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Impaired host defense to Klebsiella pneumoniae infection in mice
treated with the PDE4 inhibitor rolipram
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1 The increase in levels of cAMP in leukocytes by selective inhibitors of PDE4 may result in
reduction of inflammation, and may be useful in the treatment of pulmonary inflammatory disorders
in humans. Here, we have assessed whether oral treatment with the prototype PDE4 inhibitor,
rolipram, interfered with the antibacterial host response following pulmonary infection of mice with
Klebsiella pneumoniae.

2 K. pneumoniae infection induced a marked increase in the recruitment of neutrophils to the lungs
and the production of proinflammatory cytokines and chemokines, including tumor necrosis factor-o
(TNF-o) and keratinocyte-derived chemokine (KC), in bronchoalveolar (BAL) fluid and lung tissue.
There were also detectable amounts of interleukin-10 (IL-10) and significant lethality.

3 Treatment with rolipram (3—-30mgkg™') was associated with earlier lethality and significant
inhibition of the TNF-o production. This was associated with enhanced production of IL-10 in lung
tissue of rolipram-treated animals. Rolipram treatment did not affect KC expression and the
recruitment of neutrophils in the lung tissue.

4 Over 70% of neutrophils that migrated into the BAL fluid following K. pneumoniae infection
ingested bacteria. Treatment with rolipram inhibited the percentage of neutrophils undergoing
phagocytosis of K. pneumoniae in a dose-dependent manner. Maximal inhibition (62%) occurred at
doses equal to or greater than 10mgkg™".

5 Thus, treatment of mice with the PDE4 inhibitor rolipram is accompanied by earlier lethality,
enhanced bacterial load and decreased capacity of the responding host to produce TNF-o and of
neutrophils to phagocytose bacteria. It will be important to investigate whether the shown ability of
PDE4 inhibitors to inhibit neutrophil phagocytosis and control experimental bacterial infection will
translate into an inhibition of the ability of neutrophils to deal with infectious microorganisms in the

clinical setting.
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Introduction

The host defense against acute pulmonary bacterial infection
requires the generation of a vigorous inflammatory response
that predominantly involves recruitment and activation of
neutrophils (Mehrad & Standiford, 1999). This process is
dependent on an intricate balance of the production of lipid
mediators, cytokines and chemokines, and may be sufficient to
control the replication of invading microorganisms (Mehrad &
Standiford, 1999; Teixeira et al., 2001). On the contrary, the
inhibition of the production of proinflammatory cytokines,
chemokines and failure of neutrophils to migrate into the
lung tissue may be associated with uncontrolled bacterial
infection and death of the infected host (Mehrad & Standiford,
1999).
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The increase in intracellular levels of cAMP and the
subsequent activation of cAMP-dependent protein kinases in
cells participating in the inflammatory process may result in a
reduction of inflammation and immunosupression (Teixeira
et al., 1997; Torphy, 1998). The intracellular concentration of
cyclic nucleotides is mainly governed on the one hand by the
activation of receptor-coupled adenylate cyclase, and on the
other by cyclic nucleotide breakdown by phosphodiesterases
(PDEs). To date, PDEs are divided into 11 families, of which
PDE4 is the most studied and functionally important for the
regulation of cAMP in leukocytes (Torphy, 1998; Souness
et al., 2000). Due to their potent anti-inflammatory activity,
there has been much interest in selective PDE4 inhibitors in the
treatment of pulmonary inflammatory disorders (Teixeira
et al., 1997; Barnette, 1999; Schimidt ez al., 1999; Giembycz,
2002), and at least one study has found a beneficial effect of
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using PDE4 inhibitors for a chronic inflammatory disease of
the lung in humans (Compton et al., 2001). Indeed, the efficacy
of PDE4 inhibitors in models of lung injury and shock is very
impressive and includes inhibition, very often complete, of the
increases in serum levels of tumor necrosis factor-a (TNF-o),
tissue injury and mortality (Sekut ez al., 1994; 1995; Teixeira
et al., 1997; De Moraes et al., 1998; Miotla et al., 1998; Souza
et al., 2001). If PDE4 inhibitors are to be used for the
treatment of acute and/chronic inflammatory diseases of the
lungs, it is imperative that we understand whether these drugs
may interfere with the antibacterial host response in the lungs
of infected animals.

In this study, we have investigated the effects of rolipram, a
prototypical and orally active inhibitor of PDE4 in a model of
pulmonary infection caused by Gram-negative bacteria. To
this end, we have assessed the effects of the treatment with
rolipram on the lethality, bacterial counts and inflammatory
indices following pulmonary infection of mice with Klebsiella
pneumoniae.

Methods
Animals

Balb/C (8—12 weeks old) female mice obtained from the
Bioscience unit of our Institution were housed in standard
conditions and had free access to commercial chow and water.
All procedures described here had prior approval from the
animal ethics committee of Instituto de Ciéncias Biologicas
(Belo Horizonte, Brazil).

Bacteria

The bacterium used was K. pneumoniae — ATCC 27 736,
which had been kept in the Department of Microbiology,
Universidade Federal de Minas Gerais and made pathogenic
by 10 passages in Balb/C mice (Soares et al, 2002). Bacteria
were frozen when in the log phase of growth and kept in a
—70°C freezer at a concentration of 1 x 10° colony-forming
units (CFU)ml ™! in tryptic soy broth containing 10% glycerol
(vv™") until use.

Treatment with rolipram

Rolipram (Biomol®) was suspended in 0.1% methylcellulose
solution and ground in a homogenizer to ensure a uniform
suspension. Control animals received an oral administration of
vehicle (0.5ml), whereas the test group received an oral
administration of Rolipram (3—-30mgkg~"). For the experi-
ments measuring infection and inflammatory indices, the drug
was administered 24 and 2h prior to inoculation of bacteria
and animals were killed 24 h after inoculation. For lethality
experiments, the compound was administered at a dose of
10mgkg~' 24 and 2h prior to the inoculation of bacteria and
daily thereafter. At 10mgkg~!, rolipram effectively inhibited
some inflammatory parameters, phagocytosis (see below), and
has been shown to suppress inflammatory parameters in
several models of inflammatory pulmonary disease and shock
(Sekut et al., 1994; 1995; Kung et al., 2000).

K. pneumoniae inoculation

K. pneumoniae was grown in tryptic soy broth (Difco, Detroit,
MI, U.S.A)) for 18h at 37°C prior to inoculation. The
concentration of bacteria in broth was routinely determined
by serial 1:10 dilutions. A measure of 100 ul of each dilution
was plated on McConkey agar plates and incubated for 24 h at
37°C, and then the colonies were counted. Each animal was
anesthetized i.p. with 0.2ml of a solution containing xylazine
(0.02mgml™"), ketamine (50 mgml~') and saline in a propor-
tion of 1:0.5:3, respectively. The trachea was exposed and
30ul of a suspension containing 3 x 10° K. pneumoniae or
saline was administered with a sterile 26-gauge needle. The
skin incision was closed with surgical staples. In further
experiments, lethality induced by a lower inoculum (3 x 10%) of
K. pneumoniae was also investigated.

Bronchoalveolar lavage (BAL)

BAL was performed to obtain leukocytes in the alveolar
spaces. The trachea was exposed and a 1.7-mm-outside-
diameter polyethylene catheter was inserted. BAL was
performed by instilling three 1-ml aliquots of phosphate-
buffered saline (PBS), and approximately 2ml of fluid was
retrieved per mouse. The number of total leukocytes was
determined by counting them in a modified Neubauer chamber
after staining with Turk’s solution. Differential counts were
obtained from cytospin preparations (Shandon III) by
evaluating the percentage of each leukocyte on a slide stained
with May—Grunwald—Giemsa. Phagocytosis was assessed by
determining the mean percentage of BAL neutrophils that
contained at least one bacterium. In total, 200 neutrophils
were counted in each condition.

Determination of myeloperoxidase (M PO ) activity

The extent of neutrophil accumulation in the lung tissue was
measured by assaying MPO activity, as previously described
(De Matos et al., 1999). Using the conditions described below,
the methodology is very selective for the determination of
neutrophils over macrophages (Souza et al., 2002). Briefly, a
portion of the left lungs of animals was removed and snap-
frozen in liquid nitrogen. Upon thawing, the tissue (0.1g of
tissue per 1.9 ml of buffer) was homogenized in pH 4.7 buffer
(0.1 M NacCl, 0.02M NaPOy,, 0.015M NaEDTA), centrifuged at
3000 x g for 10 min and the pellet subjected to hypotonic lyses
(1.5ml of 0.2% NaCl solution followed 30s later by the
addition of an equal volume of a solution containing NaCl
1.6% and glucose 5%). After a further centrifugation, the
pellet was resuspended in 0.05M NaPO, buffer (pH 5.4)
containing 0.5% hexadecyltrimethylammonium bromide
(HTAB) and rehomogenized. In all, 1ml aliquots of the
suspension were transferred into 1.5ml-Eppendorf tubes
followed by three freeze—thaw cycles using liquid nitrogen.
The aliquots were then centrifuged for 15min at 3000 x g, the
pellet was resuspended to 1ml and samples of lungs were
diluted (1:20) prior to assay. MPO activity in the resuspended
pellet was assayed by measuring the change in optical density
(OD) at 450 nm using tetramethylbenzidine (1.6 mM) and H,O,
(0.5mM). The results were expressed as ‘myeloperoxidase
index’ and were calculated by comparing the OD of tissue
supernatant with the OD of mouse peritoneal neutrophils
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processed in the same way. To this end, neutrophils were
induced in the peritoneum of mouse by injecting 3ml of 5%
casein. A standard curve of neutrophil (>95% purity)
numbers versus OD was obtained by processing purified
neutrophils as above and assaying for MPO activity.

Determination of blood and lung K. pneumoniac CFU

At the time of killing, plasma was collected from the brachial
plexus, the right ventricle was perfused with 3ml of sterile
saline and the lungs were harvested. Tissues were then
homogenized with a homogenizer in a vented hood. The
homogenates and blood were placed on ice, and serial 1:10
dilutions were made. A measure of 100 ul of each dilution was
plated on McConkey agar plates (Difco) and incubated for
24 h at 37°C, and then the number of CFU was counted. The
detection limit of the assay was 100 bacteriaml™" or 100
bacteria per 100 mg of tissue.

Harvesting of the lungs and blood for cytokine analysis

At the designated time point, mice were anesthetized with
xylazin/ketamin/saline as above, blood was collected from the
brachial plexus and the animals were killed. Prior to the lung
removal, the pulmonary vasculature was perfused with 3 ml of
PBS via the right ventricle. The right lung was then harvested
for assessment of the various cytokine protein levels.

Measurement of cytokine concentrations in serum, BAL
and lungs

The cytokine concentrations (TNF-o, KC, MCP-1/JE, IL-10)
were measured in serum, BAL and lungs of animals, using
ELISA techniques with commercially available antibodies and
according to the instructions supplied by the manufacturer
(R&D Systems). Serum was obtained from coagulated blood
(15min at 37°C, then 30 min at 4°C) and stored at —20°C until
further analysis. Serum and BAL samples were analyzed at a
1:3 and 1:5 dilution in the assay dilution buffer, respectively.
In total, 100mg of the lung of controls and treated animals
were homogenized in 1ml of PBS (0.4m NaCl and 10mMm
NaPO,) containing antiproteases (0.lmM PMSF, 0.1 mMm
benzethonium chloride, 10mM EDTA and 20 KI aprotinin
A) and 0.05% Tween 20. The samples were then centrifuged
for 10min at 3000 x g and the supernatant was immediately
used for ELISA assays at a 1:5 dilution in the assay dilution
buffer. The detection limit of the ELISA assays was 16 pgml™".

Statistical analysis

Results are shown as means +s.e.m. Data sets were compared
by using analysis of variance (ANOVA) followed by the
Student—Newman—Keuls post hoc analysis. The results were
considered significant when P<0.05. As the various para-
meters evaluated in vehicle- and rolipram (10 mgkg™')-treated
noninfected mice were not significantly different (data not
shown), the data were pooled and are shown as mean+s.e.m.
of noninfected mice.

Results

Effects of Rolipram on tissue inflammation and
inflammatory mediator production during K. pneumoniae
infection

Our previous experiments have shown that after instillation of
K. pneumoniae at an inoculum of 3 x 10° bacteria, there was
marked pulmonary (BAL and tissue) neutrophilia, enhanced
levels of the chemokines KC and MCP-1 and of the
proinflammatory cytokine TNF-a in the lungs of infected
mice (Soares et al., 2002). Bacterial loads increased rapidly, but
we failed to observe any dissemination of the infection in
blood till 48 h after infection (Soares et al., 2002).

Oral treatment with various doses of rolipram (3—
30mgkg™!) had no significant effect on the number of
mononuclear cells that were recovered from the airspaces
of infected animals (Figure 1a). Nevertheless, the number of
recruited neutrophils in rolipram-treated infected mice was
significantly greater than in vehicle-treated infected controls
(Figure 1a). This was reflected in the increased number of total
cells recovered from BAL fluid, which was significantly greater
than controls only at the highest dose of rolipram tested
(B0mgkg™") (Figure la). Although rolipram treatment en-
hanced the number of neutrophils in BAL fluid of infected
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Figure 1 Effect of the treatment with rolipram on the influx of
leukocytes (a) in the BAL fluid or (b) in the lungs of mice infected
with K. pneumoniae. Animals were inoculated with 3 x 10° bacteria
or vehicle (30 ul, not infected) and evaluated 24h after infection.
Rolipram (Rol, 3-30mgkg~') was administered 24 and 2 h prior to
inoculation of bacteria. MPO activity in the lungs was used as an
index of neutrophil influx in that tissue. Results are shown as the
number of leukocytes or leukocyte index and represent the
meants.em. of six animals in each group. *P<0.01 when
compared with noninfected mice and # for P<0.01 when compared
to vehicle-treated mice.
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animals, the drug failed to affect the recruitment of neutrophils
in the lung tissue, as assessed by the measurements of tissue
MPO (Figure 1b) or histopathological analysis (data not
shown).

The concentrations of TNF-a, KC, MCP-1 and IL-10 in
BAL fluid of infected and noninfected animals were measured
24h after infection. Treatment with rolipram prevented the
increase in the concentrations of TNF-« in BAL fluid of K.
pneumoniae-infected mice in a dose-dependent manner
(Figure 2a). The maximal inhibition occurred at 30mgkg™",
but approximately 50% inhibition was attained at 10mgkg~".
Rolipram failed to affect the elevation in the concentrations of
the neutrophil-active chemokine KC observed in infected mice
(Figure 2b). The concentrations of MCP-1 and IL-10 were not
consistently detectable in the BAL fluid of infected mice, and
rolipram treatment had little effect on these parameters (data
not shown).

The concentrations of TNF-o, KC, MCP-1 and IL-10 in the
pulmonary tissue of rolipram-treated and untreated animals
are shown in Figure 3. Rolipram had no effect on the increases
in concentrations of KC in the lung tissue of infected animals
(Figure 3a). The concentration of MCP-1 in the lung tissue was
suppressed significantly (P<0.05) by 42% by 30mgkg™!
rolipram, but not by the lower doses tested (Figure 3b).
Treatment with rolipram was accompanied by a dose-
dependent reduction in the concentrations of TNF-« detected
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Figure 2 Effect of the treatment with rolipram on the production
of TNF-o (a) and KC (b) in BAL fluid of mice infected with K.
pneumoniae. Animals were inoculated with 3 x 10° bacteria or
vehicle (30 ul, not infected) and evaluated 24h after infection.
Rolipram (3-30mgkg~') was administered 24 and 2h prior to
inoculation of bacteria. Results are shown as the mean +s.e.m. of six
animals in each group. *P<0.01 when compared with noninfected
mice and # for P<0.01 when compared to vehicle-treated mice.

in the pulmonary tissue of infected mice (Figure 3c). In the
lung tissue, both 10 and 30mgkg™" of rolipram had similar
inhibitory actions on TNF-o production (around 60% inhibi-
tion). Interestingly, treatment with rolipram induced a marked
increase in IL-10 production in the lung tissue of K.
pneumoniae-infected mice (Figure 3d). The maximal induction
of IL-10 production occurred at 30 mgkg™".

Effects of rolipram on bacterial load and survival during
K. pneumoniae infection

To test the effects of rolipram on bacterial load and survival,
an oral dose of rolipram (10mgkg™") known to possess anti-
inflammatory effects in models of pulmonary inflammation
and shock (Sekut et al., 1994; 1995; Kung et al., 2000) was
used. There were approximately 107 K. pneumoniae in the lungs
of mice 24h after infection with 3 x 10° CFU (Figure 4).
Treatment with rolipram was accompanied by an approxi-
mately three-fold increase in the number of CFU recovered
from the lungs of infected mice (Figure 4). There was no
dissemination of the infection at 24 h after infection, as no K.
pneumoniae CFU could be determined in blood in either
groups at this time point (data not shown). Subsequent
experiments were performed to examine the effect of rolipram
on the survival of mice infected with K. pneumoniae. Figure 5a
shows that all untreated K. pneumoniae-infected animals were
alive by 96 h of infection after which time mortality increased
substantially, with 100% lethality noted 4.5 days after
inoculation. The treatment with rolipram resulted in earlier
lethality with 25 and 62.5% of animals dead at 72 and 84h,
respectively (Figure 5a).

The results obtained after infection with 3 x 10° CFU of K.
pneumoniae show that lethality was precipitated by rolipram
treatment. However, the inoculum caused 100% lethality at
108 h even in untreated animals (Figure 5a). To evaluate
whether rolipram would also affect survival in mice given a
lower inoculum, animals received 3 x 10°CFU and lethality
was noted. As seen in Figure 5b, lethality rates were greatly
enhanced in rolipram-treated animals. Indeed, at 168 h after
infection, 90% rolipram-treated K. pneumoniae-infected mice
were dead, whereas none of the vehicle-treated animals had
succumbed to the infection (Figure 5b).

Effects of rolipram on the phagocytic activity of
neutrophils during K. pneumoniae infection

To examine whether the neutrophils recruited in response to
the K. pneumoniae infection were capable of engulfing bacteria
present in that organ, the percentage of neutrophils that had
ingested bacteria was quantified microscopically. As can be
clearly seen in Table 1, treatment with rolipram dose-
dependently inhibited the percentage of neutrophils under-
going phagocytosis of K. pneumoniae. The maximal inhibition
had already occurred at 10 mgkg™" (Table 1).

Discussion

Cyclic AMP is a ubiquitous second messenger that transduces
intracellular signals initiated by many biologically active
agents exerting their effects through activation of adenyl
cyclase. Inhibition of PDE4 blocks the degradation of cAMP,
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Figure 3 Effect of the treatment with rolipram on the production of (a) KC, (b) MCP-1, (¢c) TNF-x and (d) IL-10 in the lung tissue
of mice infected with K. pneumoniae. Animals were inoculated with 3 x 10° bacteria or vehicle (30 ul) and evaluated 24 h after
infection. Rolipram (3—30mgkg™") was administered 24 and 2h prior to inoculation of bacteria. Results are shown as the
mean +s.e.m. of six animals in each group. *P<0.01 when compared with noninfected mice and # for P<0.01 when compared to
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Figure 4 Effect of the treatment with rolipram on the number of
colony-forming units (CFU) in the lung tissue of mice infected with
K. pneumoniae. Animals were inoculated with 3 x 10° bacteria or
vehicle (30 ul) and the number of CFU in lung was homogenates
evaluated after 24 h. Rolipram (10 mgkg~") was administered 24 and
2h prior to inoculation of bacteria. Results are shown as the
mean+s.e.m. of five to six animals in each group. ¥*P<0.01 when
compared with vehicle-treated mice.

thereby causing intracellular levels of the nucleotide to
increase. cAMP activates protein kinase A with subsequent
phosphorylation of protein kinase A-specific substrates (Sou-
ness et al., 2000). In vivo, there are several possible mechanisms
that appear to be involved in the anti-inflammatory actions of
PDE4 inhibitors, including direct inhibition of leukocyte
recruitment, inhibition of leukocyte activation, inhibition of

proinflammatory cytokine production and enhancement of the
production of anti-inflammatory cytokines (Teixeira et al.,
1997; Souness et al., 2000). These actions of PDE4 inhibitors
are thought to be relevant for any beneficial effects of the
drugs on various models of acute and chronic inflammation.
However, these actions of PDE4 inhibitors may be deleterious
for the ability of a host to control a bacterial infection, as the
production of proinflammatory cytokines and recruitment and
activation of leukocytes, especially neutrophils, are part of an
effective antibacterial host response of an infected animal
(Mehrad & Standiford, 1999).

In our experiments, we investigated the effect of rolipram,
an inhibitor of PDE4, in a murine model of lung infection with
K. pneumoniae. This Gram-negative aerobic organism is an
important cause of community-acquired pneumonia in in-
dividuals with impaired pulmonary defenses and is a major
pathogen for nosocomial pneumonia (Granton & Grossman,
1993; Maloney & Jarvi, 1995). Importantly, studies in our and
other laboratories showed that after intratracheal (i.t) inocu-
lation with K. pneumoniae mice developed pneumonia with
signs and features resembling the human disease (Mehrad &
Standiford, 1999; Soares et al., 2002). Using the above-
described model, we now show that treatment of mice with the
PDE4 inhibitor rolipram is accompanied by earlier lethality,
enhanced bacterial load and decreased capacity of the
responding host to produce TNF-z and of neutrophils to
phagocytose bacteria. Similarly, a nonspecific inhibitor of
PDE, aminophyline, has also been shown to impair pulmonary
antibacterial responses (Nelson et al., 1985). One preliminary
study evaluated the effects of PDE4 inhibitors in infection
models in vivo (DeMarsh et al., 2001). Details of the study are
lacking, but it appeared that the administration of the PDE4
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Figure 5 Effect of the treatment with rolipram on the survival of
mice infected with K. pneumoniae. Animals were inoculated with (a)
3 x 10° or (b) 3 x 10* CFU bacteria or vehicle (30 ul) and the number
of dead animals was evaluated (n=8 in each group). Rolipram
(10mgkg™") was administered 24 and 2h prior to inoculation of
bacteria and daily thereafter. Results are shown as % survival and *
for P<0.05 when compared with vehicle-treated mice (n=8-10 in
each group).

Table 1 Percentage of BAL fluid neutrophils con-
taining bacteria in the cytoplasm

Groups % neutrophils containing bacteria
Vehicle treated 78.24+6.5
Rolipram treated

3mgkg! 63.1+4.8

10mgkg™! 32.6+8.9*

30mgkg ! 30.042.0%

Animals were inoculated with 3 x 10° bacteria or vehicle
(30 ul) and the percentage of neutrophils containing bacteria
in the cytoplasm was assessed after 24h. Rolipram
(10mgkg™") was administered 24 and 2h prior to the
inoculation of bacteria. Results are shown as the mean+
s.e.m. of five to six animals in each group. *P<0.01 when
compared with vehicle-treated mice.

inhibitor cilomast concomitantly with a sublethal influenza
dose failed to affect viral clearance. Nevertheless, cilomast-
treated mice were more resistant to a subsequent challenge
with Streptococcus pneumoniae (DeMarsh et al., 2001).
Whether PDE4 inhibitors will affect Gram-positive and
negative bacterial differentially infection is not known.

The ability of PDE4 inhibitors to block the influx of
neutrophils into tissue varies markedly depending on the type
of stimulus and model being examined. Thus, neutrophil influx
is markedly attenuated in models in which it is TNF-a
dependent (De Moraes et al., 1998; Souza et al., 2001) or
dependent on the novel expression of cell adhesion molecules,
especially E- and P-selectins (Sanz et al., 2002). On the other
hand, several studies have failed to demonstrate an effect of
rolipram on neutrophil influx in the skin (Teixeira et al., 1994),
lungs (Miotla et al., 1998) or into air-pouch models (Klemm
et al., 1995). Overall, it appears that the inhibition by rolipram
of neutrophil influx relies on the ability of PDE4 inhibitors to
prevent mediator and/or cell adhesion molecules expression,
rather than a direct effect of the drugs on the neutrophil.
Experiments examining the effect of TNF-o blockade in an
animal model of K. pneumoniae infection have pinpointed the
relevance of TNF-o for infection outcome (Laichalk et al.,
1996). In the latter experiments, TNF-o blockade was
accompanied by a 50% inhibition of neutrophil influx.
Thus, it is clear that TNF-o-independent pathways are relevant
for neutrophil influx during pulmonary infection with K.
pneumoniae. In our study, treatment with rolipram enhanced
neutrophil influx into BAL fluid, but had no significant effect
on the influx of neutrophils into pulmonary tissue, as assessed
by MPO activity. As previous studies have suggested a role for
neutrophil-active CXC chemokines and chemokine receptors
for the migration of neutrophils into the lungs of mice infected
with Gram-negative bacteria (Moore et al., 2000; Tsai et al.,
2000), the levels of the CXC chemokine KC were measured
here. In agreement with the lack of effect of the rolipram on
neutrophil recruitment into the lung tissue, the tissue
concentrations of KC were not different in rolipram-treated
and untreated mice. In contrast, there was no direct correlation
between KC expression and neutrophil influx in BAL fluid. It
is possible that other molecules may be involved in the
recruitment of neutrophils to the airspaces following rolipram
treatment of K. pneumoniae-infected mice. Thus, because
rolipram cannot prevent the generation of the chemokine(s)
responsible for neutrophil influx, it cannot prevent the influx
of the latter cell type. Moreover, it is clear that an effect on
neutrophil influx does not explain the deleterious effect of
rolipram treatment on the course of Gram-negative bacteria
lung infection.

The CC chemokine MCP-1 appears to play an important
role in the pulmonary antifungal response against Aspergillus

fumigatus and Cryptococcus neoformans infection in mice

(Huffnagle et al., 1995; Blease et al., 2001). Similarly, the
administration of MCP-1 prior to a systemic infection with
Pseudomonas aeruginosa enhanced survival, an effect asso-
ciated with enhanced bacterial phagocytosis and killing in vitro
(Nakano et al., 1994). In our experiments, the treatment with
rolipram had little effect on MCP-1 production (inhibition
occurred only at the highest dose tested —30mgkg™'),
suggesting that modulation of the production of this chemo-
kine does appear to account for the immunosuppressive effects
observed.

The production and action of TNF-« is part of an effective
host response during K. pneumoniae pulmonary infection
(Laichalk et al., 1996). On the contrary, the production of
IL-10 serves to dampen proinflammatory and antibacterial
responses in the same model (Greenberger et al., 1995). In our
experiments, treatment with rolipram greatly prevented the
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enhancement in the release of TNF-o in the lung tissue and
BAL fluid of infected animals. The suppression of TNF-o
production was associated with an increased production of
IL-10, at least in the lung tissue. The ability of PDE4 inhibitors
to suppress TNF-o production in in vivo models of inflamma-
tion is not novel (e.g. Sekut et al., 1994; 1995; De Moraes et al.,
1998; Miotla et al., 1998; Souza et al., 2001). Indeed, inhibition
of TNF-o production by PDE4 inhibitors may account for
several of the anti-inflammatory effects of these drugs in
several models of inflammation (Teixeira et al., 1997).
Similarly, PDE4 inhibitors have been shown to enhance
IL-10 production in several in vitro and in vivo systems (e.g.
Kambayashi et al., 1995; Seldon et al., 1998; Procopio et al.,
1999). As IL-10 may prevent TNF-o production (e.g. Wang
et al., 1995; Procopio et al., 1999), it is possible that the ability
of rolipram to induce IL-10 may underlie the observed
inhibition of TNF-o release. However, we have previously
shown that cAMP-elevating agents may suppress TNF-o
production independent of their ability to induce IL-10
(Procopio et al., 1999). Thus, the inhibition of TNF-«
production may involve IL-10-dependent and -independent
pathways. Regardless of which of these pathways may be more
relevant, our studies clearly suggest that both inhibition of
TNF-o¢ and enhancement of IL-10 may underlie the detri-
mental effects of rolipram in our system.

As neutrophils are essential for the host defense against K.
pneumoniae infection and rolipram did not appear to prevent
neutrophil influx, it was important to evaluate whether the
drug interfered with neutrophil activation. To this end, we
evaluated the number of bacteria ingested by neutrophils, as
an index of neutrophil activation and function. Our results
showed that there were fewer neutrophils that had ingested
bacteria in the lungs of rolipram-treated mice. The inability of
neutrophils to ingest bacteria may underlie the greater number
of CFU in the lungs of infected animals and the infection-
associated lethality. At least one study in vitro (Au et al., 1998)
has shown that treatment of neutrophils with PDE4 inhibitors
was associated with inhibition of the phagocytosis of particles
and consequent release of proinflammatory mediators.
Similarly, the ability of rolipram to prevent neutrophil
activation may underlie its protective effects during acute
pulmonary injury following LPS and zymosan administration
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