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Summary

Neutrophil influx to sites of mycobacterial infections
is one of the first events of tuberculosis pathogen-
esis. However, the role of early neutrophil recruitment
in mycobacterial infection is not completely under-
stood. We investigated the rate of neutrophil apopto-
sis and the role of macrophage uptake of apoptotic
neutrophils in a pleural tuberculosis model induced
by BCG. Recruited neutrophils were shown to
phagocyte BCG and a large number of neutrophils
undergo apoptosis within 24 h. Notably, the great
majority of apoptotic neutrophils were infected by
BCG. Increased lipid body (lipid droplets) formation,
accompanied by prostaglandin E2 (PGE2) and TGF-b1
synthesis, occurred in parallel to macrophage uptake
of apoptotic cells. Lipid body and PGE2 formation was
observed after macrophage exposure to apoptotic,
but not necrotic or live neutrophils. Blockage of BCG-
induced lipid body formation significantly inhibited
PGE2 synthesis. Pre-treatment with the pan-caspase
inhibitor zVAD inhibited BCG-induced neutrophil
apoptosis and lipid body formation, indicating a role
for apoptotic neutrophils in macrophage lipid body
biogenesis in infected mice. In conclusion, BCG
infection induced activation and apoptosis of infected
neutrophils at the inflammatory site. The uptake
of apoptotic neutrophils by macrophages leads to

TGF-b1 generation and PGE2-derived lipid body
formation, and may have modulator roles in myco-
bacterial pathogenesis.

Introduction

Host resistance to mycobacterial infection depends on
recruitment and activation of inflammatory cells to sites of
infections. Neutrophils are the first phagocytes to appear
in the tuberculous exudate, although the accumulation
of monocyte/macrophage lineage is predominant with
disease progression (Antony et al., 1985; Kasahara et al.,
1998). The roles of early neutrophil recruitment in the
course of mycobacterial infection are not completely
understood.

Neutrophils seem to be important for early control of
bacterial infections because they are able to phagocyte
and release potent mediators, initiating the inflammatory
response to tuberculous bacilli. However, it is not clear
whether these cells have direct protective functions (Fulton
et al., 2000). The capacity of neutrophils to induce protec-
tive or pathogenic response relates to their numbers and
activity at the site of disease. It has been demonstrated
that neutrophils are activated by mycobacterial antigens
and present mycobactericidal potential through reactive
oxygen radical production, oxidative killing of intracellular
pathogens and antimicrobial peptides (Jones et al., 1990;
MacMicking et al., 1997; Martineau et al., 2007). A pro-
tective role for neutrophils have been proposed as neu-
tropenia improves the growth of Mycobacterium avium
(Appelberg et al., 1995), neutrophil depletion leads to
decreased ability of whole-blood to restrict mycobacterial
growth (Martineau et al., 2007) and antibody-induced
neutrophil depletion leads to increase Mycobacterium
tuberculosis in lungs (Pedrosa et al., 2000). Conversely,
Eruslanov et al. (2005) demonstrated that neutrophils
present poor ability to restrict mycobacterial growth
compared with that of lung macrophages, indicating that
the prevalence of neutrophils in tuberculous inflammation
contributes to development of pathology. Accordingly,
depletion of neutrophils resulted in significantly enhanced
survival in a susceptible mouse strain infected by M. tuber-
culosis (Keller et al., 2006). Higher influx of neutrophils
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has been associated to bronchogenic dissemination of
M. tuberculosis in the lungs of a susceptible strain of mice
(Cardona et al., 2000). Furthermore, neutrophils migrate in
response to mycobacteria, engulf the bacilli and undergo
apoptosis in susceptible mice (Aleman et al., 2002).
Indeed, it has been recently shown that M. tuberculosis-
induced neutrophil activation leads to the acceleration of
apoptosis in neutrophils through mechanisms dependent
on TLR2 and p38 MAP kinase (Aleman et al., 2004; 2005).

Accumulating evidence demonstrated that neutrophil
apoptosis, followed by recognition and clearance of
apoptotic bodies, is associated with a downregulation of
inflammation and prevents tissue damage (Fadok et al.,
1998; Huynh et al., 2002). Fadok et al. (1998) demon-
strated that phagocytosis of apoptotic human neutrophils
by macrophages triggers the production of TGF-b1 and
prostaglandin E2 (PGE2). Uptake of apoptotic cells
through mechanisms dependent on TGF-b1 and PGE2

leads to macrophage deactivation and drives the replica-
tion of intracellular pathogen (Freire-de-Lima et al., 2000;
Ribeiro-Gomes et al., 2004). In agreement, increased
levels of PGE2 contribute to downregulate cell mediate
immunity, enabling disease progression, a phenomenon
that could be reverted by treatment with COX-2 inhibitors
(Hsueh et al., 1979; Hines et al., 1995; Freire-de-Lima
et al., 2000; Rangel Moreno et al., 2002).

The mechanisms involved in enhanced PGE2 genera-
tion by apoptotic cells are not completely understood, and
may involve regulated expression of eicosanoid-forming
enzymes as well as compartmentalization of signalling
components within discrete cellular locations. We have
recently described that intracellular lipid domains, called
lipid bodies, are involved in PGE2 synthesis during BCG
infection and our observations suggest that lipid bodies
and lipid body-derived PGE2 might have implications to
the pathogenesis of mycobacterial infection (D’Avila et al.,
2006; 2007; 2008). In the present study, we used a murine
model of pleural tuberculosis induced by Mycobacterium
bovis Bacillus Calmette-Guérin to demonstrate that myco-
bacterial infection induces intense neutrophil recruitment
and apoptosis. Moreover, we demonstrated that the
uptake of apoptotic neutrophils by macrophages elicits
increased synthesis of PGE2 and TGF-b1 by these cells in
parallel to increased formation of lipid bodies, intracellular
PGE2-forming sites during BCG infection. These anti-
inflammatory mediators act as macrophage deactivation
and may favour the bacteria persistence.

Results

Neutrophils rapidly migrate and ingest BCG
at the site of infection

Experimentally induced tuberculosis is characterized by an
early neutrophil influx, followed by monocyte, lymphocyte

and eosinophil influx (Menezes-de-Lima-Junior et al.,
1997; Werneck-Barroso et al., 2000; Penido et al., 2003;
Aleman et al., 2005; Appelberg, 2007). Accordingly, BCG-
induced pleurisy model triggered significant cell recruit-
ment at 6 h, rating maximum at 24 h of infection and
persisting for 15 days after infection (not shown). At 6 h,
the cell infiltrate was predominately composed of neutro-
phils that rapidly (from 1 to 6 h) migrated to pleural cavity of
infected animals (Fig. 1A). After this time, the number of
neutrophils progressively reduced and at 15 days of infec-
tion neutrophil numbers were not significantly different
from controls (Fig. 1A). The percentage of infected neutro-
phils within 24 h after BCG infection was quantified by flow
cytometry (FACS). To that end, animals were infected with
PKH-labelled BCG, and neutrophils were gated based
on their forward and side scatter. As shown in Fig. 1B, over
60% of the recruited neutrophils were infected with PKH-
labelled BCG within 24 h. Indeed, neutrophils recruited to
the inflammatory foci were able to rapidly ingest BCG. In
Fig. 1C, a representative image of BCG-containing neutro-
phils observed after Kinyoun’s staining at 1 h of infection
is shown. In agreement with the findings obtained by flow
cytometry, 62% of pleural recovered neutrophils were
infected as assessed by the analysis of Kinyoun’s stained
slides within 24 h of infection. From the infected neutro-
phils, 42% exhibited one and 58% exhibited two or more
bacteria in their cytoplasm (Fig. 1D).

BCG infection induces neutrophil apoptosis

Neutrophils are short-living cells in inflammatory sites,
where usually undergo apoptosis and are rapidly removed
by macrophages (Haslett, 1997; 1999). The in vivo rate
of neutrophil apoptosis was investigated. BCG infection
was able to induce significant neutrophil apoptosis in vivo.
Within 24 h of infection, a significant number of the cells
that traffic to pleural cavity underwent apoptosis (29.74%
of total leukocytes) as observed in Fig. 2A. Inflammatory
neutrophils account for a large amount of apoptotic cells
(Fig. 2A). As shown in Fig. 2B, 37% of the neutrophils
recovered from the pleural cavity within 24 h of infection
with PKH-labelled BCG infected animals were Annexin-V
FITC-positive indicative of apoptosis. From these
Annexin-V FITC-positive neutrophils, 92% were also posi-
tive for PKH-labelled BCG, thus confirming that infected
neutrophils are the ones that preferentially undergo apo-
ptosis. In contrast, from the population of live neutrophils
less than 45% were infected at this time of analysis
(Fig. 2B). Apoptotic neutrophils from BCG-infected mice
within 24 h of infection exhibited typical apoptotic mor-
phology, such as nuclear condensation, reduced volume
and cytoplasm with vacuoles as observed by bright-
field microscopy of May-Grünwald-Giemsa-stained slides
(Fig. 2C) and are phagocyted by macrophages (Fig. 2D).
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Ultrastructural analysis of infection-induced changes
within neutrophils

To characterize ultrastructural alterations within neu-
trophils in response to BCG infection, pleural cells
from infected and non-infected animals were recovered,
immediately fixed in a mixture of paraformadehyde
and glutaraldehyde, embedded in agar and prepared for
transmission electron microscopy (TEM). We have used
a technique that enables high contrast of membranes
and glycogen particles with optimal visualization of these
structures (Dvorak and Monahan-Earley, 1992). Phago-
cyted bacteria were observed within recruited neutrophils
at 1 h of infection (Fig. 3Ai). This means that neutrophils
are able to ingest BCG as early as they reach the infection
site. Ingested BCG were seen within phagosomes and
showed typical morphology (Armstrong and Hart, 1971;

Klegerman et al., 1996) including a central nuclear region
surrounded by an electron-dense cytoplasm. The BCG
was surrounded by a typical plasma membrane and a cell
wall and an irregular electron-lucent zone that separate
each organism from the phagosome-delimiting mem-
brane; the presence of the electron-lucent halo surround-
ing the bacteria was clearly and very frequently observed
within both neutrophils and macrophage-phagocyted
neutrophils from the infected group as noted in Fig. 3
(also shown in higher magnification in the boxed area)
with a peripheral electron-lucent area (Fig. 3Aii). Free
bacteria were not observed within neutrophils. Interest-
ingly, these cells although in suspension were also seen in
close association with other cells, suggesting intercellular
interaction at the inflammatory site. Figure 3Ai shows a
representative image of this phenomenon, also observed
in other analyses from the same material. Even being
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Fig. 1. BCG infection induces time-dependent neutrophil migration in pleural cavities.
A. Kinetic of BCG-induced neutrophil recruitment into pleural cavity.
B. Percentage of uninfected and infected neutrophils at 24 h of infection after FACS analysis of PKH26-stained endocyted BCG.
C. Neutrophils at 1 h of infection exhibiting phagocyted bacteria (arrow) after Kinyoun’s staining.
D. Numbers of phagocyted bacteria per neutrophil evaluated within 24 h of infection after Kinyoun’s staining.
Bar, 10 mm. C57BL/6 mice were i.pl. infected with BCG (5 ¥ 106 bacilli per cavity). Each bar represents the mean � SEM from at least five
animals. Statistically significant (P < 0.05) differences between control and infected groups are indicated by asterisks.
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in suspension, it was possible to observe attachments
between cells; and these attachments (Fig. 3Ai, circles)
are considered morphological signals of cell interactions
as previously observed between inflammatory cells
(macrophages with other immune cells) in infected tissues
(Melo and Machado, 1998). The interaction reported in
the present work may represent adhesion of neutrophils
on the macrophage surface as the initial step for phago-
cytosis of these cells (Fig. 3Ai, circles). Phagocyted

bacteria within neutrophils were also visualized by fluo-
rescence microscopy at 1 h of infection (Fig. 3Bii, arrows),
neutrophil infection was quantified and we observed
that 61% of neutrophils contained internalized bacteria
assessed by fluorescent microscopy with a mean bacteria
per neutrophil within 1 h of infection of 1.89 � 0.59 when
100 cells were analysed from three different infected
animals. Remarkably, when these cells were processed
for lipid body staining, a large number of fluorescent lipid
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Fig. 2. BCG infection induces apoptosis of pleural cells.
A. Number of total apoptotic leukocytes and apoptotic neutrophils per cavity from control and BCG-infected animals at 24 h.
B. The percentage of live and apoptotic neutrophils containing internalized bacteria or without internalized BCG was assessed in the pleural
fluid of BCG-infected animals within 24 h. Apoptosis and infection index were performed by FACS analysis after Annexin-V FITC staining in
cells from PKH26-stained BCG-infected group at 24 h.
Each bar represents the mean � SEM from at least five animals. Statistically significant (P < 0.05) difference between control and infected
group is indicated by asterisks.
C and D. Bright-field microscopy images exhibiting apoptotic neutrophils (C, arrowheads) and macrophages containing endocyted apoptotic
neutrophils (D, arrows) from infected animals at 24 h of infection after May-Grünwald-Giemsa staining. Bar, 10 mm.

2592 H. D’Avila et al.

© 2008 The Authors
Journal compilation © 2008 Blackwell Publishing Ltd, Cellular Microbiology, 10, 2589–2604



bodies, an indicative of cell activation (Bozza et al.,
2007), were also detected (Fig. 3Bii) and quantified as
significantly enhanced when compared with control
non-infected animals (from 1.02 � 0.02 lipid bodies per
neutrophil in control to 6.86 � 0.65 lipid bodies per
neutrophil in BCG-infected animals within 1 h; n = 3,
P = 0.05). In fact, neutrophils at 1 h of infection exhibited
ultrastructural features of activation such as higher
amount of organelles in conjunction with phagocyted bac-
teria in the cytoplasm (Fig. 3A, asterisk). However, at 24 h
of infection most neutrophils showed degenerative alter-
ations typical of apoptosis. The cells exhibited mild to
intense changes imaged mainly as mitochondrial damage
and progressive cytoplasmic and nuclear condensation
(Fig. 4B and C, arrowhead).

Uptake of infected-apoptotic neutrophils by
macrophages stimulates lipid body formation,
PGE2 and TGF-b1 production in vivo

At 24 h of infection, a large number of infiltrating macro-
phages were observed at the site of infection. These
cells showed morphological signals of activation and
were actively involved in the phagocytosis of apoptotic
neutrophils. Ultrastructural analyses revealed apoptotic
neutrophils in different degrees of degeneration inside
macrophage phagosomes (Fig. 4A–C, arrowheads).

Moreover, macrophages showed a large number of
cytoplasmic phagolysosomes containing amorphous or
granular materials (Fig. 4B and C, arrows). It is interest-
ing that ingested neutrophils were clearly infected with
BCG (Fig. 4B, white arrowhead). Prior observations
have demonstrated that phagocytosis of apoptotic cells
could affect the PGE2 synthesis induced by parasite
infection (Freire-de-Lima et al., 2000). Recently, we have
demonstrated that lipid bodies are the main intracellular
sites for PGE2 synthesis during intracellular pathogen
infection (D’Avila et al., 2006). Because they are stores
of the eicosanoid precursor (arachidonic acid) in differ-
ent leukocyte subsets including neutrophils and mono-
cytes (Weller and Dvorak, 1985; Weller et al., 1989; Yu
et al., 1998), and contain eicosanoid-forming enzymes
(Dvorak et al., 1983; 1992; Bozza et al., 1997; Yu et al.,
1998; Pacheco et al., 2002; D’Avila et al., 2006; Accioly
et al., 2008), we first investigated the occurrence of lipid
bodies within the BCG-elicited macrophages. Figure 5
shows that these cells contain increased numbers of
lipid bodies at 24 h when compared with non-infected
control animals (Fig. 5A and Di). An ingested bacterium
is shown in Fig. 5Di (asterisk), and Fig. 5Dii shows in
high magnification a typical apoptotic body. By electron
microscopy, macrophages from infected group showed
large, electron-lucent, non-membrane bound lipid bodies
with a peripheral rim of electron-dense material

Fig. 3. Inflammatory neutrophils actively
ingest bacteria at the sites of infection.
A. (Ai) An infected neutrophil shows
phagosomes containing BCG (*) in
the cytoplasm, at 1 h of infection. (Aii)
corresponds the boxed area of (Ai) and
shows an ingested bacterium in high
magnification. Areas of interaction between
the neutrophil and adjacent cells are indicated
(circles).
B. (Bi) Phase-contrast and (Bii) fluorescence
microscopy of identical fields of a
representative neutrophil at 1 h of in vivo
infection. Fluorescent Nile Red-labelled lipid
bodies were visualized as cytoplasmic yellow
punctate inclusions, while phagocyted
fluorescent-labelled BCG is imaged in green
(arrows). In (Bi), the cell nucleus was
outlined. For transmission electron
microscopy, pleural cells were fixed
in a mixture of glutaraldehyde and
paraformadehyde and embedded in agar.
Lipid bodies and bacteria were visualized
by, respectively, Nile Red or Live/Dead
BacLight bacterial viability kit as described
in Experimental procedures.
Bars, 1 mm (A); 10 mm (B).
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Fig. 4. Phagocytosis of apoptotic neutrophils by inflammatory macrophages.
A–C. Ultrastructural images of inflammatory macrophages at 24 h of infection. Apoptotic neutrophils (arrowheads) are seen in the macrophage
cytoplasm in conjunction with a large number of phagolysosomes containing amorphous material (black arrows). In (B), a bacterium
(white arrowhead) is clearly observed within a phagocyted neutrophil. N, nucleus. Bar, 1 mm.
D and E. (D) Percentage of macrophages exhibiting apoptotic neutrophils in phagosomes and (E) number of uninfected or infected apoptotic
neutrophils per macrophage were enumerated in control and infected groups at 1 and 24 h by TEM. Phagocyted apoptotic cells were counted
in 81 macrophage sections showing the entire cell profile and nucleus.
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Fig. 5. In vivo lipid body formation, PGE2 and TGF-b1 synthesis occur in parallel to macrophage uptake of apoptotic neutrophils.
A–C. The numbers of lipid bodies within inflammatory macrophages (A) and the levels of PGE2 (B) and TGF-b1 (C) in the pleural fluid
significantly increased compared with non-infected controls at 24 h of infection. Each bar represents the mean � SEM from at least eight
animals. Statistically significant (P < 0.05) differences between control and infected groups are indicated by asterisks.
D. (Di) Ultrastructural image of inflammatory macrophage at 24 h of infection. (Dii) and (Diii) correspond the boxed area of (Di) in high
magnification. (Dii) shows an ingested apoptotic body and (Diii) revealed cytoplasmic lipid bodies (LB) as electron-lucent,
non-membrane-bound organelles with a peripheral electron-dense rim; in (Diii) an ingested bacterium (asterisk) are also observed in the
macrophage cytoplasm.
E. Electron-lucent lipid bodies showing positive immunonanogold labelling for ADRP (arrows) in macrophage from infected mice at 24 h.
N, nucleus. Bar, 1 mm.
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(Fig. 5Diii). The macrophage lipid bodies shown in Fig. 5
are typical lipid bodies as previously described within
macrophages in response to the infection with BCG
(D’Avila et al., 2006) or Trypanosoma cruzi (Melo et al.,
2003; 2006). We have demonstrated that lipid bodies
within pathogen-activated macrophages from different
origins (pleura, peritoneum, heart, uterus) change
their osmiophilia and can appear as electron-lucent
organelles with a peripheral electron-dense rim (Melo
et al., 2003; 2006; D’Avila et al., 2006), as noted in the
present work. Newly formed, electron-lucent lipid bodies
are predominantly observed in macrophages after
24 h of BCG infection (D’Avila et al., 2006). In Fig. 5E,
the presence of lipid bodies within infected cells was
confirmed by immuno-electron microscopy (EM) using
a known marker for lipid bodies – ADRP (adipose
differentiation-related protein), a structural protein which
is found as a circumferential rim delimiting lipid bodies
(reviewed in Bozza et al., 2007).

Next, we observed that increased levels of PGE2 were
observed concomitant to lipid body formation within 24 h
of infection (Fig. 5B).

Ingestion of apoptotic cells by macrophages also pro-
motes the synthesis and release of cytokines with anti-
inflammatory properties (Freire-de-Lima et al., 2000). In
this context, we also addressed the production of TGF-b1,
an important deactivator of the immune response in tuber-
culosis and parasite infections (Hirsch et al., 1997). As
observed in Fig. 5C, TGF-b1 was highly produced at 24 h
of BCG infection.

Apoptotic neutrophil uptake by macrophages leads
to lipid body-derived PGE2 synthesis

To further characterize if the uptake of apoptotic
neutrophils was involved in enhanced lipid body
formation and PGE2 production during BCG infection,
murine peritoneal macrophages were co-cultured in vitro
with living, necrotic or apoptotic neutrophils. At 24 h,
we observed that BCG infection and phagocytosis
of apoptotic neutrophils significantly increased the
number of lipid bodies in macrophages. However no
differences were observed between the macrophage
co-culture with living or necrotic neutrophil and control
groups (Fig. 6A). Moreover, we observed that the uptake
of apoptotic neutrophils synergizes with the effects of
BCG infection on lipid body formation (mean � SEM;
from 5.9 � 1.2 lipid bodies per cell in BCG group to
10.16 � 1.67 BCG plus apoptotic neutrophil group)
(Fig. 6A).

We next addressed whether increased numbers of
lipid bodies from macrophages stimulated with apoptotic
neutrophils would lead to enhanced PGE2 production.
Co-culture of macrophages with apoptotic neutrophils

increased the effects of BCG infection on PGE2 syn-
thesis (mean � SEM; from 3.6 � 0.03 ng ml-1 in BCG
group to 14.0 � 0.3 ng ml-1 in BCG plus apoptotic cell
group; Fig. 6B). No differences in PGE2 levels in the
supernatant from control and macrophages co-cultured
with living and necrotic neutrophils were observed
(Fig. 6B). Unstimulated cells respond by generating
low levels of PGE2; however, the PGE2 synthetic capac-
ity of macrophages was enhanced after apoptotic neu-
trophil uptake and paralleled the increased biogenesis
of lipid bodies.

NSAIDs, including aspirin and NS398, have been
previously shown to inhibit lipid body formation induced
through COX-independent mechanisms (Bozza et al.,
1996; 2002). The capacity of aspirin and NS-398 to
inhibit apoptotic cell uptake-induced lipid body formation
and PGE2 synthesis during BCG infection was inves-
tigated. As shown in Fig. 6C, both aspirin (5 mM) and
NS-398 (1 mM) drastically inhibited BCG-induced lipid
body formation within 24 h. As expected, at the concen-
trations of NSAIDs used, the BCG-induced PGE2 gen-
eration was completely abrogated (Fig. 6D). Recently,
we have established a role for lipid bodies in PGE2

synthesis during BCG infection (D’Avila et al., 2006;
2008). In order to gain further insights if the uptake
of apoptotic neutrophil-induced lipid bodies has roles
in enhanced PGE2 production, we analysed the effect
of a non-cyclooxygenase inhibitor of lipid body bio-
genesis. To that end, macrophages were treated with
fatty acid synthase inhibitor (C75). Treatment with C75
significantly inhibited lipid body formation in macro-
phages induced by apoptotic cells with or without infec-
tion confirming the role of new lipid synthesis in lipid
body biogenesis (Fig. 6B). Impairment of lipid body bio-
genesis by C75 significantly inhibited PGE2 synthesis
induced by apoptotic cells in infected and non-infected
macrophages (Fig. 6D).

Inhibition of neutrophil apoptosis partially
reduces lipid body formation

To confirm the involvement of apoptotic cells in
modulating the BCG infection, mice were intrapleu-
rally (i.pl.) treated with the pan-caspase inhibitor zVAD-
fmk peptide immediately before BCG infection. zVAD
pre-treatment was not able to affect the neutrophil
migration to pleural cavity during infection (Fig. 7C),
but rescued neutrophils from death during BCG
infection (Fig. 7A). Also, the inhibition of neutrophil
apoptosis significantly, although partially, reduced the
lipid body formation induced during BCG infection
in vivo (Fig. 7B). These data corroborate the involve-
ment of apoptotic neutrophil uptake on lipid body
formation in vivo.
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Discussion

Neutrophils are cells rapidly recruited to sites of infection
and injury, but their defence mechanisms that destroy and
digest invading microorganisms are potentially deleteri-
ous to tissues (reviewed in Nathan, 2002). During inflam-
matory conditions, neutrophils spontaneously undergo
apoptosis, and both neutrophil survival and apoptosis are
profoundly influenced by the inflammatory milieu. Manipu-

lation of these processes is likely to be a key therapeutic
strategy in the management of inflammatory diseases
(reviewed in Walker et al., 2005).

It has been recently demonstrated that human neutro-
phils undergo rapid apoptosis in vitro when stimulated
with M. tuberculosis through mechanisms dependent
on TLR2 and p38 MAPK pathway (Kasahara et al., 1998;
Aleman et al., 2004). Here, we demonstrated that pleural
BCG infection in vivo induces apoptosis in more than
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Fig. 6. NSAIDs, aspirin and NS-398 and fatty acid synthase inhibitor block lipid body formation and PGE2 synthesis induced by BCG and
apoptotic cells.
A and B. Peritoneal macrophages (1 ¥ 106) were infected in vitro by BCG (moi, 5:1) for 2 h. Non-internalized BCG were removed, and the
cells were stimulated by apoptotic, necrotic or live cells for 24 h at 37°C.
C and D. Macrophages stimulated by apoptotic cells and/or BCG were treated with 5 mM aspirin (ASA), 1 mM NS-398 or 5 mg ml-1 C75 for
24 h at 37°C. Vehicle (0.01% DMSO) was used as control.
Lipid bodies were enumerated after osmium staining (A and C), and PGE2 were measured by EIA (B and D). Results are the mean � SEM
from three independent pools of three to five animals each. Statistically significant differences (P < 0.05) between control and stimulated
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one-third of infiltrating neutrophils within 24 h. When
analysed by TEM, these cells showed clear alterations
associated with apoptosis. Moreover, by flow cytometry
and electron microscopy we detected that the large major-
ity of the apoptotic neutrophils were infected, suggesting
that the apoptosis was induced after mycobacterial
phagocytosis.

Our present ultrastructural analyses identified the
presence of apoptotic neutrophils within macrophages.
Apoptotic neutrophil recognition and clearance in the lung
were shown to play critical functions in the resolution of the
inflammatory response, by the removal of the inflammatory
cells themselves, along with ingested organisms, and also
by the generation of potent anti-inflammatory mediators
(Henson, 2005). However, in infectious conditions the
uptake of apoptotic cells by macrophages drives the
replication of intracellular parasites and viruses through
mechanisms dependent on TGF-b and PGE2 (Freire-de-
Lima et al., 2000; 2006; Ribeiro-Gomes et al., 2004; 2005;
Xiao et al., 2006). Accordingly, our work demonstrated that
during BCG infection the uptake of apoptotic neutrophils
by macrophages leads to enhanced anti-inflammatory
mediator synthesis including TGF-b and PGE2. The induc-
tion of TGF-b itself could be attributed to exposed phos-
phatidylserine on the apoptotic cells, which therefore may
drive the balanced inflammatory mediator responses (Xiao
et al., 2006). Indeed, in response to apoptotic cells, macro-
phages rapidly release pre-formed TGF-b (McDonald
et al., 1999; Huynh et al., 2002) followed by new synthesis
and prolonged generatio of the active molecule. The com-
bined production of the immunosuppressants PGE2 and
TGF-b1 may act to down-modulate host antimycobacterial
immunity and thereby permit uncontrolled bacterial
replication (Rangel Moreno et al., 2002; Bonecini-Almeida
et al., 2004). In addition to the infection, apoptotic cells,
through TGF-b synthesis, coordinately induce PGE2 and
suppress pro-inflammatory eicosanoid production and
facilitate infection by intracellular pathogens (Fadok et al.,
1998; Freire-de-Lima et al., 2000; 2006; Ribeiro-Gomes
et al., 2005).

Notably, macrophages from infected animals that
ingested apoptotic cells exhibit highly increased numbers
of cytoplasmic lipid bodies. Leukocyte lipid bodies are
dynamic organelles which are formed by rapid and tightly
regulated mechanisms triggered by different stimuli and
pathological conditions including obesity-induced inflam-
mation, ox-LDL- and LPS-induced inflammation or bacte-
rial infection (Pacheco et al., 2002; Silva et al., 2002; de
Assis et al., 2003; Cinti et al., 2005; D’Avila et al., 2006;
Pacheco et al., 2007; Maya-Monteiro et al., 2008). Under
inflammatory conditions lipid bodies are sites of arachido-
nate compartmentalization and locales at which enzymatic
events involved in arachidonate mobilization and oxidative
metabolism take place (reviewed in Weller et al., 1999;
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formation and neutrophil migration in infected animals. (A)
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Bozza et al., 2007). Recently, we have demonstrated
increased lipid body numbers, cyclooxygenase-2 localiza-
tion in lipid bodies and priming for prostaglandin production
induced by BCG and also by the intracellular parasite,
T. cruzi, in macrophages during in vivo experimental infec-
tion in rodents. Biogenesis of lipid bodies induced by these
intracellular pathogens occurred through TLR-2 signalling
and culminated with augment of PGE2 synthesis (Melo
et al., 2003; D’Avila et al., 2006). The present work sug-
gests that lipid bodies in macrophages might participate in
the enhanced formation of PGE2 observed during apop-
totic neutrophil uptake by macrophages in the acute BCG
infection. Indeed, treatment with the pan-caspase inhibitor
zVAD-fmk peptide was able to prevent the neutrophil
apoptosis, and this fate reduced the lipid body formation
induced during BCG infection in vivo.

Increased formation of eicosanoid has been observed
during BCG infection and prostaglandins seem to play
a role in the pathogenesis of BCG infections (Rangel
Moreno et al., 2002; D’Avila et al., 2006). Different
mechanisms may contribute to enhanced eicosanoid pro-
duction during in vivo BCG infection. In fact, our results
demonstrated that macrophages cultivated with apoptotic
cells only (but not necrotic or living cells) presented aug-
mented lipid body biogenesis and PGE2 synthesis and
priming for eicosanoid synthesis when stimulated in vitro.
Accordingly, the inhibition of lipid body formation by treat-
ment with aspirin, NS-398 or C75 led also to an inhibitory
effect on PGE2 production during BCG infection in the
presence of apoptotic cells. We recently demonstrated
that the inhibition of the PGE2-derived lipid body formation
by aspirin and NS-398 induced the enhancement of
TNF-a production and a drastic reduction on IL-10 gen-
eration induced by BCG infection (D’Avila et al., 2006).
Increased levels of PGE2 favour intracellular pathogen
growth, a phenomenon that could be reverted by treat-
ment with COX-2 inhibitors (Freire-de-Lima et al., 2000;
Rangel Moreno et al., 2002). In addition, the inhibition of
lipid body formation by modulation of lipid metabolism
through fatty acid inhibitor induced a similar effect to that
obtained with NAIDS. Strikingly, although C75 is not an
inhibitor of cyclooxygenase enzymatic activity it signifi-
cantly inhibited PGE2 production, thus suggesting that
COX-2 compartmentalization within lipid bodies may play
roles in the enhanced PGE2 synthetic capacity induced
by apoptotic neutrophil uptake.

In addition to the observations that increased lipid body
biogenesis during infection may favour pathogen growth
by the modulation of host immune response leading to an
anti-inflammatory milieu, pathogens may potentially mobi-
lize lipid body content as part of their pathogenic mecha-
nism and source of nutrients. Accordingly, Pseudomonas
aeruginosa-derived phospholipase activity was demon-
strated to mobilize AA from lipid bodies in respiratory

epithelial cells as part of their pathogenic mechanism
(Plotkowski et al., 2008). Moreover, intimate contact
and/or co-option of lipid bodies into phagosomes has
been observed during infections by intracellular patho-
gens, including mycobacterial infection, suggesting that
intracellular pathogens target lipid bodies to enhance
their survival and replication in host cells (Melo et al.,
2003; Chen et al., 2005; D’Avila et al., 2006; 2008; Kumar
et al., 2006; Cocchiaro et al., 2008). Recently, Neyrolles
et al. (2006) demonstrated that mycobacteria can accu-
mulate lipids derived from lipid bodies and survive in a
non-replicating state inside adipocytes.

Collectively, our results suggest that infected apoptotic
neutrophils may act as Trojan horse during mycobacterial
infection being rapidly uptaken by macrophages and
inducing a favourable environment for the bacteria to
establish the infection. Accordingly, a similar phenomenon
of neutrophil facilitation of macrophage infection has been
shown to occur during Leishmania infection (reviewed in
Laskay et al., 2008). Interestingly, Aleman et al. (2007)
suggested that phagocytosis of non-infected apoptotic
polymorphonuclear cells (PMN) impaired mycobacteria-
induced maturation of dendritic cells; however, the
phagocytosis of infected apoptotic PMN allowed the
cross-presentation of mycobacterial antigens, demon-
strating that the inflammatory milieu is subject to a fine
balance between infected and non-infected apoptotic
cells and may facilitate mycobacterial infection and/or
dissemination.

In conclusion, we demonstrated the in vivo BCG infec-
tion induced early recruitment, activation and apoptosis of
neutrophils in the inflammatory site. The phagocytosis
of apoptotic neutrophils by macrophages synergizes
with BCG infection inducing lipid body formation and
production of anti-inflammatory mediators, such as PGE2

and TGF-b. Thus, our findings suggest that the phago-
cytosis of apoptotic cells may favour bacteria persistence
by promoting an anti-inflammatory environment with
macrophage deactivation.

Experimental procedures

Reagents and antibodies

zVAD (OMe)-FMK was obtained from Calbiochem-
Novabiochem (La Jolla, CA). Osmium tetroxide (OsO4) was
from Merck (Darmstadt, Germany). TACS Annexin-V FITC
apoptosis detection Kit was from R&D Systems (Minneapolis,
MN). Nile red, RPMI-1640 cell-culture medium and PKH26 Red
Fluorescent cell linker Kit were from Sigma (St Louis, MO).
Guinea pig polyclonal anti-ADRP (Research Diagnostics,
Concord, MA) and normal guinea pig serum as control were
used for EM (2 mg ml-1) immunodetection studies. Secondary
antibody for immuno-EM was an affinity-purified donkey anti-
guinea pig Fab fragment conjugated to 1.4 nm gold (1:100;
Nanogold®, Nanoprobes, Stony Brook, NY).
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Animals

C57BL/6 mice weighing 20–25 g from both sexes were obtained
from the Fundação Oswaldo Cruz (Rio de Janeiro, Brazil) breed-
ing unit. Animals were bred and maintained under standard con-
ditions in the breeding unit of the Oswaldo Cruz Foundation,
Brazil. Animals were caged with free access to food and water in
a room at 22–24°C and a 12 h light/dark cycle in the Department
of Physiology and Pharmacodynamic animal facility until used. All
protocols were approved by the Fundação Oswaldo Cruz animal
welfare committee.

M. bovis BCG

Mycobacterium bovis BCG (Moreau strain) was kindly donated
by Fundação Ataulpho de Paiva, Rio de Janeiro, Brazil
(Benévolo-de-Andrade et al., 2005). The freeze-dried vaccine
was stored at 4°C. BCG was re-suspended in physiologic
solution just before use.

Mycobacterium staining

For fluorescent microscopy, BCG (50 ¥ 106 bacilli ml-1) were
incubated with 3 ml of the component A (Live/Dead BacLight
bacterial viability kit from Molecular Probes) and incubated at
room temperature in the dark for 15 min. BCG was pelleted by
centrifugation, washed and re-suspended in physiologic solution.
For FACS analysis, BCG (50 ¥ 106 bacilli ml-1) were incubated
with a solution of 4 mM of PKH26 dye (PKH26 Red Fluorescent
cell linker Kit from Sigma) and incubated at room temperature
in the dark for 2 min. To stop the staining reaction was added
an equal total volume of heat-inactivated FBS and incubated
for 1 min BCG was pelleted by centrifugation, washed and
re-suspended in physiologic solution. Animals were infected i.pl.
by fluorescent labelled BCG (5 ¥ 106 bacilli per cavity). For light
microscopy, cytocentrifuged smears from in vivo unstained BCG-
infected group were fixed in methanol and stained with Kinyoun’s
carbol fuchsin as described by Lavallee (1973). The cells were
observed under light microscopy in a 100¥ objective lens.

Pleurisy induced by BCG

Mice were i.pl. injected with 5 ¥ 106 bacilli per cavity in 100 ml of
sterile saline. Control animals received an equal volume (100 ml)
of sterile saline only. After different time intervals (1 h to 15 days)
the animals were killed by CO2 inhalation and their thoracic
cavities were washed with 1 ml of the heparinized PBS
(10 UI ml-1). One group of animals was i.pl. pre-treated with the
pan-caspase inhibitor – zVAD – at 20 mg cavity-1, 5 min before
BCG injection.

Induction of apoptotic neutrophils

Murine neutrophils were obtained from the bone marrow. The
marrow cavities from murine femurs were flushed with 3 ml of
heparinized (10 UI ml-1) Ca2+/Mg2+-free HBSS. Bone marrow
cells were washed and re-suspended in 5 ml of Ca2+/Mg2+-free
HBSS and placed on the top of a discontinuous Percoll gradient
with densities of 40–72%. Cells were centrifuged for 1 h at

3500 r.p.m. Neutrophils were recovered from the interface (purity,
> 95%). The cells were washed twice in 10 ml of Ca2+-Mg2+-free
HBSS. The cells were suspended in complete RPMI medium and
UV-irradiated at 254 nm for 10 min followed by culture in RPMI
containing 10% heat-inactivated FBS at 37°C, 5% CO2 for 4 h as
described by Fadok et al. (1998). The cells exhibited more that
90% of apoptosis after Annexin-V staining. Viable cells were also
frozen–thawed to obtain necrotic cells (Griffith et al., 1996).

In vitro macrophage infection

Peritoneal cells from naïve C57/BL6 mice were harvested
by lavage with sterile RPMI cell-culture medium. Macrophages
(1 ¥ 106 cells ml-1) were adhered in cover slides within culture
plates (24 wells) overnight with RPMI-1640 cell-culture medium
containing 2% FBS. The non-adherent cells were removed after
two vigorous PBS washes. Macrophages were infected by BCG
[multiplicity of infection (moi), 5:1] and/or treated with apoptotic,
necrotic or living neutrophils (3:1) for 24 h at 37°C in CO2 atmo-
sphere. In inhibitory studies macrophages stimulated by apop-
totic cells and/or BCG were treated with NAIDS, 5 mM aspirin
(ASA) and 1 mM NS-398 or 5 mg ml-1 fatty acid synthase inhibitor
(C75) for 24 h at 37°C. Vehicle (0.01% DMSO) was used as
control. Viability was assessed by trypan blue exclusion at the
end of each experiment and was always greater than 90%. Lipid
bodies were enumerated after osmium staining.

Quantification of apoptotic and infected neutrophils

The pleural fluids from control and PKH26-labelled BCG groups
were recovered with 1 ml of heparinized PBS (10 UI ml-1). For
FACS analysis, total cells were stained with TACS Annexin-V
FITC apoptosis detection Kit, according to the manufacturer’s
instructions (R&D Systems, Minneapolis, MN). The cells were
then washed with PBS and the analysis was performed using the
CellQuest program in a FACS Calibur flow cytometer (BD Bio-
sciences, San Jose, CA). At least 104 neutrophils were acquired
per sample. All data were collected and displayed as number of
apoptotic cells per cavity and also as percentage of Annexin-V
(green) and/or PKH26 (red) positive neutrophils gated based on
forward and scatter analysis. For microscopic analysis, neutro-
phils were purified under Percoll gradient as described above.
Neutrophil apoptosis was detected in situ using TACS Annexin-V
FITC apoptosis detection. At least 100 cells per group were
analysed by fluorescence microscopy. Cells were considered
apoptotic when presented Annexin-V-positive staining and pro-
pidium iodide-negative staining. Apoptosis of inflammatory cells
was further confirmed by morphology in May-Grünwald-Giemsa
stained cytocentrifuged smears considering cells apoptotic when
their nuclei appeared round and darkly stained and lost segmen-
tation. Apoptotic percentages obtained by these methods agreed
within 5%.

Lipid body staining and enumeration

Different techniques were used for lipid body staining and quan-
tification as described (D’Avila et al., 2006). For quantitative
studies, cells were stained by osmium tetroxide. For the osmium
staining the slides were rinsed in 0.1 M cacodylate buffer, incu-
bated with 1.5% OsO4 (30 min), rinsed in H2O, immersed in 1.0%
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thiocarbohydrazide (5 min), rinsed in 0.1 M cacodylate buffer,
re-incubated in 1.5% OsO4 (3 min), rinsed in distilled water and
then dried for further analysis. The morphology of fixed cells was
observed, and lipid bodies were enumerated by light microscopy
with a 100¥ objective lens in 50 consecutive leukocytes in each
slide. The operator responsible for counting was blinded to the
codes for each slide. For fluorescent-labelled lipid bodies, cells
recovered from the pleural cavities after 24 h of the infection
by BCG and controls were incubated with Nile Red (1:10000
from a stock solution of 0.1 mg ml-1 in acetone) for 10 min at
room temperature. After incubation, cells were washed twice in
HBSS-/-, cytospun onto slides and fixed in 3.7% formaldehyde
at room temperature for 10 min.

Total and differential cell analysis

Total cells were counted in a Neubauer chamber after diluting in
Turk solution (2% acetic acid solution). Differential analysis was
performed by light microscopy in cytocentrifuged smears stained
with May-Grünwald-Giemsa.

Conventional TEM

Pleural cells from control and infected animals (5 ¥ 106 BCG per
cavity for 1 h and 24 h) were centrifuged (2000 r.p.m., 5 min) and
the pellets obtained were re-suspended and fixed in a mixture
of freshly prepared aldehydes (1% paraformaldehyde and 1%
glutaraldehyde) in 0.1 M phosphate buffer, pH 7.3 overnight at
4°C (Karnovsky, 1965). The cells were washed in the same buffer
and embedded in molten 2% agar (Merck). Agar pellets contain-
ing the cells were post-fixed in a mixture of 1% phosphate-
buffered osmium tetroxide and 1.5% potassium ferrocyanide
(final concentration) for 1 h and processed for resin embedding
(PolyBed 812, Polysciences, Warrington, PA). The sections were
mounted on uncoated 200-mesh copper grids (Ted Pella,
Redding, CA) before staining with uranyl acetate and lead citrate
and viewed with a transmission electron microscope (EM 10;
Zeiss, Germany) at 60 KV. Electron micrographs were randomly
taken at the magnifications of 12 000–40 000¥ to study the entire
cell profile and lipid body features. A total of 81 electron micro-
graphs were evaluated.

Immunogold electron microscopy for ADRP

Cells were fixed as described above, and the agar pellets
immersed in 30% sucrose in PBS overnight at 4°C, embedded in
OCT compound (Miles, Elkhart, IN), and stored in -180°C liquid
nitrogen for subsequent use. Pre-embedding immunolabelling
was performed before standard EM processing (dehydration,
infiltration, resin embedding and resin sectioning). Immuno-
nanogold was performed on cryostat 10 mm sections mounted on
glass slides. All steps were performed at room temperature
as before (Melo et al., 2005), using guinea pig polyclonal anti-
ADRP (2 mg ml-1) as specific primary antibody. The secondary
antibody donkey anti-guinea pig conjugated to 1.4 nm gold was
diluted at 1:100. Two controls were performed: (i) primary anti-
body was replaced by an irrelevant antibody and (ii) primary
antibody was omitted. Specimens were examined as described
for conventional TEM.

PGE2 measurement

PGE2 levels were measured directly in the supernatant from
cell-free pleural lavage or in vitro stimulation at 24 h from control
and stimulated groups. PGE2 was assayed in the cell-free super-
natant by enzyme-linked immunoassay (EIA), according to the
manufacturer’s instructions (Cayman Chemical).

TGF-b1 measurement

Supernatants from pleural cavities after 24 h of the infection by
BCG and controls were collected and stored at -20°C until the
day of analysis. TGF-b1 was measured using ELISA technique
with specific monoclonal antibodies, according to manufacturer’s
instructions (Duo Set Kit from R&D systems).

Image acquisition

The images were obtained using an Olympus BX-FLA fluores-
cence microscope equipped with a Plan Apo 100¥ 1.4 Ph3
objective (Olympus Optical, Japan) and CoolSNAP-Pro CF
digital camera in conjunction with Image-Pro Plus version 4.5.1.3
software (MediaCybernetics, San Diego, CA). The images were
edited using Adobe Photoshop 5.5 software (Adobe Systems,
San Jose, CA) Adobe Illustrator 10.0.

Statistical analysis

The results were expressed as mean � SEM and were analysed
statistically by means of ANOVA followed by the Neuman-Keuls–
Student test with the levels of significance set at P < 0.05.
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