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Patients with unresolving acute respiratory distress syndrome (ARDS) have persistently elevated levels of
proinflammatory cytokines in the lungs and circulation and increased rates of bacterial infections. Phagocytic
cells hyperactivated with lipopolysaccharide (LPS), which induces high levels of proinflammatory cytokines in
monocytic cells, are inefficient in killing ingested bacteria despite having intact phagocytic activity. On the
other hand, phagocytic cells that are activated with an analogue of LPS that does not induce the expression of
proinflammatory cytokines effectively ingest and kill bacteria. We hypothesized that in the presence of high
concentrations of proinflammatory cytokines, bacteria may adapt and utilize cytokines to their growth advan-
tage. To test our hypothesis, we primed a human monocytic cell line (U937) with escalating concentrations of
the proinflammatory cytokines tumor necrosis factor alpha, interleukin-1b (IL-1b), and IL-6 and with LPS.
These cells were then exposed to fresh isolates of three common nosocomial pathogens: Staphylococcus aureus,
Pseudomonas aeruginosa, and an Acinetobacter sp. In human monocytes primed with lower concentrations of
proinflammatory cytokines (10 to 250 pg) or LPS (1 and 10 ng), intracellular bacterial growth decreased.
However, when human monocytes were primed with higher concentrations of proinflammatory cytokines (1 to
10 ng) or LPS (1 to 10 mg), intracellular growth of the tested bacteria increased significantly (P <0.0001).
These results were reproduced with peripheral blood monocytes obtained from normal healthy volunteers. The
specificity of the cytokine activity was demonstrated by neutralizing the cytokines with specific antibodies. Our
findings provide a possible mechanism to explain the frequent development of bacterial infections in patients
with an intense and protracted inflammatory response.

Inflammation is an innate immune response of the host to an
infectious or noninfectious assault. The most proximal expres-
sion of such a response is the elaboration of proinflammatory
cytokines tumor necrosis factor alpha (TNF-a), interleukin-1b
(IL-1b), and IL-6. When present in optimal concentrations,
these biologically active molecules recruit both specific and
nonspecific immune cells to the site of assault and activate
them, thereby helping to eradicate the assault and to restore
homeostasis (11). However, there are occasions when the host
defense response, in terms of inflammation, is exaggerated and
protracted. In such cases, this primary defense process may
instead cause enhanced tissue injury and maladaptive repair,
leading to vital-organ dysfunction and failure (12). Acute re-
spiratory distress syndrome (ARDS) is a frequent form of
hypoxemic respiratory failure caused by the acute development
of diffuse lung inflammation. We have previously reported that
nonsurvivors of ARDS have a dysregulated host defense re-
sponse characterized by (i) persistent elevation of pulmonary
and circulatory levels of proinflammatory cytokines TNF-a,
IL-1b, and IL-6 and (ii) an increased rate of nosocomial bac-
terial infections (6). In these patients, nosocomial bacterial
infections may represent an epiphenomenon of the exagger-
ated and protracted inflammatory response (6). In agreement
with this line of evidence, Murphy et al. (14) reported that
patients with AIDS who were treated with the cytokine IL-2

had increased rates of bacterial infections. The mechanisms by
which excessive inflammation might favor bacterial infections
have not been investigated. If it can be proven that exaggerated
inflammation favors bacterial growth, it is reasonable to as-
sume that treatment modalities directed at controlling exag-
gerated inflammation might be useful in curtailing bacterial
infections.

Several recent reports indicate that bacteria can utilize cer-
tain cytokines to enhance their extracellular and intracellular
growth. Porat et al. (16) reported that virulent strains of Esch-
erichia coli express receptors for IL-1b and demonstrated en-
hanced extracellular in vitro growth in the presence of biolog-
ically active recombinant IL-1b. Furthermore, Denis et al. (2)
reported that both IL-2 and granulocyte-macrophage colony-
stimulating factor enhanced the extracellular growth of viru-
lent strains of E. coli. For these reasons, we initiated a series of
experiments to study the in vitro extracellular and intracellular
growth response of bacteria exposed to graded concentrations
of biologically active TNF-a, IL-1b, and IL-6. The three bac-
terial species used for these studies were Staphylococcus au-
reus, Pseudomonas aeruginosa, and an Acinetobacter sp., patho-
gens that frequently cause nosocomial infections in patients
with ARDS. We have previously reported that all three bacte-
rial species showed concentration-dependent growth enhance-
ment when incubated with one or more tested proinflamma-
tory cytokines and that blockade by specific neutralizing
monoclonal antibodies (MAb) significantly inhibited cytokine-
induced growth (13). The effects of cytokines on extracellular
bacterial growth were seen only with fresh isolates and were
lost after six in vitro passages (13).
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To further understand the effects of proinflammatory cyto-
kines on bacterial growth, we studied the intracellular growth
response of S. aureus, P. aeruginosa, and Acinetobacter sp. in
human monocytes (cell line U937 and cells from healthy hu-
man volunteers) primed with graded concentrations of TNF-a,
IL-1b, or IL-6 or lipopolysaccharide (LPS). LPS was selected
for its ability to induce the expression of TNF-a, IL-1b, and
IL-6 and other inflammatory cytokines within human mono-
cytes.

MATERIALS AND METHODS

Bacteria. Fresh clinical bacterial isolates of S. aureus, P. aeruginosa, and Acin-
etobacter sp. recovered from the bronchoalveolar lavage fluid or peripheral blood
of patients admitted to the University of Tennessee Bowld Hospital were used
without any additional passage in vitro, to keep the biological nature of the
bacterial isolates intact as far as possible. The bacteria were grown in 3 ml of
RPMI-Dulbecco modified Eagle medium (RPMI-DMEM) without serum or
antibiotics (Life Technologies, Bethesda, Md.) at 37°C for 8 h. Then the bacterial
cultures were washed and resuspended in 1 ml of RPMI-DMEM without anti-
biotics to a concentration of 105 bacteria/ml.

Monocyte cell line and maintenance. The human monocytic cell line U937 was
obtained from the American Type Culture Collection, Rockville, Md. These cells
were maintained in RPMI-DMEM with 10% fetal calf serum, 100 U of penicillin
per ml, and 100 mg of streptomycin per ml (Life Technologies). Prior to each
experiment, the cells were centrifuged, resuspended in RPMI-DMEM without
antibiotics or serum, and seeded to a concentration of 2 3 106 cells/ml into
12-well tissue culture plates (Costar, Cambridge, Mass.) containing RPMI-
DMEM without serum or antibiotics.

Isolation of human peripheral blood monocytes. Samples (40 ml) of blood
were collected from two normal healthy volunteers by venipuncture. The blood
monocytes were separated and purified by Ficoll-Hypaque gradient centrifuga-
tion and by lysing and removing any contaminating erythrocytes by standard
methods.

Priming of U937 monocytic cells and normal human peripheral blood mono-
cytes with LPS. U937 cells or normal human peripheral blood monocytes (2 3
106 cells/ml) were exposed to graded concentrations (1, 10, 100, 1,000, 5,000, and
10,000 ng) of LPS, purified from E. coli K235 (Sigma Chemicals, St. Louis, Mo.).
The cells were then incubated for 8 h at 37°C under an atmosphere of 5% CO2
prior to introduction of bacteria.

Priming of U937 monocytic cells with cytokine. The monocytic cell line U937
(2 3 106 cells/ml) was also primed with pure biologically active recombinant
cytokines (TNF-a, IL-1b, IL-6, and IL-10). These pure cytokines were obtained
from R&D Systems, Minneapolis, Mn. Each cytokine was used at 1 and 10 ng
based on our optimization experiments conducted on U937 cell line.

Bacterial infection of U937 monocytic cells and normal human peripheral
blood monocytes. A total of 2 3 106 monocytic cells were mixed with 6 3 106

CFU of each bacterial species and incubated at 37°C under an atmosphere of 5%
CO2 for 2 h with intermittent shaking. Extracellular bacteria were then killed by
treating the culture with 200 mg of gentamicin (Life Technologies) per ml. The
monocytic cells containing internalized bacteria were then washed to free them
of the gentamicin and the killed bacteria and were resuspended in antibiotic- and
serum-free RPMI-DMEM and incubated for 12 h at 37°C under an atmosphere
of 5% CO2. The experiments with U937 cells were run in triplicate, while the
experiments with human monocytes were run in duplicate.

Estimation of bacterial growth. After the specified incubation, the monocytic
cells and bacteria were centrifuged. The pellets were suspended in 1.0 ml of
sterile distilled water and sonicated to disrupt the monocytic cells without af-
fecting the viability of the bacteria. The lysates were then diluted 10-fold in
RPMI-DMEM without antibiotics or serum. Serially diluted lysates were then
plated on Luria-Bertani (LB) agar (Difco, Detroit, Mich.) plates and incubated
at 37°C for 18 h. The bacterial colonies were counted, and the results were
expressed as CFU per milliliter of lysate.

Neutralization of biological activities of cytokines. The specificity of the cyto-
kine activity was tested by neutralizing cytokines with specific MAb. As specified
by the manufacturer (R&D Systems), 300 ng of anti-IL-1b MAb was mixed with
5 ng of recombinant human IL-1b to neutralize its biological activity, 600 ng of
anti-IL-6 MAb was mixed with 5 ng of recombinant human IL-6, and 4 mg of
anti-TNF-a MAb was mixed with 5 ng of recombinant TNF-a. The mixtures of
pure recombinant human cytokines and specific MAb were incubated at 4°C for
1 h and then added to U937 cells. Subsequently, 6 3 106 CFU of bacteria was
added to each culture and incubated at 37°C for 12 h. The recovery of intracel-
lular bacteria was assessed by estimating the CFU per milliliter of the cell lysate
as described above. The specificity of action of cytokines was further tested by
incubating pure recombinant cytokines with equivalent amounts of normal
mouse immunoglobulin G and then assessing the effects of this mixture on
intracellular bacterial growth.

RNA extraction. Total cellular RNA was isolated by a modification of a
previously described procedure (8). Following 8 h of priming with LPS, one batch
of U937 cells (2 3 106 cells) from each group mentioned above was harvested,

washed, and lysed with Trizole reagent (Life Technologies). Total cellular RNA
was extracted from the cell lysate by chloroform extraction followed by ethanol
precipitation and was stored as dry pellets or as aliquot of aqueous solutions at
270°C.

RT reactions. The reverse transcription (RT) reactions were performed in
accordance with a procedure described by Kanangat et al. (8). Samples (5 mg) of
total cellular RNA were reverse transcribed with avian myeloblastosis virus
(AMV) reverse transcriptase and oligo(dT)18 primer (Promega Corp., Madison,
Wis.). The reaction mixture, in addition to AMV reverse transcriptase and
oligo(dT) primers, consisted of 5 mM MgCl2, 50 mM KCl, 0.1% Triton X-100, 2
mM deoxynucleoside triphosphate, and 40 U of RNase inhibitor (Promega). The
mixture was incubated for 15 min at ambient temperature and for a further 90
min at 42°C, heated at 99°C for 5 min, and cooled on ice.

PCR. PCR was done by a previously described method (8). A 5-ml sample of
the RT mixture (cDNA) was used in a 25.0-ml PCR for qualitative detection of
b-actin (as control for RNA isolation and RT efficiency), TNF-a, IL-1b, and
IL-6. All these reactions were done in separate tubes to avoid possible compe-
tition among different target and primer pairs. The reaction mixture consisted of
1.5 to 2.5 mM MgCl2, 01% Triton X-100, 125 mM each dATP, dCTP, and dTTP,
50 mM Tris-HCl (pH 8.3), and 1.0 U of Taq DNA polymerase (Life Technolo-
gies). The conditions for PCR were denaturation at 94°C for 90 s, annealing at
55°C for 60 s, and extension at 72°C for 120 s. These cycles were repeated 35
times for each mRNA mentioned above. The primers were used at 15 pmol per
reaction. The PCR products were analyzed on a 2.5% gel (Life Technologies),
stained with ethidium bromide (Sigma Chemical Co.), and photographed. The
intensity of the bands was measured with the Alpha Imager 2000 documentation
and analysis system (Alpha Inotech Corp., San Leandro, Calif.).

Statistical analysis. Bacterial growth, measured in 106 CFU per milliliter, was
transformed by taking the natural logarithm since the variance of growth in-
creased with increasing concentrations of the priming substances. For each
combination of bacterial species and priming substance, one-way analysis of
variance was used to compare bacterial growth after incubation for 8 h in
medium containing various concentrations of the priming substance (TNF-a,
IL-1b, IL-6, and LPS). Preplanned contrasts were used to determine whether
intracellular growth changed after addition of a given concentration of priming
substance compared to intracellular growth of unprimed cells (controls).

RESULTS

The intracellular growth of S. aureus, P. aeruginosa, and the
Acinetobacter sp. was affected by the concentration of proin-
flammatory cytokines (TNF-a, IL-1b, and IL-6) or LPS used to
prime the human monocytes.

Intracellular bacterial growth in cytokine-primed U937
monocytic cells. Figure 1 shows the intracellular growth of the
tested bacteria in U937 monocytic cells primed with graded
concentrations of IL-1b, IL-6, or TNF-a. A concentration-
dependent biphasic growth response was observed for all three
bacteria, and this response was similar among the tested cyto-
kines. The intracellular growth of three bacteria progressively
decreased as the concentration of priming cytokines increased
from 10 to 250 pg. This trend, however, reversed when the
priming concentration reached and exceeded 1,000 pg, and
intracellular bacterial growth increased manyfold. Compared
to the control (no cytokines present), the intracellular growth
of S. aureus (Fig. 1, top) in U937 monocytic cells primed with
IL-1b, IL-6, or TNF-a progressively decreased at cytokine
concentrations of 10 pg (P 5 0.002, 0.007, and 0.002, respec-
tively), 100 pg (P , 0.0001 for all three cytokines), and 250 pg
(P , 0.0001 for all three cytokines); similar results were ob-
tained for P. aeruginosa (Fig. 1, middle) at priming cytokine
concentrations of 10 pg (P 5 0.05, 0.37, and 0.007, respective-
ly), 100 pg (P , 0.0001 for all three cytokines), and 250 pg (P ,
0.0001 for all three cytokines) and for the Acinetobacter sp.
(Fig. 1, bottom) at cytokine concentrations of 10 pg (P 5 0.05,
0.36, and 0.007, respectively), 100 pg (P , 0.0001 for all three
cytokines), and 250 pg (P , 0.0001 for all three cytokines).
Compared to control, the intracellular growth of all three bac-
terial isolates increased significantly at a priming concentration
of 1,000 pg (P , 0.001 for all cytokines), and 10,000 pg (P ,
0.0001 for all cytokines).

Specificity of the biological activities of individual cytokines.
The specificity of the individual cytokine action was examined
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by the addition of specific antibodies to individual cytokines in
the growth medium. Figure 2 shows that when the cytokines
are neutralized by specific antibodies prior to incubation with
monocytic cells, the cells exposed to such neutralized cytokines
were unable to enhance the replication of the tested bacteria.

Intracellular bacterial growth in LPS-primed U937 mono-
cytic cells. Since LPS induces the production of a wide variety
of cytokines by monocytes, we tested the ability of our three
bacterial species to grow intracellularly in LPS-primed U937

cells. The growth of S. aureus, P. aeruginosa, and Acinetobacter
sp. in presence of graded concentrations of LPS is shown in
Fig. 3. At a priming concentration of 1.0 ng, a reduction in
intracellular growth, in comparison to the control (without
LPS), was observed for all three bacteria (P 5 0.02, 0.055, and
0.03, respectively). However, at concentrations of 100 ng or
higher, we observed a significant increase in intracellular bac-
terial growth for all three isolates (P , 0.0001 for all three
bacteria).

FIG. 1. Intracellular bacterial growth of S. aureus, P. aeruginosa, and Acinetobacter sp. in U937 cells primed with graded concentrations of IL-1b, IL-6, and TNF-a.
U937 cells (2 3 106) were primed with 0, 10, 100, and 250 pg and 1 and 10 ng of IL-1b, IL-6, and TNF-a. The primed cells were mixed with 6 3 106 CFU of each tested
bacterium and incubated for 2 h. Extracellular bacteria were killed with gentamicin (see Materials and Methods). The cells with internalized bacteria were incubated
at 37°C for 12 h under an atmosphere of 5% CO2. They were then lysed, serially diluted, and cultured onto LB agar plates. The CFU per milliliter was estimated after
16 to 18 h of incubation. A concentration-dependent biphasic growth response was observed for all three bacteria, and this response was similar among the tested
cytokines. The intracellular growth of three bacteria progressively decreased as the concentration of priming cytokines increased from 10 to 250 pg. However, this trend
reversed when the priming concentration reached and exceeded 1,000 pg, and intracellular bacterial growth increased manyfold (P , 0.0001 for all cytokines).
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Proinflammatory cytokine mRNA expression in LPS-primed
U937 monocytic cells. To determine whether the induced in-
tracellular growth enhancement of the tested bacteria was due
to the induction of proinflammatory cytokines in LPS-primed
U937 monocytic cells, the amounts of these cytokines (TNF-a,
IL-1b, and IL-6) at the transcriptional (mRNA) level were
estimated in U937 cells primed with LPS by using a semiquan-
titative RT-PCR approach. Figure 4 shows that in U937 mono-
cytic cells, LPS enhances the expression of TNF-a, IL-1b, and
IL-6 in a concentration-dependent manner.

Intracellular growth of S. aureus in LPS primed human
peripheral blood monocytes. The above experiment was re-

peated with peripheral blood monocytes obtained from normal
healthy human volunteers and primed with graded concentra-
tions of LPS. As shown in Fig. 5, the observed response was
similar to the one observed with U937 monocytic cells. Com-
pared to the control (without LPS), intracellular growth of S.
aureus was significantly decreased (P , 0.0001) when mono-
cytes were primed with a low concentration of LPS (10 ng),
while intracellular growth was significantly enhanced (P ,
0.0001) at higher concentrations of LPS (1,000 to 10,000 ng).

Intracellular bacterial growth in U937 monocytic cells
primed with IL-10. To determine the effect on intracellular
growth of priming with an anti-inflammatory cytokine, we

FIG. 2. Specificity of cytokine action on intracellular bacterial growth. The biological activities of respective cytokines were neutralized by mixing pure recombinant
cytokines with specific neutralizing antibodies as specified by the manufacturer (R&D Systems) and incubating the mixture at 4°C for 1 h (see Materials and Methods).
The neutralized cytokines were then added to the cells before they were exposed to the bacteria. When the cytokines were neutralized by specific antibodies before
being incubated with monocytic cells, the cells exposed to such neutralized cytokines were unable to enhance the replication of the tested bacteria.
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primed U937 cells with graded concentrations of IL-10 before
exposing them to the three bacterial isolates. As shown in Fig.
6, the intracellular growth of the tested bacteria was unaffected
by IL-10 priming.

DISCUSSION

In the present study, we found that the intracellular growth
of S. aureus, P. aeruginosa and the Acinetobacter sp. in human
monocytes was affected by the degree of cell activation ob-
tained by exposure to graded concentrations of the proinflam-
matory cytokines TNF-a, IL-1b, and IL-6 or of LPS. In mono-
cytes primed with lower concentrations of cytokines (10 to 250
pg) or LPS (1 and 10 ng), intracellular bacterial growth de-
creased. However, when monocytes were primed with higher
concentrations of cytokines (1 to 10 ng) or LPS (1 to 10 mg),

intracellular growth of the tested bacteria increased signifi-
cantly (P , 0.0001). The specificity of the cytokine activity was
demonstrated by neutralizing the cytokines with specific anti-
bodies.

In vivo, bacteria are normally ingested and killed by phago-
cytes. A recent study has shown that in mice depleted of alve-
olar macrophages, intratracheal administration of Klebsiella
pneumoniae was associated with impaired bacterial clearance
and increased mortality compared to controls, despite a signif-
icant increase in TNF-a expression and a threefold increase in
polymorphonuclear cell recruitment (1). When mice are pre-
treated with an analogue of LPS (SDZ MRL 953) that sub-
stantially downregulates proinflammatory cytokine response in
phagocytic cells, the animals are more resistant to bacterial
infections (reviewed in reference 9). Corroborating studies by
Harris et al. (5) have shown that endotoxin can induce the

FIG. 3. Intracellular bacterial growth in LPS-primed U937 monocytic cells. U937 cells were pulsed with graded concentrations of LPS for 8 h, and 2 3 106 cells
were mixed with 6 3 106 CFU of the tested bacteria. The cell-bacterium mixture was incubated for 2 h. The extracellular bacteria were killed with gentamicin (see
Materials and Methods). The cells with intracellular bacteria were incubated for at 37°C for 12 h and then lysed and serially diluted. The cell lysates were then cultured
on LB agar plates, and the CFU per milliliter was estimated after 16 h of incubation at 37°C. At a priming concentration of 1.0 ng/ml, a reduction in intracellular growth
in comparison to control (with no LPS) was observed for all three bacteria (P 5 0.02, 0.055, and 0.03, respectively). However, at concentrations of 100 ng or higher,
a significant increase in intracellular bacterial growth was observed for all three isolates (P , 0.0001 for all three bacteria).
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suppression of pulmonary antibacterial defenses against S. au-
reus despite preservation of the activation and phagocytic sta-
tus of the cells (5). LPS is known to induce the expression and
secretion of a wide variety of proinflammatory cytokines in
monocytes, and our findings are in accordance with this con-
cept. It is probable that the effect of LPS on intracellular
replication of bacteria is mediated through certain cytokines or
the resultant expressed transcription factors or growth-enhanc-
ing proteins. Additional research is required to precisely un-
derstand the mechanisms of the observed phenomenon.

Our findings indicate that there is a threshold of cellular
activation at which phagocytic cells effectively kill ingested
bacteria. Above this threshold of cellular activation, however,
the intracellular micromilieu becomes favorable to the survival
and replication of the ingested bacteria. The mechanisms by
which bacteria survive in these activated cells and the reasons
why such activated cells are unable to efficiently kill ingested
bacteria are not understood. The ability of bacteria to resist
intracellular killing might render them more virulent. It is
known that rapidly replicating microbes such as bacteria are
able to express novel genes that are required for their survival
in a particular niche (4). It is possible that bacteria are able to
utilize one or more of the proteins that are upregulated within
the cells by the cytokines during an inflammatory response.
Identification of novel genes expressed by bacteria, along with
the dissection of various proteins that are expressed within the
cells, may provide useful information on bacterial virulence.

In the present study, TNF-a, IL-1b, and IL-6 were selected
because of their established role in inflammation. We have
previously shown that ARDS nonsurvivors have persistent el-
evation of pulmonary and circulatory TNF-a, IL-1b, and IL-6
levels over time (12) and that bacterial infections in these
patients are likely to be an epiphenomenon of exaggerated and
protracted inflammation (6). Two studies reported that the
intracellular growth of Mycobacterium avium-intracellulare
complex was enhanced in human peripheral blood monocytes
activated with the cytokines IL-3, IL-6, and granulocyte-mac-
rophage colony-stimulating factor (3, 18). IL-6 is a unique
cytokine with multifaceted activities. Depending on the sites of
action, IL-6 could act as pro- or anti-inflammatory cytokine. In
addition to our work (6), two studies have described an asso-
ciation between high circulating IL-6 levels and increased rate
of infections (17, 19). Previous reports have shown that bacte-
ria have receptors for proinflammatory cytokines. Porat et al.
(16) reported that virulent strains of E. coli have receptors for
IL-1b and that IL-1b enhances the growth of these bacteria.
Luo et al. (10) reported that TNF-a could bind efficiently to
many strains of gram-negative bacteria and that TNF-a–bac-
terium complexes can interact with TNF-a receptors present

FIG. 4. Proinflammatory cytokine mRNA expression in LPS-primed U937
monocytic cells. U937 cells were pulsed with graded concentrations of LPS (see
Materials and Methods). The cells were harvested after 8 h of incubation and
lysed. Total cellular RNA was isolated with Trizole reagent (see Materials and
Methods) and subjected to RT with AMV reverse transcriptase. The cDNA thus
obtained was amplified by PCR with specific primers for IL-1b, IL-6, and TNF-a.
b-Actin was used as an internal control. The levels of expression of various
cytokines were expressed as ratios of cytokines to b-actin. In U937 monocytic
cells, LPS enhances the expression of TNF-a, IL-1b, and IL-6 in a concentration-
dependent manner.

FIG. 5. Intracellular growth of S. aureus in LPS-primed human peripheral
blood monocytes. The peripheral blood monocytes isolated from two normal
healthy volunteers were exposed to graded concentrations of LPS and then
infected with S. aureus (see Materials and Methods). The extracellular bacteria
were killed by exposing the culture to a mixture of antibiotics. The cells with
internalized S. aureus were incubated for 12 h, after which they were lysed and
the CFU per milliliter was assessed. The observed response was similar to that
observed with U937 monocytic cells.

FIG. 6. Intracellular bacterial growth in U937 monocytic cells primed with
IL-10. U937 cells were treated with 0, 1, and 10 ng of IL-10 and subsequently
infected with the tested bacteria. The extracellular bacteria were removed by
treating the cells with a mixture of antibiotics and by washing. Intracellular
bacterial growth was assessed by determining the CFU per milliliter of lysed
cells. The intracellular growth of the tested bacteria was unaffected by IL-10
priming.
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on eukaryotic cells. They also showed that TNF-a binding
enhances bacterial invasion of HeLa cells and phagocytosis by
human and murine macrophages (10).

Anti-inflammatory cytokines also promote bacterial growth.
Two studies have shown that IL-10 and IL-4 can enhance the
intracellular replication of bacteria. Park and Skerrett (15)
reported that priming of human monocytes with IL-10 signif-
icantly enhanced the intracellular growth of Legionella pneu-
mophila. In the present study, intracellular bacterial growth of
the tested isolates was not affected by IL-10 priming (Fig. 6).
This discrepancy could be due to the cell lines chosen or to the
bacterial species tested, since L. pneumophila is an intracellular
bacterium. Hultgren et al. (7) reported reduced growth of S.
aureus in the joints of an IL-4-deficient mouse and showed that
exposure of macrophages to IL-4 reduced the intracellular
killing of S. aureus without impairing phagocytosis. From these
studies, it appears that bacteria can adapt to the host innate
and specific immune response by diverting such responses to-
ward their own growth advantage and survival within the host.

We have previously shown that the proinflammatory cyto-
kines TNF-a, IL-1b, and IL-6 enhance the in vitro extracellular
growth of S. aureus, Acinetobacter sp., and P. aeruginosa in a
concentration-dependent manner (13). The findings of the
present study expand on this report to provide additional evi-
dence in support of the hypothesis that inflammation has a
bidirectional effect on bacterial growth. A mild to moderate
degree of local inflammation provides an environment favor-
able to the host, where extracellular and intracellular bacterial
growth is not promoted and phagocytic cells are efficient in
killing the ingested bacteria. In contrast, an exaggerated and
protracted local inflammation may compromise the resolution
of an infection or favor the development of a new infection by
promoting both intracellular and extracellular growth of bac-
teria above the clearance ability of the host.
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