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hypothesis that CEF interacts with the release or activity of
inflammatory mediators.
Despite the reported good clinical efficacy of CEF against
acute lower respiratory tract infections (11, 39, 41, 49), and
despite the fact that it compares favorably in vivo to other
cephalosporins (e.g., cefotaxime) even when worse in vitro
MICs are observed (45), there is a paucity of information
regarding the potential immunomodulatory role of the drug
during in vivo pneumococcal pneumonia, and there is no published information regarding cytokine measurement in this
context. Moreover, any reported change in the immune function during antibiotic therapy could have been attributed to
bacterial clearance by CEF. To our knowledge we are the first
group to investigate the direct in vivo interaction of CEF with
the pulmonary inflammatory response in a model of Streptococcus pneumoniae-induced pneumonia that excludes the potential influence of CEF on bacterial clearance and which
includes at the same time chemotaxis, phagocytosis, and cytokine data. Heat-killed bacteria that cannot be destroyed by the
drug were used to avoid downregulation of inflammation
through bacterial clearance. Bacteria were labeled with fluorescein isothiocyanate (FITC) to detect engulfment by phagocytes through flow cytometry techniques. We analyzed the influence of CEF on the recruitment and phagocytosis efficacy of
PMNs and alveolar macrophages and on the release of TNF-a,
IL-1a, and IL-6. Leukotriene B4 (LTB4) was measured as a
potential candidate for mediation of PMN chemotaxis.
(The data were presented in part at the fourth International
Congress on Biological Response Modifiers [7a]).

Pneumococcal pneumonia is still a leading cause of mortality
throughout the world, mainly as a result of inappropriate immune responses to virulent strains. Encapsulated bacteria resist phagocytosis by alveolar macrophages, which then secrete
chemotactic factors for polymorphonuclear cell (PMN) recruitment. The excessive release of proinflammatory cytokines,
enzymes, and oxygen radicals by both macrophages and PMNs
thus initiates a cascade of inflammatory reactions that contributes to tissue injury and death (7, 8, 18, 29, 47, 54, 58). The
development of antibiotics which can interact with the immune
system has been an expanding field of research over the last
decade and still remains an area of intense investigation (24,
34, 43, 56). Cefodizime (CEF), an expanded-spectrum cephalosporin, appears to have such immunomodifying properties:
in vitro, the drug has been reported to exert negative (46),
neutral (32), or positive (30) effects on PMN chemotaxis; no
effect (32, 46) or positive effects (26, 36) on phagocytosis;
downregulation of tumor necrosis factor alpha (TNF-a), interleukin-1 (IL-1), and IL-6 release by stimulated human monocytes (31, 43); no effect on IL-1 release (32); and upregulation
of release of IL-8 (31) and granulocyte-macrophage colonystimulating factor (38) from monocytes and bronchial epithelial cells, respectively. Ex vivo, CEF showed either neutral (12,
28) or positive (12, 32, 59, 60) effects on chemotaxis and phagocytosis by PMNs and monocytes, and it restored IL-1 and
interferon production in immunocompromised patients and
animals (22). In vivo, CEF enhanced phagocytosis and survival
of mice infected with CEF-resistant pathogens (Candida albicans and Toxoplasma gondii) (20, 22, 23, 27). The discrepancies
among data acquired in vitro, ex vivo, and in vivo support the

MATERIALS AND METHODS
Preparation of FITC-labeled bacteria. Cells of S. pneumoniae serotype 3 were
grown in brain heart infusion broth supplemented with 5% horse serum in the
presence of 5% CO2. They were inactivated by heating at 60°C for 2 h and were
labeled with FITC (F-7250; Sigma, Oakville, Ontario, Canada) by stirring 108
CFU/ml in 0.5 M carbonate-bicarbonate buffer (pH 9.5) containing 0.2 mg of
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It has recently become apparent that overwhelming inflammatory reactions contribute to the high mortality
rate associated with pneumococcal infection in immunocompetent hosts. Cefodizime (CEF) is an antibiotic
that seems to be endowed with immunomodulating properties. To investigate the influence of CEF on the
pulmonary inflammatory response induced by Streptococcus pneumoniae, we infected mice with repeated intranasal inoculations of 107 CFU of heat-killed fluorescein isothiocyanate-labeled bacteria, which are insensitive
to the killing properties of the drug. CEF downregulated but did not abolish the strong polymorphonuclear
leukocyte (PMN) recruitment induced by S. pneumoniae. PMN recruitment was not primarily mediated by
leukotriene B4 in this model. The drug did not interfere with intrinsic mechanisms of phagocytosis by PMNs
and alveolar macrophages. CEF totally abrogated the pneumococcus-induced tumor necrosis factor alpha
(TNF-a) and interleukin-6 (IL-6) secretion in bronchoalveolar lavage fluid. The drug also prevented IL-6
release in lung homogenates and partly inhibited TNF-a, but it did not interfere with IL-1a secretion in the
lungs of infected mice. The fractional and selective downregulation of inflammatory cells and cytokines by CEF
suggests cell-specific and intracellular specific mechanisms of interaction of the drug. The immunomodulatory
properties of CEF may help restrain excessive inflammatory reactions, thus contributing to the reported good
clinical efficacy of the drug against lower respiratory tract infections.
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FIG. 1. Mean (plus SEM) neutrophil and phagocytosing neutrophil counts in
BAL fluid (A) and MPO levels in lung homogenates (B) of mice 4 h after the last
injection of S. pneumoniae (BACT), CEF, S. pneumoniae plus CEF (BACTCEF), or the appropriate diluent (CONTROL). ppp, P , 0.001 compared with
counts in control mice.

MPO assay. PMN infiltration in lung tissue was quantified through the measurement of MPO as previously described (7). Briefly, blood-free lung homogenates were sonicated and centrifuged at 3,000 3 g for 30 min at 4°C. MPO was
evaluated by adding 150 ml of the supernatant to a mixture of 825 ml of phosphate buffer, 75 ml of a o-dianisidine solution at a concentration of 1.25 mg/ml in
distilled water, and 75 ml of hydrogen peroxide at 0.05%. The enzymatic reaction
was stopped after 15 min by addition of 75 ml of 1% sodium azide, and absorbance was read at 450 nm against a standard curve made with commercially
available MPO (M-6908; Sigma).
Histology. Whole lungs were fixed in glutaraldehyde, embedded in paraffin,
and processed for light microscopy. Tissue sections were fixed in glutaraldehyde
followed by osmium tetroxide and then processed for light microscopy and
electron microscopy according to standard methods (7).
Statistical analysis. All statistical analyses were performed on StatView SE1
graphics (Abacus Concepts, Inc., Berkeley, Calif.). Differences between groups
were evaluated with analysis of variance by a least-squares method. If the F test
indicated a difference (P , 0.05), group comparisons were performed with
Fisher’s protected least significant difference test and a P value of ,0.05 was
considered significant. All data are presented as means 6 standard errors of the
means (SEMs).

RESULTS
Inflammatory cells and phagocytosis. “Infection” with S.
pneumoniae stimulated PMN recruitment in BAL fluid (Fig.
1A; P , 0.001 for the difference between control and infected
mice) without altering the macrophage, lymphocyte, or eosinophil count. Treatment with CEF significantly reduced, but did
not abolish the total PMN recruitment (P , 0.001 for the
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FITC per ml for 2 h at room temperature. Bacteria were then washed and
resuspended in phosphate-buffered saline (PBS) for inoculation into animals.
This encapsulated clinical strain isolated by blood culture was previously shown
to induce greater phagocytosis by PMNs than by alveolar macrophages and to
provoke strong pulmonary inflammation in fatal pneumonia after intranasal
inoculation of 107 CFU of live bacteria into CD1 mice (7). The present model of
inoculation with repeated injections of 107 CFU of heat-killed bacteria, although
less potent for inducing inflammation than infection with live bacteria, seems
suitable for the study of interactions of CEF with the immune response, as any
change after treatment could be related to the “immunomodulatory” rather than
the “antibiotic” properties of the drug. Such models with heat-killed pneumococci do induce cytokine release (48). The labeling of bacteria with FITC allowed
us to measure both the percentage and mean fluorescence of phagocytosing
macrophages and PMNs (described below).
“Infection” and treatment. Lightly anesthetized female CD1 Swiss mice (20 to
22 g) were inoculated intranasally with 50 ml of PBS containing 107 bacteria every
12 h until five doses were administered. Control mice received intranasal PBS.
To facilitate the migration of the inoculum to the alveoli and to ensure infectivity
in 100% of the mice, animals were held in a vertical position for at least 2 min.
CEF was dissolved in saline and administered subcutaneously at 30 mg/kg of
body weight/dose at 12-h intervals, starting 96 h before the first inhalation of
bacteria and ending at the time of the last bacterial inoculation. Control animals
received saline. All mice had free access to mouse chow and water and were
exposed to alternate standardized light and dark periods of 14 and 10 h, respectively, each day. These schedules of inoculation and treatment were based on
previously observed bacterial counts during pneumonia (7) and on reported
antibiotic effects (27, 60).
Experimental protocol. Four groups of 12 animals received either bacteria
alone, CEF alone, bacteria plus CEF, or the appropriate control diluent. Four
hours after the last injection of bacteria and/or CEF, animals were killed by
cervical dislocation, and two series of procedures were performed with each of
these four groups. Half of the animals in each group were sampled at the
retro-orbital sinus of the left eye for detection of TNF-a, IL-1a, IL-6, and LTB4
in serum, and then bronchoalveolar lavage (BAL) was performed to monitor
leukocyte recruitment and phagocytosis of bacteria and to quantify cytokines and
leukotrienes; the other six mice in each group were weighed, and the lungs were
removed for assessment of lung weight, PMN infiltration in tissue through measurement of myeloperoxidase (MPO), release of inflammatory mediators, and
histopathology. The time of sacrifice was based on previous determination of
maximal cell recruitment and cytokine release in animals exposed to multiple
inoculations with heat-killed bacteria.
Inflammatory cells in BAL fluid. Leukocyte recruitment in alveoli was monitored by harvesting a total of 3 ml of BAL fluid in cold PBS. After centrifugation
at 3,400 3 g for 10 min, supernatants were used to detect inflammatory mediators (as described below) and protein content through the Bradford method (21);
cells in the pellet were quantified with a hemacytometer, and the ratio of PMNs
to macrophages was obtained from Diff-Quick-stained cytospin preparations
(B4132-1; Baxter, Pointe-Claire, Quebec, Canada). A fraction of the BAL fluid
was fixed in 1% paraformaldehyde-PBS and analyzed with an Epics 753 flow
cytometer (Coulter Electronics) for phagocytosis. Therefore, phagocytosis data
reflected in vivo rather than ex vivo phagocytosis of bacteria.
Phagocytosis assays. After stimulation of cells at 488 nm (argon laser), the
green fluorescence (525 nm; log scale), the forward angle light scatter (FALS),
and the side scatter (SS) were recorded. The populations of macrophages and
PMNs in BAL fluid had different FALSs and/or SSs. By selecting each population on the FALS-versus-SS histogram, we could determine the percentages of
macrophages and PMNs that had a green fluorescence intensity greater than
those for control cells, thus obtaining the percentages of cells actively involved in
phagocytosis. The numbers of phagocytosing cells in BAL fluid were then derived from the total cell counts determined as described above. The mean
fluorescence (intensity of fluorescence) reflected the number of bacteria ingested
per phagocyte. Both the number of phagocytosing cells and the mean fluorescence were indicators of the intrinsic phagocytic efficacy of both cell populations.
Processing of lung tissue. The lungs and heart were removed together, and
blood was removed with sterile saline infusion through the right ventricle until
the effluent was clear. The right lungs were then homogenized with a Potter
homogenizer at 1 g/10 ml in potassium phosphate buffer (50 mM; pH 6.5). To 600
ml of homogenate was added 600 ml of phosphate buffer containing aprotinin (20
U) and CHAPS {3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate} (0.2%) for measurement of cytokines. To 100 ml of homogenate was added
100 ml of hexadecyltrimethylammonium bromide (to achieve a final concentration of 0.5%) for measurement of MPO. Part of the crude homogenate was also
used for measurement of LTB4, without addition of any detergent. The left lungs
were processed for light microscopy and electron microscopy as described below.
Cytokine and LTB4 assays. TNF-a, IL-1a, and IL-6 levels in the supernatant
of BAL fluid, in the supernatant of lung homogenates (after centrifugation at
3,000 3 g for 30 min at 4°C in a microcentrifuge), and in serum were measured
with commercially available enzyme-linked immunosorbent assay kits (80-280200, 1900-01, and 80-3748-01, respectively; Genzyme Corp., Cambridge, Mass.).
LTB4 was quantified with a radioimmunoassay (8-6020; Cedarlane, Hornby,
Ontario, Canada).
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difference between infected-treated and infected mice and P ,
0.001 for that between infected-treated and control mice).
Control animals that received PBS showed no PMN recruitment, thus confirming the absence of bacterial contamination
from the upper airways, as already assessed in previous experiments (7). The number of PMNs that actively phagocytized
bacteria, as detected by flow cytometry (Fig. 1A), also fell,
from 155 3 103 in infected mice to 57 3 103 in infected-treated
mice (P , 0.05). This fall in the number of phagocytosing
PMNs coincided, to the same order of magnitude, with the fall
in the total number of recruited PMNs, thus conserving a
similar percent phagocytosing cells (ratio of fluorescent PMNs
to total PMNs), which indicated a reduction in chemotaxis
rather than defective intrinsic phagocytic efficacy. Similarly,
the percent phagocytosing macrophages (of the total macrophage count) remained stable, at 64 and 56% in infected and
infected-treated mice, respectively. Moreover, the mean fluorescence of neither PMNs nor macrophages was altered by
CEF, indicating that those cells which were active in the
phagocytic process ingested the same amount of bacteria per
cell in treated animals as in untreated infected animals. PMN
recruitment in lung tissue of infected mice, detected through
MPO elevation, was clearly inhibited by CEF, as shown in Fig.
1B. The MPO level fell from 117 U/ml of lung homogenate
supernatant for infected animals to 23 U/ml for infectedtreated mice (P , 0.001). Values comparable to those for
uninfected controls were obtained for the latter group.
Inflammatory mediators and other host factors. The most
abundant cytokine in cell-free BAL fluid after S. pneumoniae
infection was TNF-a (300 pg/ml) (Fig. 2A). IL-1a was undetectable in BAL fluid, while IL-6 was weakly secreted (50
pg/ml) (Fig. 2B). As CEF abrogated TNF-a and IL-6 in BAL
fluid, values comparable to those for uninfected controls were

obtained. TNF-a, IL-6, and IL-1 levels in lung tissue homogenate were significantly increased after infection (Fig. 2C to
E). CEF selectively affected these cytokines in lung tissue, by
reducing IL-6 to normal levels (Fig. 2D) and partly reducing
the TNF-a level (Fig. 2C) without altering IL-1 (Fig. 2E). No
cytokine could be detected in blood in this model, which does
not manifest bacteremia. No significant release of LTB4 could
be demonstrated for the infected animals at the time of measurement, either in BAL fluid, lung tissue, or serum. The
amount of proteins recovered in cell-free BAL fluid was increased significantly after infection (338 6 14 versus 216 6 39
mg/ml in control mice; P , 0.05) but CEF totally prevented the
effect of infection (162 6 34 mg/ml; P , 0.01 compared to
infected mice). Normal values were obtained after CEF was
administered to uninfected mice (213 6 42 mg/ml).
Histopathology. Electron microscopy confirmed the inhibiting influence of CEF on recruitment of PMNs, which were
mainly localized near bronchoalveolar areas in infected animals (Fig. 3). Tissue damage was moderate after inoculation of
heat-killed bacteria, in contrast with that observed after inoculation of living organisms (7), but less debris was seen after
treatment with CEF.
DISCUSSION
In addition to the interactions between antibiotics and bacteria and between the immune system and bacteria, antibiotics
interact with the immune system. In a recent literature review
by Van Vlem et al. (56), 670 statements concerning positive,
neutral, or negative effects of 153 antibiotics on the immune
system are listed. Of the 115 statements obtained from reports
on in vivo studies, only 30 concerned models in infected animals, as any change in the immune function could be the
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FIG. 2. Mean (plus SEM) levels of TNF-a (A) and IL-6 (B) in BAL fluid and of TNF-a (C), IL-6 (D), and IL-1a (E) in lung homogenates 4 h after the last injection
of S. pneumoniae (BACT), CEF, S. pneumoniae plus CEF (BACT-CEF), or the appropriate diluent (CONTROL). p, pp, and ppp, P , 0.05, P , 0.01, and P , 0.001
compared with control value, respectively.

2530

BERGERON ET AL.

ANTIMICROB. AGENTS CHEMOTHER.

Downloaded from http://aac.asm.org/ on March 3, 2021 by guest
FIG. 3. Electron microscopy of lung architecture of mice infected with heat-killed S. pneumoniae and treated with CEF (A) or control diluent (B). Tissue is well
preserved and few neutrophils are seen after therapy, while in the untreated infected mouse the tissue contains cell debris and numerous neutrophils. T2, type 2
pneumocytes; A, alveolus; I, interstitium; N, neutrophils; D, debris. Magnification, 38,300.
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reported in numerous in vitro studies but in few in vivo studies
(25, 34, 56). Our results support the in vitro observation made
by Meloni et al. (31) that CEF downregulates TNF-a and IL-6
secretion by monocytes exposed to an inflammatory stimulus.
In fact, alveolar and interstitial macrophages as well as blood
monocytes are well-recognized potential sources for TNF-a,
IL-1, and IL-6, but epithelial cells, fibroblasts, endothelial cells,
and PMNs may also participate in cytokine release and inflammation (9, 47). The uptake of CEF and interaction with CEF
of immune and nonimmune cells in our model resulted in
complete inhibition of cytokines in BAL fluid but selective and
fractional inhibition of TNF-a, IL-6, and IL-1 in lung homogenate supernatants. IL-1a, evaluated in our experiment, exerts
its biologic activity in a membrane-associated form (in contrast
to IL-1b, TNF-a, or IL-6) (1), which possibly explains why this
cytokine could be recovered only in homogenized tissues and
was not released into cell-free BAL fluid. Our data thus indicate that cell-specific and intracellular specific sites of interaction of the drug resulted in selective inhibitory mechanisms. It
is unlikely that binding of CEF to penicillin-binding proteins in
inactivated bacteria altered peptidoglycan structure and inflammation. In fact, the selective inhibition of TNF-a and IL-6
in lung tissue without reduction in IL-1 level suggests that
immune system components rather than bacterial components
were altered by CEF. Moreover, pneumolysin, teichoic acid,
and capsule components are all likely to induce inflammation
(reviewed in reference 7). Other investigators (5, 6, 31, 34)
reported differential modulation of cytokine production by antibiotics, but no mechanism was evoked. Pefloxacin, ciprofloxacin, and ofloxacin reduced TNF-a, IL-1b, and IL-6 secretion
from human adherent mononuclear leukocytes stimulated in
vitro with bacterial lipopolysaccharide without inhibiting IL-1a
(3–5, 44). The reduction in TNF-a correlated with abnormal
intracellular levels of cyclic AMP, and the differential modulation suggested a reduction in the levels of cytokines that play
a systemic role rather than those which act mostly through
local intercellular contact. The reduction of proinflammatory
cytokines through the stimulation (by clarithromycin) of the
anti-inflammatory cytokine IL-10 has also been evoked (34).
Additional potential mechanisms might include direct or indirect alteration of mRNA expression (15, 17). Since the mechanisms are likely to be complex, protein binding studies as well
as immunocytochemistry and mRNA hybridization studies
need first to be performed to identify which particular cell
types are affected by infection and treatment.
Other reports support our hypothesis that partial and selective blockade of cell recruitment and inflammatory mediator
release constitutes a useful therapeutic approach to pulmonary
infections, as the secretion of TNF-a, IL-1, and IL-6 has been
associated both with the pathogenesis and with the protective
immune mechanisms in a number of pulmonary disorders,
including pneumococcal pneumonia: TNF-a and IL-1 at low
levels elevate nonspecific antibacterial resistance (53, 55), but
their excessive release, or their combination, also induces synergistic toxicity to host cells (2, 40, 54). The role of each
cytokine and the consequences of selective inhibition for the
pathophysiology of pneumonia cannot be fully determined
from the present experiment. Since TNF-a, IL-1, and IL-6 in
BAL fluid have already been identified as being associated with
severe pneumonia in humans and IL-6 appears to reflect the
severity of stress, whether of infective or noninfective origin
(35, 42), CEF possibly protects patients from multiple adverse
reactions and contributes in various ways to the successful
outcome of pneumonia. Interestingly, CEF demonstrated
downmodulation properties despite sustained bacterial challenge, and the drug deserves to be fully investigated from the
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consequence of the mere disappearance of the infection rather
than an intrinsic effect of the antibiotic per se. The model of
pulmonary inflammation due to FITC-labeled heat-killed S.
pneumoniae that we developed allowed us to confirm a downmodulatory role for CEF which does not result from bacterial
clearance by the drug. CEF modified the inflammatory response by disturbing the cytokine cascade and the recruitment
of PMNs to the site of infection. Despite reduction in chemotaxis of PMNs, the intrinsic phagocytic activity of alveolar macrophages and PMNs remained unaltered, as evaluated by the
percentage and mean fluorescence of phagocytosing cells. The
drug selectively inhibited the release of TNF-a and IL-6, which
have been associated with cell recruitment and tissue injury in
several infectious diseases, including pneumonia (47, 54).
Overall, our results demonstrate that CEF reduces inflammation, in addition to its intrinsic antibiotic properties, and suggest that some immunological protection afforded to the host
might contribute to the reported good clinical efficacy of the
drug against acute lower respiratory tract infections (11, 39, 41,
45, 49), especially when living bacteria induce strong inflammation.
It is thought that, during bacterial pneumonia, PMNs migrate from the bloodstream to the site of infection under stimulation with chemotactic factors, such as the C5a fraction of
complement, granulocyte colony-stimulating factor, macrophage inflammatory protein (MIP-2, the murine homologue of
IL-8 in humans), GRO-alpha, LTB4, and platelet-activating
factor, through mechanisms both dependent on and independent of the CD18 family of leukocyte adhesion molecules (13,
14, 16, 33, 47, 50, 51, 54). With our model we showed significant PMN recruitment after infection without significant activation of LTB4, suggesting that LTB4 is not required or at least
is not the primary chemotactic mediator for PMN recruitment
against S. pneumoniae. CEF may have contributed to the partial reduction in PMN counts by altering release of chemokines
(such as MIP-2) by alveolar macrophages and other cells. Although the chemokines have not been detected in pneumococcal pneumonia in CD1 mice, it is probable that CEF acted
upon many immune and nonimmune cells. Reduction in calcium ion concentration in PMNs (46, 52), interaction of CEF
with membrane glycoproteins (10), or interaction with the expression of adhesion molecules (19, 37) may also have contributed to the alteration of PMN chemotaxis and functions, as
with other antibiotics. However, reduction in PMN chemotaxis
through inhibition of phosphoinositide metabolism, as occurs
with aminoglycosides (57), appears to be unlikely to occur with
CEF. Leukopenia or direct cytotoxicity for PMNs should also
be excluded, as they were not reported to occur after CEF
treatment.
The consequences of limiting PMN recruitment depend on
the extent of inhibition: the high mortality rate from pneumococcal infection in neutropenic subjects actually provides evidence that a minimal number of PMNs is necessary for the host
to resist bacterial invasion; on the other hand, high PMN
recruitment is also associated with fatal outcome, as phagocytes release toxic components that contribute to tissue injury,
edema, hypoxemia, and death (reviewed in references 7 and
58). Partial blockade by CEF of the excessive PMN recruitment in infected animals thus appears likely to produce a
healthy equilibrium beneficial to the host. In addition, CEF did
not alter PMN or macrophage phagocytic activity. Moreover,
CEF as an antibiotic can restrain bacterial growth in the lungs
during infection with live bacteria, despite limited PMN recruitment, thus providing protection through both its antibiotic
effects and its immunomodulatory properties.
Interactions of antibiotics with cytokine release have been
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perspective of therapy for pneumonia against gram-positive
and gram-negative microorganisms. Studies with cell wall components and living microorganisms are warranted, as in vivo
treatments with antibiotics contribute to lysis of bacteria and
release of toxins which may participate in inflammatory responses.
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