coli, even though the imipenem was also confirmed to be ef-
fective at killing these organisms in vitro and in vivo.

DISCUSSION

Marked temporal differences in TNF-a secretion from peri-
toneal macrophages are readily detected following coculture
with viable prototypic gram-positive (S. aureus) and gram-neg-
ative (E. coli) bacteria. These differences are also found when
TNF-a mRNA expression in macrophage cultures is mea-
sured. When each of the microbes was rapidly killed with the
broad-spectrum antibiotic imipenem, the effects of TNF-«a se-
cretion in response to S. aureus were significantly altered in
comparison to that in response to control untreated S. aureus.
In contrast, responses to E. coli were not measurably distin-
guishable, as assessed by measuring TNF-a levels in culture
supernatants with and without imipenem treatment. Collec-
tively, these data accurately reflect the results of earlier pub-
lished serum TNF-a kinetic profiles in mice in response to
viable E. coli and S. aureus, and the effects of antibiotic che-
motherapy.

It is noteworthy that paraformaldehyde killing of both S.
aureus and E. coli, by contrast, did not evoke TNF-a profiles
different from those seen with corresponding viable bacteria.
Further evidence for a dominant role for structural differences
in eliciting these differences and, in particular, a key role for
endotoxin is the fact that the macrophage TNF-a responses to
E. coli but not to S. aureus are affected when cells from the
C3H/HeJ endotoxin-hyporesponsive mouse are substituted for
C3Heb/Fel macrophages. That other microbial factors most
likely are involved as well, however, is strongly supported by
observations, both from published (24) and unpublished data
from our laboratory, that the cell wall-active antibiotics imi-
penem and ceftazidime behave qualitatively similarly in both in
vitro and in vivo models of mediator TNF-a production, even
though differences in the abilities of these antibiotics to elicit
endotoxin-mediated release are well documented (D. C. Mor-
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FIG. 6. Effect of imipenem treatment on TNF-a secretion from macrophages stimulated by E. coli versus S. aureus. C3Heb/FeJ mouse macrophages were cocultured
with 5 X 10° CFU of viable E. coli O111:B4 or viable S. aureus M/ml, with (m) and without (OJ) imipenem (50 pg/ml), for 0 to 6 h. (a and d) TNF-« in supernatants
collected at 0 to 6 h, assayed as described in Materials and Methods. (b and e) Secondary plots of the data in panels a and d, respectively. Specifically, from each datum
shown in panels a and d, the experimental value for TNF-a determined at the immediately preceding experimental time point has been subtracted. (¢ and f) Serum
TNF-a data taken from reference 24, shown here on a log scale, from the trunk blood of outbred (CF-1) mice challenged intraperitoneally with the same proliferating
bacterial strains as those used in the present study and concomitantly with a second intraperitoneal injection of 20 mg of imipenem per kg of body weight. For the in
vitro data, three independent experiments were performed; for the in vivo data, two experiments were performed, with five mice per datum per experiment. Data are
means = SEM, * P < 0.05; **, P < 0.005. For the data lacking error bars, variation was too small to indicate.

rison, Editorial, J. Endotoxin Res. 3:171, 1996). Also, the early
TNF-a release associated with imipenem (or ceftazidime) kill-
ing of the S. aureus could arise from the release of one or more
bacterial components, already identified as being capable of
eliciting host inflammatory responses. These would include
lipoteichoic acid and peptidoglycan (6, 30) or microbial DNA
or some combination of these microbial factors.

The present study, like previous studies from our laboratory
(17, 23, 24), has employed S. aureus and E. coli as prototype
gram-positive and gram-negative bacteria. The data reported
here not only further establish a distinct temporal difference
between E. coli and S. aureus in eliciting macrophages to re-
lease TNF-a but also provide a reliable and highly reproduc-
ible in vitro macrophage model. These results, by essentially
mirroring our earlier published results in vivo with each of
these bacteria (24), support the systematic extension of the
concept to other gram-positive and gram-negative microbes
and modes of bactericidal action.

We have previously reported that treatment of gram-nega-
tive bacteria with cell wall-active antibiotics can induce the
release of biologically active endotoxin (3; D. C. Morrison,
Editorial, J. Endotoxin Res. 3:171, 1996). To our knowledge,
however, there are few, if any, prior reports establishing that
treatment of gram-positive organisms with antibiotics can pro-
mote the effective release of microbial factors and correspond-
ing host inflammatory response. Given the widespread use of

antibiotics, and particularly cell wall-active antimicrobials, the
potential relevance of this finding to treatment of the gram-
positive septic patient should not be entirely discounted in the
consideration of treatment options. Whether or not different
antibiotics elicit different (either qualitatively or quantitatively)
profiles of cytokine production remains to be established and is
currently under active investigation in our laboratory.
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