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Abstract

Background—Neutrophil apoptosis may play a critical role in the resolution of inflammation by
stimulating anti-inflammatory cytokine generation from monocytes. In this study, we investigated
the effect of apoptotic neutrophils on interleukin (IL)-10 and IL-1p production from monocytes in
response to Porphyromonas gingivalis lipopolysaccharide.

Methods—~Peripheral blood neutrophils from healthy individuals were isolated by sodium
diatrizoate density gradient centrifugation. In order to induce apoptosis, neutrophils were cultured
for 24 hours in modified Dulbecco’s medium supplemented with 10% autologous serum. Cell
apoptosis was quantified by Annexin V positivity and loss of CD16 expression on the cell surface.
Peripheral blood mononuclear cells were isolated from the same subjects; monocytes were purified
by magnetic cell sorting and cultured with or without apoptotic or fresh neutrophils.
Lipopolysaccharide from Porphyromonas gingivalis was used for cell stimulation. IL-1p and 1L-10
levels in supernatants were determined by enzyme-linked immunosorbent assay (ELISA).

Results—IL-10 generation was significantly increased in monocytes cultured with apoptotic
neutrophils compared to monocytes alone or cocultured with fresh neutrophils (P <0.05). IL-1p was
suppressed both in resting and lipopolysaccharide-stimulated monocytes in the presence of apoptotic
neutrophils compared to monocytes alone or monocytes cultured with fresh neutrophils at all time
points (P <0.05).

Conclusion—Neutrophil apoptosis provides a signal to monocytes, changing the phenotype of the
monocyte resulting in the production of anti-inflammatory cytokines and suppression of
proinflammatory cytokines in response to lipopolysaccharide.
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The inflammatory response is a highly dynamic and complex process that is central to the
development and progression of periodontitis. Bacterial products interact with gingival
epithelium to induce the expression of adhesion molecules that leads to the production of
proinflammatory cytokines and chemokines by neutrophils and monocytes/macrophages.1‘5
However, the kinetics and interactions of neutrophils and other specialized effector cells, such
as monocytes or macrophages, are poorly understood in relation to periodontal disease
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pathogenesis. Furthermore, little is known about how anti-inflammatory signals are generated
from the endogenous reactions among these cells. 36,7

Monocytes are activated and attracted to sites of inflammation by microbial products.8‘10
Generation of tumor necrosis factor-alpha (TNF-a) followed by other proinflammatory
cytokines, such as interleukin-1 beta (IL-1B), marks an important stage in the monocyte/
macrophage-mediated inflammatory response.11 In addition to this proinflammatory role,
monocytes/macrophages are also involved in the resolution of inflammation through the
production of anti-inflammatory cytokines such as IL-10. IL-10 reduces the production of
proinflammatory cytokines and regulates lipopolysaccharide (LPS) tolerance and phagocytic
clearance of opsonized apoptotic cells.12-15 Macrophages also contribute to the resolution of
inflammation by inducing neutrophil apoptosis.16 Thus, monocyte function and the balance
between the pro-and anti-inflammatory cytokines are central to the effectiveness of the
inflammatory response.5'8v9!17

Apoptosis, or programmed cell death, is a form of physiological cell death.18-20 It is increased
in the presence of infection, inflammation, or tissue remodeling. Local specialized or non-
professional cells rapidly remove apoptotic cells generated in these physiological or
pathological conditions without provoking the release of proinflammatory cytokines.zL22
Recent reports indicate that these mechanisms have significant regulatory effects on
inflammatory responses.23'24 It has been shown that apoptotic cells may play an important
role in the resolution of inflammation by reducing the production of proinflammatory cytokines
such as IL-1B and TNF-ao and stimulating the generation of anti-inflammatory cytokines such
as transforming growth factor-beta (TGF-p) and IL-10.22:25 Apoptotic leukocytes may alter
cytokine production from LPS-activated monocytes increasing secretion of IL-10.26 The
proinflammatory capacity of neutrophils is downregulated at the gene expression level during
the induction of apoptosis. 7 In chronic inflammatory diseases such as rheumatoid arthritis,
the microenviroment of synovial fluid proinflammatory milieu is responsible for the local
persistence of activated long-surviving neutrophils by delaying apoptosis.28

Previous studies have suggested that neutrophil apoptosis is involved in the pathogenesis of
chronic periodontal diseases.29-33 The mechanism of neutrophil death and the control of the
functional lifespan of neutrophils in the gingival crevice and periodontal pocket are important
to understanding the pathogenesis of periodontal diseases.30 It has been shown that
granulocyte-monocyte colony stimulating factor (GM-CSF) secreted during the inflammatory
response into the gingival crevicular fluid (GCF) reduced apoptosis of neutrophils.34
Neutrophil apoptosis was delayed when neutrophils were incubated with LPS from
Porphyromonas gingivalis (P. gingivalis)’35’3 suggesting that the retardation of neutrophil
apoptosis by P. gingivalis LPS may modulate the transition from acute to chronic inflammation
in the periodontal tissues. Taken together, these data imply a principal mechanism through
delayed apoptosis by which neutrophils can accumulate in periodontitis lesions, leading to both
the acceleration of neutrophil-mediated tissue damage and the insufficiency of anti-
inflammatory signals from monocytes. Therefore, the goal of this study was to investigate the
effect of apoptotic neutrophils on the production of pro-and anti-inflammatory cytokines
(IL-1B and IL-10) from monocytes in response to P. gingivalis LPS.

MATERIALS AND METHODS

Isolation of Human Neutrophils and Induction of Apoptosis

Peripheral blood samples were obtained from four healthy adult volunteers with no clinical or
radiographical signs of periodontal disease (mean age: 31.25 + 6.25 years). All samples were
obtained after written consent and approval of the Institutional Review Board at Boston

University Medical Center. None of the subjects were smokers. Neutrophils were isolated by
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discontinuous density gradient centrifugation using polysucrose and sodium diatrizoate. ¥ 37
Briefly, peripheral blood (4.5 ml) was layered on the separating medium, and the tubes were
centrifuged at 500 x g for 30 minutes. The neutrophil-rich layer was collected, and
contaminating erythrocytes were lysed with 0.156 M hypotonic buffer containing ammonium
chloride (NH4CI). The cells were washed twice with phosphate-buffered saline (PBS) (1M
PBS, pH = 7.4), resuspended in 50 ml PBS, and counted with a hemocytometer. Cell viability
was >98% as assessed by trypan blue exclusion and cell preparations were >99% neutrophils.
In order to induce apoptosis, fresh neutrophils (2 x 108/ml) were suspended in Iscove’s
Modified Dulbecco’s Medium (IMDM) supplemented with 10% autologous serum and
incubated for 24 hours at 37°C in 5% CO,. Induction of apoptosis was performed as previously
described.2®

Assessment of Apoptosis

Apoptosis was determined by both Annexin V positivity and loss of CD16 expression on the
cell surface.9-38 First, positive selection of the apoptotic cells was based on their ability to
bind Annexin V, a 35 kDa phospholipid-binding protein with high affinity to
phosphatidylserine.38_45 A commercially available cell isolation kit8 was used for the
isolation of apoptotic cells with exposedEhosphatidylserine38’40’41 and the purification of
apoptotic and non-apoptotic neutrophils. 2 Briefly, cells were enriched by labeling with
Annexin V microbeads and separated on a magnetic cell sorter (MACS) column in the magnetic
field of a separator. The extremely small size of the microbeads prevents mechanical stress,
unwanted activation, and functional stimulation of the cells. Cells retain their viability and
physiological functions.46:47 The magnetically labeled phosphatidylserine-exposed cells
were retained in the column while the unlabeled cells ran through. After removal of the column
from the magnetic field, the magnetically retained phosphatidylserine-exposed cells were
eluted as the positively selected cell fraction (Fig. 1A). Binding of fluorescein isothiocynate
(FITC)-labeled Annexin V was further confirmed by immunofluorescence in a flow
cytometer.|

Apoptosis was further assessed by the depletion of CD16 on the cell surface.39 Cultured
neutrophils were washed and resuspended in PBS containing 1% bovine serum albumin (BSA)
at a concentration of 107 cells/ml. This suspension was mixed with an equal volume of FITC-
labeled CD16 monoclonal antibody'H and incubated for 30 minutes on ice. The cells were then
washed and resuspended in PBS/BSA buffer. For control experiments, cells were either
incubated with an isotype-matched control primary antibody or only FITC-conjugated
secondary antibody. Data were acquired and analyzed using special software® (Fig. 1B). About
80% of neutrophils were found to be apoptotic.

Preparation of LPS From P. gingivalis

P. gingivalis strain A7436 was used in these studies and was maintained on anaerobic blood
agar plates.** P. gingivalis cultures were incubated anaerobically at 37°C. P. gingivalis LPS
was extracted using a hot phenol-water technique.48’49 The LPS preparation was analyzed for
protein contamination by electrophoresis overloading a sodium dodecyl sulfate-12.5%
polyacrylamide gel and staining with Coomassie blue and silver nitrate. LPS samples were
also examined on commercially prepared 10% to 20% gradient gels. LPS was further analyzed
for protein contamination using a bicinchoninic acid protein assay kit TT

*Histopaque 1119 and 1077, Sigma Chemical Co., St. Louis, MO.
8 Annexin V Micro Bead kit, Miltenyi Biotech, Auburn, CA.
||FACScan, BD Bioscience, Franklin Lakes, NJ.

Becton Dickinson Immunocytometry Systems, San Jose, CA.

BD Bioscience.

**Fisher Scientific Co., Springfield, NJ.
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Monocyte Isolation and Coculture of Monocytes With Apoptotic Neutrophils

Peripheral blood mononuclear cells were isolated from the same subjects using a discontinuous
gradient system (0.25 x 10%/ml). Contaminating non-monocytic cells were removed and CD14
+ monocyte populations were purified by MACS. ¥ 50,51 pyre monocytes were resuspended
in IMDM (0.25 x 108/ml) with 10% human AB serum in the presence of apoptotic or fresh
neutrophils (2.5 x 108/ml). The ratio of monocytes to neutrophils was 1:10. They were then
stimulated with P. gingivalis LPS (100 ng/ml; strain A7436) and incubated for 72 hours at 37°
C in a 5% CO, atmosphere in 24-well culture plates. Cell culture supernatants were collected
at 24, 48, and 72 hours; centrifuged at 500 x g for 10 minutes at 4°C to remove the particulate
debris; and aliquots were stored at —80°C.

Enzyme-Linked Immunosorbent Assay (ELISA)

The release of IL-10 and IL-1p in supernatants was measured by commercially available
ELISA Kits per the manufacturer’s instructions.88 Briefly, 96-well microplates were coated
with mouse anti-human capture antibody and incubated overnight at room temperature. The
plates were washed with PBS containing 0.05% Tween 20, and then blocked by PBS with 1%
bovine serum albumin and 5% sucrose. After the addition of diluted samples and standard
antigen dilutions, plates were incubated for 2 hours at room temperature. Biotinylated goat
anti-human antibodies were used as the detection antibody and streptavidin-horseradish
peroxidase (HRP) was added as the conjugate to each well. Equal proportions of hydrogen
peroxide and tetramethylbenzidine were used as the substrate solution and sulfuric acid was
used to stop the reaction. All samples and standards were run in duplicate and optical density
was determined with a microplate reader|| || at 450 nm. Samples above the standard
determination range for optical density readings were assayed again and read at an appropriate
dilution.

Statistical Analysis

Each experiment was repeated in triplicate and data were expressed as the mean of three
separate values for each of four individuals (+ standard deviation). Data analysis was performed
by Mann-Whitney U test and significance was set at P <0.05.

RESULTS

IL-1B8 Production by Apoptotic Neutrophil-Treated Human Monocytes in Response to LPS

IL-1p was significantly suppressed in resting monocytes in the presence of apoptotic
neutrophils (P <0.01) (Fig. 2). This effect was observed as early as 24 hours and was stable
over 72 hours of incubation. When fresh neutrophils were cocultured with monocytes, the
suppression of 1L-1 generation, although less profound compared to the effect of apoptotic
neutrophils, was also statistically different from monocytes alone (P <0.05). In addition,
apoptotic neutrophils led to significant reduction in IL-1p secretion from monocytes compared
to those cocultured in the presence of fresh neutrophils in the absence of LPS treatment (P
<0.05). Overall, unstimulated monocytes did not show any increased levels of IL-1p over time.

Treatment of monocytes alone or in the presence of neutrophils with LPS from P. gingivalis
is presented in Figure 3. Apoptotic neutrophils led to significant suppression of IL-1
production of monocytes in response to P. gingivalis LPS. This effect was statistically different
compared to either monocytes or monocytes cocultured with fresh neutrophils at all time points

'H'Pierce, Rockford, IL.
iMiItenyi Biotech.
88r&D Systems, Minneapolis, MN.
[ ||Vmax, Molecular Devices, Sunnyvale, CA.
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(P <0.05). There was no difference between the tested time points over an incubation period
of 72 hours although the peak IL-1p levels were observed at 24 hours in pure monocyte or
monocyte and fresh neutrophil cultures. Fresh neutrophils led to significant suppression of P.
gingivalis LPS-induced IL-1Bgeneration from monocytes only at 72 hours compared to
monocytes without any neutrophil coculture (P <0.05).

IL-10 Production by Apoptotic Neutrophil-Treated Human Monocytes in Response to LPS

In contrast with IL-1f, IL-10 generation by unstimulated monocytes was increased in the
presence of apoptotic neutrophils over time (Fig. 4). The increase was statistically significant
compared to monocytes alone and monocytes cocultured with fresh neutrophils at 24 and 48
hours (P <0.05). After 72 hours of culture, IL-10 generation was not changed in monocytes
that were not stimulated, while fresh neutrophils led to a gradual increase in monocytic IL-10
generation. However, this change was not significant compared to 24 hours or 48 hours. At the
end of 72 hours, apoptotic neutrophils and fresh neutrophils did not result in significantly
different increases in IL-10 generation by monocytes.

We also tested IL-10 production from monocytes in response to P. gingivalis LPS in the
presence of apoptotic or fresh neutrophils (Fig. 5). A similar trend was observed in LPS-
stimulated cultures as in resting cells. While monocytes did not generate significant amounts
of IL-10 in the absence of neutrophils in response to LPS, fresh neutrophils led a slight increase
at 24 and 48 hours. However, these changes were not statistically significant. Only at the end
of 72 hours, there was a significant increase compared to monocytes alone (P <0.05). When
the monocytes were cocultured with apoptotic neutrophils, IL-10 generation was significantly
increased in response to P. gingivalis LPS stimulation compared to monocytes alone or cultured
with fresh neutrophils at 48 and 72 hours (P <0.05). Overall, monocytes were found not to be
a major source of IL-10 over 72 hours of culturing, while the enhancing effect of apoptotic
neutrophils on IL-10 generation from monocytes reached to a peak at 48 hours and stayed at
this elevated level over 72 hours.

DISCUSSION

Periodontitis is an infection caused by pathogenic Gram-negative bacteria destroying the
periodontal connective tissue and alveolar bone.>2 Although the presence of bacterial
pathogens is necessary for the initiation of periodontal diseases, complex inflammatory and
immune responses play a critical role in the progression of disease. Indeed, it has been shown
that persistent bacterial stimulation disrupts homeostatic mechanisms and results in release of
mediators (IL-1, IL-6, TNF, prostaglandins), which contribute to the pathogenesis of
periodontal disease.1 ™3 These proinflammatory mediators act in various stages of the disease,
are essential for the initiation of an inflammatory response and, ultimately, tissue destruction.
54 Thus, proinflammatory cytokine activity must be regulated in order to prevent an excessive
inflammatory response and abnormal tissue destruction.1:4:53,55 Apoptotic neutrophils,
monocytes, soluble mediators, or cell-to-cell contact can play critical roles in the regulation or
resolution of periodontal inflammation. In this study, we show that neutrophil apoptosis is an
essential process to limit the prolonged effects of proinflammatory activity generated by
monocytic phagocytes. We also demonstrate that monocytes can generate significant amounts
of IL-10 in response to LPS challenge in the presence of apoptotic neutrophils.

A dynamic balance exists between proinflammatory cytokines and anti-inflammatory
components of the immune system. The regulation of inflammation by anti-inflammatory
cytokines is complicated by the fact that the immune system has several pathways with multiple
elements having similar physiologic effects. The net effect of any cytokine is dependent on the
timing of cytokine release, local milieu in which it acts, the presence of competing or s%/ner?istic
elements, cytokine receptor density, and tissue responsiveness to each cytokine.17v 6,57 The
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pathogenesis of many major diseases is determined by the production of proinflammatory
cytokines by monocytes and macrophages. Monocytes and macrogahages play an important
role among the infiltrating cells in periodontal inflammation.4 They are known to be the
primary targets for LPS and produce proinflammatory cytokines such as IL-18, TNF-a, IL-6,
orIL-8.14 A major inhibitor of stimulated, cytokine-producing monocytes and macrophages
is the anti-inflammatory cytokine IL-10 secreted largely by helper T cells.58-60 Helper T cell-
mediated IL-4 also induces macrophage apoptosis, which reduces the number of infiltrating
inflammatory macrophages. 6 Macrophage accumulation was found to be continuous in
periodontitis due to reduced IL-4 in disease sites. 62 Both IL-10 and IL-4 target monocytes and
inhibit the release of IL-1B, TNF-a, and oxygen intermediates such as nitric oxide. 45 However,
anti-inflammatory cytokines in addition to IL-10, such as IL-4, and IL-1 receptor antagonist
were also found to be upregulated after LPS stimulation, suggesting that they could be
important for resolution of inflammation.56:99 The anti-inflammatory effects of monocytes
and macrophages can also be balanced by the actions of other cell types in addition to the
monocytic cells themselves.? In this study, we show that monocytes cocultured with apoptotic
neutrophils released IL-10 when activated by P. gingivalis LPS. At the same time, IL-1f
production in response to LPS was suppressed. Therefore, we propose that interactions of
apoptotic neutrophils with LPS-stimulated monocytes may play an important role in early
events in periodontal inflammation triggered by innate immune stimuli derived from invading
periodontal bacteria, or tissue damage, and provide new insight into the molecular events
leading to resolution of inflammation.

Neutrophils are the first-line defense against invading microorganisms and eliminate pathogens
by phagocytosis. They play an important role in both the early stage and the termination of
inflammation. It has been shown that proinflammatory capacity is down-regulated during the
induction of neutrophil apoptosis and is critical for resolution of inflammation in humans.2’
Indeed, there is growing ewdence that 7poptotic neutrophils play an active role in regulation
and resolution of inflammation.? However, there is little information about the
molecular basis for termination of mflammation and endogenous anti-inflammatory signals in
periodontal lesions. In the present study, we demonstrated that following interaction with
apoptotic neutrophils, monocytes act as suppressors of inflammation in response to LPS
challenge. This finding is parallel to the reported data where apoptotic cells enhanced IL-10
production by macrophages in response to E. coli LPS.25 Together, these data show that the
induction of anti-inflammatory response by monocytes coupled with the reduction of
proinflammatory responses are only specific to apoptotic neutrophils but not fresh neutrophils.
Indeed, it has been reported that apoptotic neutrophils can generate the anti-inflammatory
signals by the help of phosphatldylserme while fresh neutrophils do not express that molecule
on their membrane surface.22 Therefore, cell signaling events mediated by lipid mediators
might play a role in this phenomenon.

In conclusion, our findings demonstrate that monocytes increase their anti-inflammatory
capacity by the accelerated release of IL-10 in response to P. gingivalis LPS, after they are
cocultured with apoptotic neutrophils. They also decrease their proinflammatory capacity
during this period. Neutrophil apoptosis provides a signal to monocytes that changes the
phenotype and cytokine kinetics of monocytes, resulting in production of anti-inflammatory
cytokines in response to P. gingivalis LPS challenges. These data suggest that the character of
the neutrophil response in early events in inflammation have a direct effect on the establishment
of chronic lesions in periodontitis.
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Figure 1.

Assessment of apoptosis. Apoptosis was determined by both Annexin V positivity and loss of
CD16 expression on the cell surface as described in detail in Materials and Methods. A) The
Annexin V positivity by binding of FITC-labeled Annexin V in a flow cytometer. B) Further
assessment of apoptosis by the loss of CD16 on the cell surface by FACS analysis. Dashed
lines represent negative controls where buffer or control 1gG was tested. Solid line represents
fresh neutrophils while the thin line shows the shift of CD16 expression on apoptotic
neutrophils.
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Figure 2.

Effect of apoptotic neutrophils on IL-1/ production by resting human monocytes. Coculture
of unstimulated monocytes with apoptotic neutrophils led to significant suppression of IL-15
generation over 72 hours of incubation (*P <0.01). In the presence of fresh neutrophils, there
was also a reduction in IL-1/ and the effect, although less obvious than apoptotic neutrophils,
was statistically significant compared to monocytes alone (TP <0.05). Apoptotic neutrophils
led to a significant reduction in IL-1/ secretion from monocytes compared to those cocultured
with fresh neutrophils even in the absence of LPS stimulation (*P <0.05).
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Figure 3.

Effect of apoptotic neutrophils on monocytic IL-14 production in response to P. gingivalis
LPS. IL-15 production of monocytes in response to P. gingivalis LPS was significantly
suppressed when the cells were cultured with apoptotic neutrophils (*P <0.05). This effect was
also statistically different compared to monocytes cocultured with fresh neutrophils and stable
over 72 hours of incubation (*P <0.05). Fresh neutrophils led to significant reduction in
monocytic IL-1fgeneration only at the end of 72 hours (TP <0.05).
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Figure 4.

Page 14

Effect of apoptotic neutrophils on IL-10 production by resting human monocytes. I1L-10
generation by monocytes was increased in the presence of apoptotic neutrophils. The difference
was statistically significant compared to monocytes alone at all observation time points (*P
<0.05). At 24 and 48 hours, this increase was also significantly higher compared to fresh
neutrophils cocultured with monocytes (TP <0.05). However, fresh neutrophils did not lead to

any significant increase in monocyte 1L-10 generation.
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Figure 5.

Effect of apoptotic neutrophils on monocytic IL-10 production in response to P. gingivalis
LPS. In response to P. gingivalis LPS, IL-10 production from monocytes was significantly
increased when cocultured with apoptotic neutrophils (*P <0.05). This effect was also
significant compared to monocytes cultured with fresh neutrophils at 48 and 72 hours while
there was no difference at 24 hours (TP <0.05). Fresh neutrophils led to a significant increase
in 1L-10 generation from monocytes only at the end of 72 hours ( *P <0.05).

J Periodontol. Author manuscript; available in PMC 2005 September 21.



