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Patients still die from Strepfococcus pneumoniae pneumonia after initiation of antibiotic therapy, when tissues
are sterile and the pneumonia is clearing. There is growing evidence that overwhelming inflammation resulting
from toxin release contributes to tissue injury, shock, and death. Monitoring host response may help us
understand the consequences of antibiotic therapy for the inflammatory processes that occur in bacterial
pneumonia. HMR 3004 is a ketolide that displays excellent in vitro activity against S. pneumoniae. In the
present experiment, we investigated the chronology of inflammatory events that occur during pneumococcal
pneumonia in mice treated with HMR 3004. Infection of mice with 10’ CFU of living S. pneumoniae resulted in
100% mortality within 5 days. HMR 3004 given at 12.5 mg/kg of body weight/dose twice daily from 48 h
postinfection achieved complete bacterial clearance from lungs and blood within 36 h and ensured survival of
mice. Recruitment of neutrophils and monocytes from blood to lungs was significantly reduced, and nitric oxide
release was totally prevented. Interleukin-6 secretion in lungs and blood became rapidly undetectable after
initiation of therapy. Histological examination of lung tissue showed protection of interstitium against edema.
By controlling bacterial invasion, HMR 3004 led to rapid and profound modifications of the host response in

lungs, which may protect mice from deleterious inflammatory reactions.

Streptococcal pneumonia is the most common cause of com-
munity-acquired bacterial pneumonia. The worldwide increase
in the resistance of Streptococcus pneumoniae to penicillin G
and other antimicrobials has dramatically complicated the
management of pneumococcal infections (2, 16, 17, 25). HMR
3004 belongs to the ketolide family, which represents a class of
14-membered ring macrolide agents that are characterized by
a keto group at position 3 of the macrolactone ring, which
replaces the L-cladinose moiety of other members of the mac-
rolide group. Studies with HMR 3004 have indicated that ke-
tolides offer a potential alternative for treating penicillin- and
erythromycin-resistant S. pneumoniae strains (1, 7, 12, 20, 21).
HMR 3004 activity was tested against erythromycin-resistant
pneumococci in murine pneumonia models: the bactericidal
activity of the drug in the lungs was associated with good
pulmonary diffusion and a slightly prolonged half-life com-
pared to those of typical 14-membered ring macrolides (P.
Rajagopalan-Levasseur, E. Vallée, C. Agouridas, J. F. Chan-
tot, and J. J. Pocidalo, Abstr. 35th Intersci. Conf. Antimicrob.
Agents Chemother., abstr. F173, 1995).

Pulmonary phagocytic cell recruitment and inflammatory
mediator release also play a pivotal role in the effective killing
of respiratory pathogens. However, there is increasing evi-
dence indicating that during acute bacterial pneumonia the
combination of bacterial virulence factors and excessive inflam-

* Corresponding author. Mailing address: Centre de Recherche en
Infectiologie, CHUQ, Pavillon CHUL, 2705 Boul. Laurier, Sainte Foy,
Québec, Canada G1V 4G2. Phone: (418) 654-2705. Fax: (418) 654-
2715. E-mail: Michel.G.Bergeron@crchul.ulaval.ca.

T Present address: Service des Maladies Infectieuses, Centre Hospi-
talier Universitaire de Dijon, Dijon, France.

252

matory reactions from the host together contribute to induce
severe lung injury, shock, and death (reviewed in references 3
and 4). Only a few investigators have evaluated the chronology
and magnitude of inflammatory events that accompany bacte-
rial clearance during antibiotic therapy. In this study, we
investigated the antibacterial activity of HMR 3004 in a mu-
rine model of pneumococcal pneumonia and the concomitant
evolution of the inflammatory response, including phagocytic
cell recruitment and release of cytokines and nitric oxide (NO)
in blood, bronchoalveolar lavage fluid (BALF), and lung tis-
sue. Correlations of these factors with histopathology and out-
come of pneumonia were made.

MATERIALS AND METHODS

Bacteria. A penicillin-susceptible clinical strain of S. pneumoniae serotype 3
was used for all experiments. HMR 3004 had a MIC at which 90% of isolates
were inhibited of 0.015 mg/liter for this strain.

Animals. Male CD1 Swiss mice (25 to 28 g) were obtained from Charles River
(Québec, Canada). Animals had free access to food and water and were exposed
to alternate standardized light/dark periods of 14 and 10 h/day.

Pneumococcal pneumonia model. To prepare the inoculum, an overnight
culture of bacteria was initially grown in brain heart infusion agar and was frozen
in 1-ml aliquots at —80°C. For each experiment, a 1-ml volume was thawed and
used to seed fresh brain heart infusion agar, and then the mixture was incubated
overnight at 37°C in a 5% CO, atmosphere. The cultures were centrifuged,
washed, and resuspended in phosphate-buffered saline (PBS) to obtain the
appropriate concentration for inoculation of animals. Mice were infected as
previously described (3), with minor modifications. Briefly, lightly anesthetized
mice received an inoculum of 107 log-phase CFU of bacteria in 50 ul of PBS,
which was applied at the tip of the nose and involuntarily inhaled. To facilitate
migration of the inoculum to the alveoli, mice were held in a vertical position for
2 min. Control mice received intranasal PBS.

Determination of HMR 3004 dosage. The HMR 3004 dosage was chosen to
approximate peak serum drug concentrations of 2 pg/ml, which were measured
in human serum after administration of a standard dosage of HMR 3647 (B.
Lenfant, E. Sultan, C. Wable, M. H. Pascual, and B. H. Meyer, Abstr. 38th
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Intersci. Conf. Antimicrob. Agents Chemother., abstr. A49, 1998). Since maxi-
mum levels of HMR 3004 in plasma in mice were about 4.5 pg/ml after an oral
dose of 50 mg/kg of body weight, we assumed that a total daily dose of 25 mg/kg
was suitable for the experiments (18).

Survival rate study. Determination of the efficacy of HMR 3004 against
pneumococcal pneumonia was first established in survival rate studies. Groups of
12 mice were infected as described above. Treatments with HMR 3004 at 12.5
mg/kg/dose (by gavage) were initiated either 24, 48, or 72 h postinfection (p.i.)
and were maintained every 12 h for up to 5 days or until death of the animals
(total daily administration of 25 mg/kg). Control mice received sterile saline.
Survival rate was recorded every 24 h until day 5 p.i.

Influence of HMR 3004 on the pathophysiology of pneumococcal pneumonia:
experimental protocol. Based on the observation that 25 mg/kg/day was very
effective in protecting against mortality, and considering that in clinical practice
therapy most likely is initiated once pneumonia is well established, we undertook
a series of pathogenesis studies with therapy initiated 48 h p.i. at the dosage of
25 mg/kg/day. Four groups of mice received either bacteria alone, HMR 3004
alone, bacteria plus HMR 3004, or the appropriate control diluent. Twelve
animals in each group were sacrificed at 0, 6, 12, 24, 30, and 36 h after initiation
of treatment, which corresponds to the 48- to 84-h period p.i. that is critical for
death or survival in untreated versus HMR 3004-treated mice. Blood, BALF, and
lung tissue were sampled to determine the cellular response and to quantify
inflammatory mediators. Histopathology was also done on tissue sections. Bac-
terial counts were determined in lung tissue, and bacteremia was also verified.

Development of infection. Lungs and heart were taken together and weighed
before and after blood removal with 20 ml of sterile saline infused through the
right ventricle until the effluent was clear. Lungs were then homogenized with a
Potter homogenizer at a ratio of 1 g/10 ml of 50 mM potassium phosphate buffer
(pH 6.5). Bacteria were quantified in this homogenate by plating 10-fold dilu-
tions on blood sheep agar. S. pneumoniae cells were counted and results were
expressed as CFU per gram of tissue. Dissemination of bacteria to the blood-
stream was followed by sampling blood from the retro-orbital sinus of the left eye
with a heparinized capillary tube, followed by direct plating on blood agar.
Bacteremia was reported as the percentage of positive hemocultures after an
incubation period of 12 h at 37°C in 5% CO,.

Hematological parameters. Blood was collected in heparinized microtainer
tubes and leukocytes were analyzed with a Coulter counter. Differentiation of
cell populations was obtained after counting 100 leukocytes on a smear stained
with Wright reagent.

Inflammatory cells. Leukocyte recruitment to alveoli was determined in the
BALF. Briefly, animals were killed by cervical dislocation, the trachea was
exposed and intubated with a catheter, and then repeated 1-ml injections of PBS
were made until a total of 3 ml of BALF was recovered. BALF was centrifuged
at 3,400 X g for 10 min, and supernatant was frozen at —80°C until analysis of
inflammatory mediators. Cells in the pellet were resuspended in PBS for quan-
tification of leukocytes with a hemacytometer, and cell populations were enu-
merated from Diff-Quick (Baxter, Pointe-Claire, Québec, Canada)-stained cyto-
spin preparations.

Neutrophil (polymorphonuclear cell [PMN]) infiltration in lung tissue was
quantified through the measurement of myeloperoxidase (MPO), as previously
described (3). Briefly, blood-free lung homogenates were sonicated and centri-
fuged at 3,000 X g for 30 min at 4°C. MPO was evaluated by adding 150 pl of the
supernatant to 825 pl of phosphate buffer, 75 .l of o-dianisidine at 1.25 mg/ml
in distilled water, and 75 pl of hydrogen peroxide at 0.05%. The enzymatic
reaction was stopped after 15 min by adding 75 pl of sodium azide (1%), and
absorbance was read at 450 nm against a standard curve made with commercial
MPO (Sigma, Oakville, Ontario, Canada).

Inflammatory mediators. Interleukin-6 (IL-6) levels were detected in the su-
pernatant of BALF, in the supernatant of lung homogenates, and in the serum
of control and infected animals, treated or not treated with HMR 3004. Lung
homogenates were prepared in potassium phosphate buffer containing aprotinin
(20 U) and 3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate
(CHAPS) (0.2%). They were centrifuged at 3,000 X g in a microcentrifuge for 30
min at 4°C, and resulting supernatants were subjected to a sandwich enzyme-
linked immunosorbent assay to quantify IL-6 (KM-IL-6 kit; Endogen, Cam-
bridge, Mass.). The release of NO was also evaluated through the measurement
of its oxidized nitrite and nitrate metabolites, according to the colorimetric
method of Griess, as described previously (10).

Histopathology. At each time point, the left lung from one animal per group
was fixed in formaldehyde, embedded in paraffin, and processed for light mi-
croscopy as previously described (3). Tissue sections were stained with hema-
toxylin and eosin.
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Statistical analysis. Statistical differences between groups were analyzed by
using the Mann-Whitney U test for nonparametric data and Fisher’s protected
least significant difference test for normally distributed data. A P value of <0.05
was considered significant. All data are presented as means =+ standard errors of
the means (SEM).

RESULTS

Therapeutic efficacy of HMR 3004 against mortality in ex-
perimental pneumococcal pneumonia. Inoculation of mice
with 107 CFU of S. pneumoniae resulted in 100% mortality in
untreated animals within 5 days p.i. (Fig. 1). HMR 3004 at 25
mg/kg/day initiated 24, 48, or 72 h p.i. was associated with
survival rates of 100% (P < 0.000001), 100% (P < 0.000001),
and 60% (P < 0.02), respectively, over the same period.

Impact of HMR 3004 on the pathophysiology of pneumonia.
(i) Mouse infection model. All infected animals presented with
tachypnea and piloerection, observable 4 h after infection.
Untreated mice developed a gradually pronounced hypody-
namic state (lifeless behavior, prostration) thereafter, which
was associated with a gradual loss in body weight from 24 h p.i.
until death. By contrast, average body weight, which had fallen
from 28.0 g at the time of infection to 22.1 g at 48 h p.i. (time
when therapy with HMR 3004 was initiated), started to in-
crease again thereafter in infected treated animals and reached
23.0, 24.8, and 25.5 g at 24, 48, and 72 h, respectively, after
initiation of therapy.

(ii) Evaluation of bacterial parameters: bacterial clearance
from lungs and bacteremia. Bacterial counts in lung tissue had
reached 10* CFU/g when antibiotic treatment was initiated.
They remained high in untreated animals over the subsequent
36 h (Fig. 2A). By comparison, the tissue burden of S. pneu-
moniae significantly decreased after initiation of treatment
with HMR 3004, and lungs were sterile over a 36-h period.
Eighty-three percent of animals were bacteremic by the time
therapy was initiated (Fig. 2B). A significant reduction (P <
0.05) gradually occurred in infected treated mice from 6 to 30 h
after initiation of therapy; all treated animals had sterile blood
by 30 h.

(iii) Evaluation of cellular parameters. (a) Inflammatory
cells in blood. There were no significant differences in mean
blood leukocyte counts between uninfected controls and in-
fected mice treated with HMR 3004 (Fig. 3A). By contrast,
untreated infected mice underwent progressive leukopenia.
Comparisons between treated and untreated infected animals
in terms of leukocyte counts (10° cells per liter) reached sta-
tistical significance 24 h (7.40 = 1.23 versus 3.94 = 0.55, P =
0.03), 30 h (8.46 = 0.60 versus 3.66 * 0.81, P = 0.006), and 36 h
(5.82 = 0.530 versus 2.65 = 0.71, P = 0.008) after initiation of
therapy.

(b) Neutrophils in lung tissue (MPO activity). Infection
resulted in high MPO levels in lung tissue in this experiment
(Fig. 3B). HMR 3004 prevented this increase. Significant dif-
ferences were seen between treated and untreated infected
mice 24 h (P = 0.01),30 h (P = 0.02), and 36 h (P = 0.02) after
initiation of therapy.

(c) Inflammatory cells in BALF. Compared to healthy con-
trols, all infected mice exhibited high steady PMN counts in
BALF at every time point of the experiment (Fig. 4A). A
significant decrease in PMN recruitment occurred from 30 h
after initiation of therapy, which corresponds to a gradual cure
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FIG. 1. Number of survivors in different groups of untreated and HMR 3004-treated infected mice. HMR 3004 was delivered by gavage at a
dose of 25 mg/kg (12.5 mg/kg/day given twice a day), started 24, 48, or 72 h after intranasal inoculation of animals with 107 S. pneumoniae bacteria.

Twelve mice per group were infected to determine survival rate.

from bacterial invasion. As for the monocyte/macrophage re-
cruitment in alveoli (BALF), a gradual increase was noted in
untreated infected mice (Fig. 4B). A significant reduction in
these cell counts was observed at 30 h (P = 0.02) and 36 h (P =
0.04) after initiation of treatment.

(iv) Evaluation of inflammatory parameters. (a) Protection
from lung edema during HMR 3004 therapy. Edema was fol-
lowed as a criterion to evaluate host inflammatory reactions.
Right-lung weights in infected mice were significantly higher
than in control or infected treated mice at 24 h (186 * 15 mg
in infected mice versus 125 = 11 mg in infected treated mice,
P = 0.012) and 36 h (174 = 11 mg versus 131 = 7 mg, P =
0.016) after initiation of treatment.

(b) Pulmonary NO release. High NO secretion was observed
in lung tissue (Fig. SA) and BALF (Fig. 5B) of infected mice
over the indicated 30- to 36-h period (which corresponds to 78
to 84 h p.i.). Statistical significance reached levels of P = 0.002
and P = 0.04 in lung tissue at the respective times and P = 0.05
at both times in BALF. HMR 3004 totally abrogated the effect
of infection, as levels similar to the control uninfected group
were observed in infected treated animals.

(c) Profile of IL-6 release in BALF, lung homogenates, and
blood. IL-6 was detected in BALF, lung homogenates, and
blood. While IL-6 remained below the limit of detection in
uninfected animals, infection with pneumococci stimulated
IL-6 secretion in lung tissue (Fig. 6A), BALF (Fig. 6B), and
blood (Fig. 6C). Strong inhibition of IL-6 in blood and lung
tissue was noted in HMR 3004-treated animals as early as 6 h
(P = 0.03) and 12 h (P = 0.001), respectively. IL-6 was de-

tected over a longer period in BALF of treated animals, but
significantly lower levels were also noted at 36 h (P = 0.0003).

(v) Histopathology. Figure 7 shows the protection afforded
by HMR 3004 on tissue integrity in infected mice. While in-
fection contributed to swelling of tissue interstitium and edema
by 78 h p.i. (Fig. 7B), HMR 3004 administered from 48 h p.i.
resulted, within 30 h after initiation of therapy (corresponding
to 78 h p.i.), in almost complete protection from inflammation
(Fig. 7A); tissues showed little edema and looked quite the
same as tissues from healthy controls (Fig. 7C).

DISCUSSION

While many bacterium-induced pneumonia rodent models
are being used to evaluate antibiotic pharmacokinetics and
efficacy, few investigators have evaluated the impact of antibi-
otic therapy on bacterial clearance, host response, and tissue
integrity at the same time. Studying inflammation is particu-
larly important in view of the fact that patients still die from
pneumonia and bacteremia despite effective antibiotic therapy,
and overwhelming inflammation most likely contributes to pul-
monary dysfunction, multiple organ failure, and shock (re-
viewed in references 3 and 4). Our previous observations (3, 4)
actually allowed us to identify five pathogenesis steps that
characterize fatal pneumococcal pneumonia in mice. In the
present experiment, we investigated the pathogenesis of pneu-
monia in animals treated with HMR 3004 at a dose that en-
sured 100% survival despite infection with a lethal inoculum.
Our goal was to monitor simultaneously (in blood, lung tissue,
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FIG. 2. Quantitative lung tissue cultures (A) and percentage of animals developing bacteremia (B) in experimental pneumococcal pneumonia.
Tissue burden of S. pneumoniae was rapidly reduced in mice treated with HMR 3004 at a dose of 25 mg/kg/day, started 48 h after infection (n =
6 at each time point). *, P < 0.05, treated versus untreated mice.
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FIG. 3. Mean (=SEM) blood leukocyte counts (A) and MPO levels (B) in lung homogenates of infected and healthy mice, treated or not with
HMR 3004 at 25 mg/kg/day. Significant leukopenia was seen in the untreated infected mice from 24 to 36 h after initiation of treatment (which
was started 48 h p.i.) compared to the healthy controls or the HMR 3004-treated infected mice. Recruitment of PMNs to the lung (MPO levels)
was greatly reduced by HMR 3004. *, P < 0.05.
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FIG. 6. Mean (=SEM) IL-6 levels in lung homogenates (A), BALF (B), and serum (C) of infected and healthy mice, treated or not with HMR
3004 at 25 mg/kg/day. Significant reduction in IL-6 was rapidly observed in blood and lung tissue after initiation of therapy, which was started 48 h
p-i. IL-6 remained undetectable in uninfected animals. *, P < (0.05.
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and BALF of treated and untreated mice) various microbio-
logical and inflammatory factors, to better correlate them with
the histopathology and outcome of pneumonia. In this context,
we followed the impact of HMR 3004 on bacterial kinetics in
lungs and blood, on phagocyte infiltration into the lungs, and
on the chronology of activation and inhibition of IL-6 and NO,
as well as on pulmonary edema and survival of the animals. We
showed that bacterial clearance by HMR 3004 at a dose of 25
mg/kg/day was associated with a concomitant reduction in in-
flammation, rapid recovery from tissue injury, and complete
protection from death. Such extensive data on the influence of
a ketolide on the pathogenesis of pneumococcal pneumonia
have not been reported elsewhere.

In our model, HMR 3004 showed very effective antibacterial
activity, as bacteria were cleared from both lungs and blood
within 36 h after initiation of treatment, which was started 48 h
p-i., a time when untreated mice are very sick and start dying.
By the time lungs and blood were sterile, animals had received
only three doses of HMR 3004 (at 12.5 mg/kg/dose every 12 h).
Our investigation also showed that HMR 3004 administration
was closely associated with a marked decrease in pulmonary
inflammation that was noticeable early after initiation of ther-
apy but was further evidenced over a short 36-h period. The
large decrease in bacterial counts was associated with a pro-
found and rapid modification in leukocyte trafficking. In fact,
PMN recruitment to the lungs rapidly fell in HMR 3004-
treated animals, as demonstrated by the significant decrease in
MPO levels in tissues, PMN counts in BALF, and limited
leukocytosis in blood. By contrast, untreated infected animals
experienced sustained leukopenia until death, resulting from
continuous recruitment of leukocytes from the bloodstream to
lung compartments. Also, HMR 3004 prevented the late
monocyte recruitment to the lungs which we have shown to
precede mortality in murine pneumococcal pneumonia (3).
Rapid normalization of leukocyte trafficking under antimicro-
bial therapy may thus represent a critical issue for a beneficial
outcome of pneumonia, inasmuch as these cells secrete oxida-
tive intermediates and proteolytic enzymes that would exert
detrimental effects on structural cells once bacteria have been
cleared by the drug (22).

As infection and inflammation progressed in untreated mice,
lung morphological changes consisted mainly of gradual
edema and tissue “hepatization” (having a liver-like appear-
ance), with a consequent increase in lung weight. By contrast,
regression of pulmonary inflammation in HMR 3004-treated
infected mice prevented this increase and thus facilitated
health recovery.

As for the inflammatory mediators, NO is now recognized as
a critically important participant in the host response to infec-
tion (8). Strong evidence indicates that excessive NO produc-
tion has deleterious effects during infectious states: NO is
involved in the vascular collapse that is the hallmark of septic
shock and a major contributor to mortality (26). NO formation
at the late stages of inflammatory processes is detrimental for
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tissue integrity and organ function, mostly through the forma-
tion of toxic peroxynitrites (11, 14). We previously demon-
strated concomitant NO release, monocyte recruitment, tissue
injury, and death in pneumococcal pneumonia in mice (3). In
the present study, we showed that HMR 3004 prevents NO
release, which might contribute to protection of cell mem-
branes from further damage.

IL-6 is consistently detected in the circulation of patients
with bacterial infections (5). Pulmonary IL-6 secretion has
been observed in the lungs of patients with pneumonia as well
as in murine models of pneumococcal pneumonia (3, 5, 15). It
plays a major role in the induction of the cytokine network in
lungs and the acute-phase protein response, so that IL-6 gene-
deficient mice show an impaired defense against pneumococ-
cal pneumonia (23). On the other hand, IL-6 is also considered
an anti-inflammatory cytokine, since it has the ability to inhibit
proinflammatory cytokine and chemokine release in various
inflammatory conditions (27). This cytokine was considered as
a marker for the severity of bacterial challenge (13). According
to Puren et al. (19), IL-6 rather reflects the severity of stress,
whether of an infectious or noninfectious origin. Overall, IL-6
represents a relevant marker for the evolution of a host re-
sponse, and this was further confirmed in our study, as shown
by the early drop in tissue levels of IL-6 following HMR 3004
administration.

It has previously been demonstrated that HMR 3004 can
modify the host immune response. This drug strongly accumu-
lates within phagocytes and can modulate cell functions (24);
using an experimental model of pulmonary inflammation with
inhaled heat-killed S. pneumoniae, we previously observed that
HMR 3004 down-regulated proinflammatory cytokines and
NO production (6). However, the present study did not allow
us to draw any conclusion about a direct immunomodulating
effect of HMR 3004 that is independent from its antibacterial
efficacy. Only a comparative study with an antibiotic devoid of
anti-inflammatory activity, such as amoxicillin, could provide
information about an intrinsic immunomodulating action of
HMR 3004 that may be of useful clinical importance.

Although proinflammatory cytokine production in the lungs
is useful to protect a host against colonization and infection of
the lower respiratory tract (9, 13), antibiotic therapy in clinical
practice is usually started once infection has been established
and deleterious inflammation prevails. Our study suggests that,
following effective antimicrobial therapy with HMR 3004 at
clinically relevant doses, very potent regulatory mechanisms of
inflammation are modified in ways that favorably affect disease
outcome. Our present data show that effective control of bac-
terial growth and inflammation (either directly or indirectly)
hopefully will improve therapy of threatening infections. For
each new antibiotic investigated, not only in vitro MICs and in
vivo pharmacokinetic data but also immunological determina-
tions should be provided.

FIG. 7. Histology of lung tissue in infected mice treated with HMR 3004 (A), untreated infected mice (B), or healthy control mice (C). Pictures
were taken 30 h after initiation of therapy, which corresponds to 78 h p.i. Diffuse edema with swelling of interstitium was noted in untreated
infected animals, while HMR 3004-treated mice recovered very fast and had tissue profiles similar to those of healthy controls.
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