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We investigated the influence of HMR 3004, a new ketolide antibiotic, on the pulmonary inflammation in-
duced by heat-killed fluorescein isothiocyanate-labeled Streptococcus pneumoniae. HMR 3004 downregulated
(P < 0.05) the pneumococcus-induced release of interleukin-6 (IL-6), IL-1b, and nitric oxide in bronchoalveo-
lar lavage fluid. The drug limited (P < 0.05) neutrophil recruitment to lung tissues and alveoli but did not inter-
fere with phagocytosis. HMR 3004 totally abrogated lung edema. By reducing inflammation in addition to possess-
ing antimicrobial properties, HMR 3004 may participate in improving the outcome of bacterial pneumonia.

Despite the use of potent antibacterial agents, pneumococ-
cal pneumonia still remains a deadly infectious disease in both
immunocompetent and immunocompromised hosts. There is
increasing evidence that although phagocytic cell recruitment
to lung tissues plays a pivotal role in the killing of Streptococcus
pneumoniae, excessive inflammatory reactions that result from
this recruitment contribute to severe lung injury in immuno-
competent hosts (3, 16). Antibiotics that may interact with the
immune response in addition to possessing microbicidal prop-
erties might therefore contribute significantly to improving the
outcome of pneumonia (12). Macrolides demonstrate anti-
inflammatory properties, as they have been reported to reduce
phagocytosis (26, 28), neutrophil (PMN) chemotaxis (17), and
the release of proinflammatory cytokines, including interleu-
kin-1 (IL-1) (25) and tumor necrosis factor (TNF) (10). HMR
3004 belongs to the ketolide family, which represents a new
class of macrolide-like antimicrobial agents that are stable in
weakly acidic environments. Recent studies indicated that
HMR 3004 offers a potential alternative for the treatment of
penicillin- and erythromycin-resistant S. pneumoniae (2, 6, 11).
Using heat-killed S. pneumoniae, we evaluated the immuno-
modulating properties of HMR 3004 in a mouse model of
pulmonary inflammation that mimics pneumococcal pneumo-
nia. Inactivated bacteria have the advantage of being insensi-
tive to the killing properties of antibiotics, so that alteration in
bacterial clearance or inflammation may be attributed to drug-
host cell interactions. In this study, we investigated the ability
of HMR 3004 to modify PMN recruitment, phagocytosis by
PMNs and alveolar macrophages, and release of TNF alpha
(TNF-a), IL-1b, IL-6, and nitric oxide (NO).

S. pneumoniae serotype 3 was grown 12 h at 37°C in the
presence of 5% CO2 in brain heart infusion broth supplement-
ed with 5% horse serum. Bacteria were inactivated by heating
at 60°C for 2 h and were labeled with fluorescein isothiocya-
nate (FITC) by stirring 108 CFU/ml (in 0.5 M carbonate-bi-
carbonate buffer, pH 9.5, containing 0.2 mg of FITC per ml)
for 2 h at room temperature. Bacteria were washed and re-

suspended in phosphate-buffered saline (PBS) for inocula-
tion to animals. The use of FITC-labeled bacteria allowed us
to monitor phagocytosis through flow cytometry techniques.
Lightly anesthetized male CD1 mice (Charles River, Québec,
Canada) weighing 20 to 22 g received intranasal inoculations of
50 ml of PBS containing 108 CFU of heat-killed FITC-labeled
S. pneumoniae every 12 h until four doses were administered
(uninfected mice received PBS alone). HMR 3004 was given by
gavage at a dose of 12.5 mg/kg of body weight in distilled water,
starting 24 h before the initial bacterial inoculation and main-
tained every 12 h until the last inoculation (untreated animals
received distilled water alone). This dosage ensures a 100%
survival rate of pneumococcal pneumonia induced with live
bacteria, even when therapy is started 48 h postinfection (data
not shown). Multiple inoculations with the drug starting 24 h
before the first infection appeared appropriate for the inves-
tigation of the drug’s potential interactions with immune cells.
Mice received either bacteria alone, bacteria plus HMR 3004,
HMR 3004 alone, or the appropriate control diluents. Animals
were sacrificed by decerebration at either 1, 4, 12, 24, or 48 h
after initiation of (the first) infection.

Bronchoalveolar lavage (BAL) was performed on six sacri-
ficed mice per group per time. The skin was incised and the
trachea was exposed, a catheter was inserted, and 3 1-ml ali-
quots of cold PBS were injected and recovered. After centrif-
ugation at 3,400 3 g for 10 min, supernatants were taken to
detect TNF-a, IL-1b, and IL-6 with enzyme-linked immuno-
sorbent assay kits (Genzyme Corporation, Cambridge, Mass.)
and NO through the measurement of its oxidized nitrite and
nitrate metabolites by the colorimetric method of Griess (7).
The cell populations in the pellet were enumerated on Diff-
Quick (Baxter, Pointe-Claire, Canada)-stained cytospin prep-
arations. Cells were also fixed in 1% paraformaldehyde and
subjected to flow cytometry for phagocytosis analysis. By se-
lecting PMNs and macrophages on the forward-angle light
scatter and the side scatter, we could determine the percentage
of both populations that had a green fluorescence intensity
greater than that of the control cells, thus obtaining the per-
centage of cells actively involved in the phagocytosis of FITC-
labeled bacteria.

Six mice per group per time were also sacrificed for lung
analysis. Lungs were taken, weighed, and infused with saline to
remove blood. They were homogenized in 50 mM potassium
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phosphate buffer, pH 6.5. Six hundred microliters of phosphate
buffer containing aprotinin (20 U) and CHAPS {3-[(3-chol-
amidopropyl)-dimethylammonio]-1-propanesulfonate} (0.2%)
were added to 600 ml of lung homogenate. Samples were cen-
trifuged at 3,000 3 g for 30 min, and cytokines and NO were
quantified in supernatants as described above. Myeloperoxi-
dase (MPO) was assayed in supernatants after the addition of
100 ml of hexadecyltrimethylammonium bromide to 100 ml of
homogenate, sonication for 30 s, centrifugation, and reaction
with O-dianisidine and hydrogen peroxide as previously de-
scribed (3). Statistical analysis of the difference between groups
was performed by the Mann-Whitney U test for nonparametric
data and Fisher’s protected least-significant-difference test for
normally distributed data. A P of ,0.05 was considered signif-
icant. All data are presented as means 6 standard errors of the
means (SEM).

IL-6 levels rose sharply in BAL fluid of both infected groups
as early as 4 h after inoculation, but significantly lower con-
centrations were seen at that time in animals treated with
HMR 3004 (Fig. 1A; P , 0.05). IL-6 decreased rapidly there-
after in both groups. It remained undetectable in uninfected
controls. The release of IL-1b in BAL fluid of untreated in-
fected mice, although observable 4 h postinfection, occurred
later than the release of IL-6, peaked at 12 h, and rapidly

declined thereafter (Fig. 1B). HMR 3004 strongly inhibited
IL-1b release, as this cytokine could not be detected at 4 h in
treated infected mice and was significantly reduced at 12 and
24 h (P , 0.05). TNF-a expression was detected in BAL fluid
of both infected groups, but no significant difference was noted
between infected and treated infected mice. As an example,
1,560 6 412 pg of TNF-a/ml of BAL fluid versus 1,829 6 571
pg of TNF-a/ml of BAL fluid was recovered at 4 h in infect-
ed versus treated infected mice, respectively. IL-6, IL-1b, and
TNF-a were below the limit of detection in lung homogenates
of any group, as inactivated bacteria do not proliferate in
tissues and do not induce bacteremia. They most likely acti-
vated alveolar macrophages for the expression of cytokines and
chemokines.

The profile of PMN recruitment in BAL fluid is reported in
Fig. 2A. Compared to uninfected controls, in which negligible
amounts of PMNs were harvested, both infected and treated
infected mice experienced a significant increase in PMN counts
from 4 to 48 h, peaking at 12 h. However, significantly lower
counts were obtained after treatment of infected mice with
HMR 3004 (24 h; P , 0.05). PMNs recruited to lung tissue

FIG. 1. Mean IL-6 (A) and IL-1b (B) levels in BAL fluid of CD1 mice
infected with four doses of 108 CFU of heat-killed FITC-labeled S. pneumoniae
and treated with placebo or HMR 3004 (12.5 mg/kg) every 12 h from 24 h
preinfection until sacrifice of the animals. Both cytokines remained undetectable
in uninfected controls. p, P , 0.05 between infected and infected plus HMR
3004-treated mice. Error bars, SEM.

FIG. 2. (A) Mean PMN counts in BAL fluid of mice infected with four doses
of 108 CFU of heat-killed FITC-labeled S. pneumoniae and treated with HMR
3004 (12.5 mg/kg) every 12 h from 24 h preinfection until sacrifice of the animals.
Appropriate controls included uninfected mice treated with HMR 3004 or a
placebo. Symbols: p, P , 0.05 between infected and infected plus HMR 3004-
treated mice; ¶, P , 0.05 between infected and healthy control mice; §, P , 0.05
between infected plus HMR 3004-treated and HMR 3004 mice. (B) Mean MPO
levels in lung tissue of animals treated as described for panel A. Negligible
amounts of MPO were recovered in uninfected mice treated with HMR 3004 or
placebo. p, P , 0.05 between infected and infected, HMR 3004-treated mice.
Error bars, SEM.
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before they reached the alveoli were detected in tissue homog-
enates earlier than in BAL fluid, as peak levels of MPO could
be seen in both infected groups 4 h after infection (Fig. 2B).
Here again HMR 3004 downregulated inflammation by signif-
icantly reducing MPO levels (12 h; P , 0.05). Monocytes were
not recruited in this model, and the number of resident alve-
olar macrophages recovered in BAL remained stable (2.1 3
104 6 0.1 3 104/ml of BAL fluid). As for the percentages of
PMNs and macrophages that were actively involved in phago-
cytosis (detected as fluorescent cells by flow cytometry), of the
total number of PMNs or macrophages present in BAL, no
significant difference could be seen at any time of sacrifice be-
tween infected mice treated with HMR 3004 or a placebo. As
an example, 75% of macrophages and 63% of PMNs were
fluorescent at 12 h postinfection in untreated animals while
treatment with HMR 3004 resulted in fluorescence in 82% of
macrophages and 71% of PMNs.

Edema was monitored as a criterion to evaluate additional
host inflammatory reactions. Lung weight of untreated infect-
ed mice increased significantly after one or multiple inocula-
tions with bacteria, as shown by high values at 12 and 48 h
compared to those for healthy controls (Fig. 3; P , 0.05).
HMR 3004 totally abrogated lung edema, as values similar to
those in controls were obtained after treatment (P , 0.05). In
addition, HMR 3004 significantly (P , 0.05) shortened late (24
to 48 h) pneumococcus-induced NO secretion by reducing the
release of this proinflammatory mediator in BAL fluid at 48 h
(Fig. 4).

The present model of infection with repeated injections of
heat-killed bacteria, although less potent at inducing inflam-
mation than infection with live bacteria, is suitable for the in-
vestigation of the in vivo immunomodulator properties of
antibiotics without regard to their direct effect on bacterial
clearance. Heat-killed pneumococci have been shown in vitro
to induce cytokine release by murine macrophages (22); we
have shown in vivo by monitoring lung inflammation through
BAL fluid that mice challenged with heat-killed S. pneumoniae
secrete not only TNF-a, IL-1b, and IL-6 but also significant
amounts of NO. We demonstrated in vivo anti-inflammatory
effects of HMR 3004, as the drug downregulated IL-6, IL-1b,

and NO release at the time of their peak production. The drug
also diminished PMN recruitment in both lung tissue and al-
veoli without reducing the intrinsic phagocytic efficacy of either
PMNs or alveolar macrophages, suggesting that HMR 3004
interferes with chemotaxis rather than with phagocytic pro-
cesses. Although the mechanisms involved may not be fully
clarified by the present experiment and possibly imply chemo-
kine and additional host factor release, findings from other
investigators provide support for a relationship between high
intracellular uptake of ketolides or macrolides into phagocytes
and resulting alterations in cytokine secretion and migration of
inflammatory cells (1, 9, 15, 17, 25, 27). In the present exper-
iment, the accumulation of HMR 3004 inside alveolar macro-
phages may have indirectly affected inflammation through vari-
ations in intracellular ion concentrations (23) or interaction
with the expression of adhesion molecules (18, 26). In fact,
alveolar macrophages, which are likely the primary immune
cells in alveoli that recognize inhaled pneumococci, have been
shown to secrete proinflammatory cytokines (4) which upregu-
late chemokine secretion for the recruitment of PMNs from
the vascular compartment to infected tissues (13, 19). Thus, the
observed reduction in PMN counts in BAL fluid might partly
result from a decrease in cytokine (or chemokine) production
(24).

The patterns of cytokine production and inflammatory cell
recruitment differ substantially when heat-killed pneumococci
are used instead of live bacteria, as can be seen by a compar-
ison of the results in this manuscript and our previously
reported data (3). BAL PMNs decline more rapidly with heat-
killed bacteria, as does lung MPO, despite repeated inocula-
tions with 10-fold-larger inoculum size than that used in single
inoculation with live bacteria. There is also a much lower level
of BAL TNF-a in the first 4 h when heat-killed bacteria are
used, while there are higher levels of BAL IL-6 (IL-1b was
measured in the present experiment, by contrast to IL-1a in
the former one [3]). These observations suggest that bacterial
proliferation and, most likely, toxin release greatly contribute

FIG. 3. Mean weight of right lung of mice infected with four doses of 108

CFU of heat-killed FITC-labeled S. pneumoniae and treated with HMR 3004
(12.5 mg/kg) every 12 h from 24 h preinfection until sacrifice of the animals.
Appropriate controls included uninfected mice treated with HMR 3004 or pla-
cebo. Symbols: p, P , 0.05 between infected and infected plus HMR 3004-
treated mice; ¶, P , 0.05 between infected and healthy control mice. Error bars,
SEM.

FIG. 4. Mean NO levels in BAL fluid of mice infected with four doses of 108

CFU of heat-killed FITC-labeled S. pneumoniae and treated with HMR 3004
(12.5 mg/kg) every 12 h from 24 h preinfection until sacrifice of the animals.
Appropriate controls included uninfected mice treated with HMR 3004 or pla-
cebo. Symbols: p, P , 0.05 between infected and infected plus HMR 3004-
treated mice; ¶, P , 0.05 between infected and healthy control mice; §, P , 0.05
between infected plus HMR 3004-treated and HMR 3004-treated mice. Error
bars, SEM.
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to inflammation through TNF secretion and sustained PMN
recruitment after infection with live bacteria. IL-6, by contrast,
might reflect the severity of stress, whether of infectious or
noninfectious origin (20), in animals exposed to repeated in-
sults with various inoculum sizes of invasive agents.

It is now admitted that under septic conditions and in vari-
ous pulmonary disorders, such as adult respiratory distress
syndrome (5), overwhelming inflammatory reactions includ-
ing TNF-a and IL-1b release participate in tissue injury and
organ dysfunction. More recently NO was shown to participate
in the pathogenesis of septic shock and of pneumococcal pul-
monary infection (3, 29). Unrestrained NO secretion late in
the course of infection appears to enhance edema (14) and
cytotoxicity to tissue (3, 8). In addition, excessive PMN recruit-
ment may exert deleterious effects through the release of oxi-
dative intermediates and proteolytic enzymes (21). Thus, the
development of drugs that optimize pulmonary inflammatory
responses in addition to possessing bactericidal properties rep-
resent a therapeutic advantage for the treatment of pneumonia
and other infectious diseases. Although studies of antibiotic-
host cell interactions during infection with live bacteria are
needed to corroborate our findings, our experimental ap-
proach allowed us to demonstrate a strong modulation of host
response to S. pneumoniae by HMR 3004. These interesting
properties of HMR 3004 provide support for the use of this
agent against bacterial pneumonia. Future experiments with
live pneumococci in untreated mice or mice treated with HMR
3004 or another antibiotic devoid of the in vitro immunomodu-
latory properties of ketolides are warranted. Both prophylactic
and therapeutic regimens started at various stages of infection
deserve to be investigated.
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