International Journal of Oral Biology, Vol. 43, No. 4 December 31 2018, p. 217-222

Copyright (©) 2018, The Korean Academy of Oral Biology
http://dx.doi.org/10.11620/IJOB.2018.43.4.217
PISSN 1226-7155, eISSN 2287-6618

International
Journal of
Oral Biology

Effect of Various Agents on Oral Bacterial Phagocytosis in THP-1 Cells

Yuri Song, Hyun Ah Lee, Hee Sam Na and Chung Jin'

Department of Oral Microbiology, School of Dentistry, Pusan National University, Yangsan 50612, Republic of Korea

(received December 5, 2018; revised December 16, 2018; accepted December 19, 2018)

Phagocytosis is a fundamental process in which phagocytes
capture and ingest foreign particles including pathogenic
bacteria. Several oral pathogens have anti-phagocytic
strategies, which allow them to escape from and survive in
phagocytes. Impaired bacteria phagocytosis increases
inflammation and contributes to inflammatory diseases. The
purpose of this study is to investigate the influences of various
agents on oral pathogenic phagocytosis. To determine
phagocytosis, Streptococcus mutans, Fusobacterium nucleatum,
Aggregatibacter actinomycetemcomitans and Porphyromonas
gingivalis were stained with 5-(and-6)-carboxyfluorescein
diacetate succinimidyl ester (CFSE), and was measured using
flowcytometery and confocal microscopy. The influencing
factors on phagocytosis were evaluated through the
pretreatment of ROS inhibitor (N-acetyl-L-cysteine (NAC)),
lysozyme, potassium chloride (KCI) and adenosine triphosphate
(ATP) in THP-1 cells. Expression of pro-inflammatory
cytokines was determined by enzyme-linked immunosorbent
assay (ELISA). The phagocytosis of various bacteria
increased in a MOI-dependent manner. Among the tested
bacteria, phagocytosis of P. gingivalis showed the highest

*Correspondence to: Jin Chung, Department of Oral Microbiology,
School of Dentistry, Pusan National University, 1 Yangsan 50612,
Republic of Korea
Tel: +82-51-510-8245, Fax: +82-51-510-8246
E-mail: jchung@pusan.ac.kr
ORCID : 0000-0002-6859-615X

This is an Open-Access article distributed under the terms of the
Creative Commons Attribution Non-Commercial License (http:/creati-
vecommons.org/licenses/by-nc/3.0) which permits unrestricted non-
commercial use, distribution, and reproduction in any medium, pro-
vided the original work is properly cited.

217

fluorescent intensity at same infection time. Among the tested
inhibitors, the NAC treatment significantly inhibited
phagocytosis in all tested bacteria. In addition, NAC treatment
indicated a similar pattern under the confocal microscopy.
Moreover, NAC treatment significantly increased the bacteria-
induced secretion of IL-1f3 among the tested inhibitors. Taken
together, we conclude that the phagocytosis occurs differently
depending on each bacterium. Down-regulation by ROS
production inhibited phagocytosis and lead increased of oral
pathogens-associated inflammation.
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Introduction

Phagocytosis is a complex process for the ingestion and
elimination of pathogens [1]. It is also important for elimination
of apoptotic cells and for maintaining tissue homeostasis [2].
Phagocytosis is the hallmark of specialized cells including
monocytes, macrophages, dendritic cells, osteoclasts and
neutrophils. These cells are collectively referred to as professional
phagocytes [3]. The phagocytic process is very efficient and
ends in the destruction of invaded micro-organisms. The presence
of regulators that affect phagocytosis may alter the phagocytic
capacity of professional phagocytes [4]. Phagocytosis of
cariogenic streptococci has been reported to be enhanced by
specific antibody [5]. Probiotics can activate phagocytosis of
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macrophages against Aggregatibacter actinomycetemcomitans
[6]. Thus, understanding the regulatory mechanism on phagocytosis
process can be the important strategies against bacteria infection.

Phagocytosis affects a series of inflammatory response.
Inflammatory response through phagocytosis constitute the first
line of defense which induce the inflammatory cytokine
production and cellular recruitment [7]. The removal of dying
cells or invaded pathogens by phagocytes occurs without
eliciting an inflammatory response and is an important function
of phagocytosis [8]. Chronic periodontitis is also associated with
impaired phagocytosis [9]. A significant reduction in phagocyte
functions was observed in individuals with periodontitis [10].
However, the influencing factors of phagocytosis on various
oral pathogens in monocyte remain to be elucidated. The
purpose of this study was to investigate the influences of various
inhibitors on oral pathogen phagocytosis. Furthermore, we
investigated whether the regulation of phagocytosis influenced
inflammatory response in THP-1 cells.

Materials and Methods

Bacterial culture
Streptococcus mutans (S. mutans) was grown in brain-heart

infusion (BHI) broth (BD, Franklin Lakes, USA) broth at 37°C
in a 5% CO, incubator. Porphyromonas gingivalis (P. gingivalis)
and Fusobacterium nucleatum (F. nucleatum) were grown in
Gifu anaerobic medium (GAM; Nissui, Japan) broth, which
contained hemin (5 mg/mL) and 3-phytyl-menadione (vitamin
K, 0.5 mg/ml) at 37°C in an anaerobic chamber under an
atmosphere containing 90% N,, 5% H,, and 5% CO..
Aggregatibacter actinomycetemcomitans (A. ctinomycetemcomitans)
was grown in tryptic soy (TBS) broth (BD, Franklin Lakes,
USA) with 1% yeast extract (LPS solution, Seoul, South Korea)
at 37°C in a 5% CO, incubator. Each bacterial culture was
harvested by centrifugation at 5000 rpm for 5 min, resuspended
in RPMI media (Gibco, CA, USA) and used to infect the
macrophages at a multiplicity of infection (MOI).

Cell culture and treatment

The human monocyte cell line, THP-1 cells were maintained
in RPMI 1640 medium supplemented with 10% fetal bovine
serum (FBS) and were cultured at 37°C in 5% CO, incubator.
For phagocytosis assay, THP-1cells were infected with CFSE-
stained bacteria for 45 min with or without the pretreatment

of N-Acetyl-L-cysteine (NAC, sigma, MO, USA), Potassium
chloride (KCI, sigma, MO, USA), Adenosine 5'-triphosphate
disodium salt hydrate (ATP, sigma, MO, USA) and lysozyme
(sigma, MO, USA) for 30 min. For confocal microscopic
examination, THP-1 cells were differentiated into macrophage-
like cells with 50 ng/ml of Phorboll2-mystristate13-acetate
(PMA; sigma, MO, USA).

Phagocytosis assay

THP-1 cells were seeded at 4.0x10°cells/well in a 24 well
plate. Bacteria were labeled with 10uM  Cell race™ CFSE cell
proliferation kit (Thermo Fisher Scientific, MA, USA) in PBS
containing 0.1% BSA for 15 min. THP-1cells were infected
CFSE stained-bacteria for 45 min. After infection, cells were
washed with cold PBS and analyzed using a FACSVerse
flowcytometer (Becton Dickinson, CA, USA). For confocal
microscopic examination, THP-1 cells were seeded in 8-well-
chamber slides. Cells were pre-treated with or without NAC
(5 mM), KCI (50 mM), ATP (20 uM) and lysozyme (50 pg/ml)
for 30min followed by infection with bacteria (MOI 50) for
24h and stained with 4',6-Diamidino-2-Phenylindole (DAPI,
Thermo Fisher Scientific, MA, USA). Then, cells were washed
with PBS and fluorescent micrographs were obtained using
confocal laser-scanning microscope (LSM700, CarlZeiss,
Oberkochen, Germany).

Cytokine production analysis

To determine the concentration of cytokines released into
the culture media after bacterial infection, the supernatant was
analyzed using an ELISA kit (Biolegend, CA, USA) according
to manufacturer’s instructions. The plates were read using an
ELISA reader (Tecan, Méannedorf, Switzerland) at 450/570 nm.

Statistics
Statistically significant differences between samples were

analyzed with the SPSS 21.0 statistical software program (SPSS
Inc., IL, USA). The data were shown as the mean = SD. A
p value of < 0.05 was considered statically significant.

Results

Phagocytosis of various oral bacteria increased in a
MOI—dependent manner
To determine if bacteria induce phagocytosis in THP-1 cells,

phagocytosis was examined by CFSE-stained bacterial infection
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Fig 1. Phagocytosis of various bacteria were shown in a MOI-dependent manner.

(A) THP-1 cells were infected with S. mutans (S. m), P. gingivalis (P. g), F. nucleatum (F. n) and A. actinomycetemcomitans (4. a),
respectively (MOI 25 and 50) for 45 min. The phagocytic uptake was assessed with flowcytometric analysis. (B) Phagocytic intensity
of each group was shown in bar graphs. Mean Fluorescent Intensity (MFI) *p<0.05, ** p<0.01, *** p<0.001

and was quantitated by flow cytometry. THP-1 cells infected
with oral bacteria showed significantly increased mean
fluorescence intensity (MFI) in a MOI-dependent manner (Fig.
1). Among the bacteria, phagocytosis for P. gingivalis showed
the highest MFI in THP-1 cells at same infection time.

Treatment of ROS inhibitor N—acetyl—L—cysteine
(NAC) significantly inhibited phagocytosis of the
THP-1 cells

To determine the influencing factor of phagocytosis by

bacterial infection, we pretreated NAC, KCI, ATP and lysozyme
and the degree of phagocytosis was analyzed by flow cytometry.
NAC pretreatment suppressed the phagocytosis of all tested oral
bacteria infected THP-1 cells significantly (Fig. 2A).

To confirm the effect of NAC on phagocytosis against oral
bacteria, THP-1 cells were infected with the CFSE-stained
bacteria and were stained with DAPI. Among the CFSE-labeled
bacteria, F. nucleatumuptake was representatively examined
with confocal microscopy. After the infection, CFSE-labeled
F. nucleatum was found in THP-1 cells and NAC pretreatment
markedly reduced the intracellular bacteria suggesting that NAC
inhibited the phagocytosis of F. nucleatum in THP-1 cells (Fig.
2B).

NAC treatment significantly increased the bacteria—
induced secretion of inflammatory cytokine IL—18
Finally, we tested the relation between phagocytosis and

inflammatory response in the bacteria-infected THP-1 cells.

Each bacterial infection induced IL-18 production in THP-1
cells significantly and NAC pretreatment increased IL-183
secretionc ompared to bacterial infection alone significantly.
These results indicate that ROS inhibition significantly
increased inflammatory cytokine production in THP-1 cells.

Discussion

Periodontitis is an inflammatory disease caused by
periodonto-pathogens and functional phagocytes to clear
pathogens is important for periodontal health (11). The
phagocytic process is usually very efficient and leads to the
destruction of ingested micro-organisms (12). However, relation
between phagocytosis of various oral pathogen and
inflammatory response is not clear. Thus, in this study, we
compared phagocytosis among oral bacteria including
periodonto-pathogens and S. mutans, and further examined the
effect of influencing factors on phagocytosis and inflammatory
cytokine production.

Phagocytosis is essential innate immune defense mechanism
for clearing bacterial infection (13). In this study, to examine
if there is any difference of phagocytosis among oral bacteria,
we infected the bacteria to THP-1 cells and examined the degree
of phagocytosis by flow cytometry. Phagocytosis was increased
in THP-1 cells infected with all the tested bacteria in a MOI-
dependent manner. Phagocytosis initiates with the recognition

and ingestion of microbial pathogens into a phagosome. This
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Fig 2. Treatment of ROS inhibitor N-acetyl-L-cysteine (NAC) significantly inhibited phagocytosis of the THP-1 cells.

THP-1 cells were pretreated with of ROS inhibitor NAC (5 mM), KCI (50 mM), ATP (20 uM) and lysozyme (50 pg/ml) respectively
and then infected with the bacteria for 45 min. (A) The phagocytic uptake was assessed with flowcytometric analysis. (B) Phagocytic
intensity of each group was shown in bar graphs. (C) The CFSE-labeled F. nucleatum (F. n) uptake was representatively visualized
with confocal microscopy. The nucleus was stained with DAPI (blue). 400X. *p<0.05, ** p<0.01, *** p<0.001.
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Fig 3. The NAC treatment significantly increased the bacteria-induced secretion of inflammatory cytokine IL-18.

(A) THP-1 cells were pretreated with of ROS inhibitor NAC (5 mM), KCI (50 mM), ATP (20 uM) and lysozyme (50 ng/ml)
respectively and then infected with bacteria for 24 hours. The culture supernatant was analyzed for the determination of 1L-1[3
production by ELISA. *p<0.05, ** p<0.01 versus control. # P <0.05 ## p<0.01 versus bacterial infection.

recognition is achieved through receptors that recognize of phagocytic receptors leads to localized actin polymerization
molecular patterns associated with the bacteria (14). Binding at the site of ingestion (15). Several downstream signaling
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cascades occur during phagocytosis, including protein tyrosine
kinases (16), phosphatidylinositol 3- kinase (17) and protein
kinase C (18). Thus, initial phagocytosis in tightly regulated
by the recognition and subsequent signaling cascades.

To examine the effect of chemical inhibitors for controlling
phagocytosis, we pretreated several reagents that are found in
saliva or is related with ROS production. Among the tested
inhibitors, NAC pretreatment significantly suppressed phagocytosis,
indicating ROS production is associated with phagocytosis
process. In microbial killing step of phagocytosis, it was
classified with oxygen-independent means or oxygen-dependent
means called the ‘respiratory burst” (19). Oxygen-independent
process includes a changed acid environment and release of
defensins, hydrolytic enzymes, and lactoferrin from lysosomes.
Oxygen-dependent process reported that the phagolysosome
generates enzymes leading to the release of reactive forms of
oxygen (20). Production of ROS is achieved by the NADPH
oxidase (NOX2) on the membrane of phagosome (21). The
reactive nitrogen intermediates (nitric oxide (NO), nitrite(NO,-),
nitrate(NO;-) are also produced to destroy micro-organisms in
phagocytes (22). Thus, inhibition of ROS production by NAC
may have blocked the phagocytosis by influencing the survival
of bacteria against ROS products (Fig2A). We have confirmed
these results in F. nucleatum-infected THP-1 cells using
confocal microscopy, because the phagocytosis of F. nucleatum
was the least affectedby NAC pretreatment. CFSE-labeled F.
nucleatumwas detected in THP-1 cells and NAC pretreatment
markedly decreased the intracellular CFSE fluroescent
intensities suggesting that NAC pretreatment inhibited the
internalization of F. nucleatum (Fig 2B).

Many studies demonstrated that the role of phagocytosis in
inflammatory response. As inflammatory barriers, influx of
phagocytic cells into infected area occurs (23). The neutrophils
which arrive on the lesion first phagocytize invading bacteria
and release chemical mediators (24). Subsequently, macrophage
become activated to phagocytic bacteria and release the
inflammatory cytokines such as interleukin 1, interleukin 6 and
tumor necrosis factor (TNF)-a. In periodontitis, phagocytosis
by phagocytes constitutes the initial defense mechanism which
have the functional consequence against bacterial challenges
(26).

The primary function of cytokines is to regulate infl
ammation, and as such, play a vital role in regulating the
immune response in health and disease (27). Inflammatory
cytokine, IL-13 binds to a specific cell surface receptor to

cascade a cellular proliferation, metabolism, chemotaxis, and
tissue repair. However, excessive inflammatory responses
frequently cause problems that lead to oral diseases including
gingivitis and periodontitis (28). In this study, we showed that
phagocytosis inhibition by NAC treatment led to the increased
production of IL-1B. These data suggest that decreased
phagocytic function by ROS blocking caused excessive production
of IL-1B3 may continually aggravate the inflammation in THP-1
cells.

In summary, the phagocytosis efficiency differs depending
on each bacterium and inhibition of ROS production by NAC
suppressed phagocytosis and led to increased inflammatory
cytokine IL-1B production. Thus, the regulation of ROS
expression may provide a new strategy for the control of
periodontal inflammation via modulating phagocytosis.

Acknowledgements

This work was supported by a 2-Year Research Grant of
Pusan National University.

Conflict of interest

The author’s declare that there is no conflict of interest
that would prejudice the impartiality of this work.

References

1. Lim JJ, Grinstein S, Roth Z. Diversity and versatility of
phagocytosis: roles in innate immunity, tissue remodeling, and
homeostasis. Front Cell Infect Microbiol. 2017;7:191.
http://dx.doi.org/10.3389/fcimb.2017.00191.

2. Rosales C, Uribe-Querol E. Phagocytosis: a fundamental
process in immunity. Biomed Res Int. 2017;2017:9042851.
http://dx.doi.org/10.1155/2017/9042851.

3. Rabinovitch M. Professional and non-professional phagocytes:
an introduction. Trends Cell Biol.1995;5:85-7. http://dx.doi.
org/10.1016/S0962-8924(00)88955-2.

4. SiamonGordon. Phagocytosis: An Immunobiologic Process.
Immunity. 2016;44(3):463-475. https://doi.org/10.1016/j.immuni.
2016.02.026.

5. Shklair IL, Rovelstad GH, Lamberts BL. A study of some
factors influencing phagocytosis of cariogenic streptococci by
caries-free and caries-active individuals. J Dent Res. 1969;
48(5):842-5. http://dx.doi.org/10.1177/0022034569048005
3801.



222

6.

10.

11.

12.

13.

14.

15.

16.

17.

Yuri Song, Hyun Ah Lee, Hee Sam Na and Chung Jin

Jaffar N, Okinaga T, Nishihara T, Maeda T. Enhanced
phagocytosis of Aggregatibacter actinomycetemcomitans cells
by macrophages activated by a probiotic Lactobacillusstrain.
J Dairy Sci. 2018;101(7):5789-5798. http://dx.doi.org/10.
3168/jds.2017-14355.

. Guillermo Arango Duque, Albert Descoteaux. Macrophage

Cytokines: Involvement in Immunity and Infectious Diseases.
Front Immunol. 2014;5:491.http://dx.doi.org/10.3389/fimmu.
2014.00491.

. DR Green, T H Oguin, ] Martinez. The clearance of dying cells:

table for two. Cell Death and Differentiation. 2016;23:
915-926. http://dx.doi.org/10.1038/cdd.2015.172.

. Van Dyke TE, Warbington M, Gardner M, Offenbacher S.

Neutrophil surface protein markers as indicators of defective
chemotaxis in LJP. J Periodontol. 1990;61:180-184. https://
doi.org/10.1902/jop.1990.61.3.180.

Gabrielle Fredman, Sungwhan F. Oh, Srinivas Ayilavarapu,
Hatice Hasturk, Charles N. Serhan, Thomas E. Van Dyke
Impaired Phagocytosis in Localized Aggressive Periodontitis:
Rescue by Resolvin El. PLoS ONE 6(9): e24422.
https://doi.org/10.1371/journal.pone.0024422.

Ali Cekici, Alpdogan Kantarci, Hatice Hasturk, Thomas E.
Van Dyke. Inflammatory and immune pathways in the
pathogenesis of periodontal disease. Periodontol 2000.
2014;64(1):57-80. https://doi.org/10.1111/prd.12002.
Eileen Uribe-Querol, Carlos Rosales. Control of Phagocytosis
by Microbial Pathogens. Front immunol. 2017;8:1368.
https://doi.org/10.3389/fimmu.2017.01368.

Phillip Henneke, Douglas T. Golenbock. Phagocytosis, Innate
Immunity, and Host-Pathogen Specificity. J Exp Med.
2004;199(1):1-4. https://doi.org/10.1084/jem.20031256.
Flannagan RS, Jaumouillé V, Grinstein S. The cell biology of
phagocytosis. Annu Rev Pathol. 2012;7:61-98. https://doi.
org/10.1146/annurev-pathol-011811-132445.

Greenberg S. Signal transduction of phagocytosis. Trends Cell
Biol. 1995;5(3):93-9. https://doi.org/10.1016/S0962-8924
(00)88957-6

Paone C, Rodrigues N, Ittner E, Santos C, Buntru A, Hauck
CR. The Tyrosine Kinase Pyk2 Contributes to Complement-
Mediated Phagocytosis in Murine Macrophages. J Innate
Immun. 2016;8(5):437-51. https://doi.org/10.1159/000442944.
Schmidt C, Schneble N, Miiller JP, Bauer R, Perino A, Marone
R, Rybalkin SD, Wymann MP, Hirsch E, Wetzker R.
Phosphoinositide 3-kinase y mediates microglial phagocytosis
via lipid kinase-independent control of cAMP. Neuroscience.
2013;233:44-53. https://doi.org/10.1016/j.neuroscience.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Tang R, Zhang G, Chen SY. Response gene to complement 32
protein promotes macrophage phagocytosis via activation of
protein kinase C pathway. J Biol Chem. 2014;289(33):
22715-22. https://doi.org/10.1074/jbc.M114.566653.

John M. Robinson. Reactive oxygen species in phagocytic
leukocytes. Histochem Cell Biol. 2008;130(2): 281-297.
https://doi.org/10.1007/s00418-008-0461-4.

Panday A, Sahoo MK, Osorio D, Batra S. NADPH oxidases:
an overview from structure to innate immunity-associated
pathologies. Cell Mol Immunol. 2015;12:5-23. https://doi.
org/10.1038/cmi.2014.89

El-Benna J, Hurtado-Nedelec M, Marzaioli V, Marie JC,
Gougerot-Pocidalo MA, Dang PM. Priming of the neutrophil
respiratory burst: role in host defense and inflammation.
Immunol Rev. 2016;273:180-93. https://doi.org/10.1111/
imr.12447.

Panday A, Sahoo MK, Osorio D, Batra S. NADPH oxidases:
an overview from structure to innate immunity-associated
pathologies. Cell Mol Immunol. 2015;12:5-23. https://doi.
org/10.1038/cmi.2014.89

Guillermo Arango Duque, Albert Descoteaux. Macropahge
cytokines: involvement in immunity and infectios disease.
Front Immunol. 2014;5:491 https://doi.org/10.3389/fimmu.
2014.00491

E. R. Unanue, D. . Beller, J. Calderon, J. M. Kiely, M. J.
Stadecker. Regulation of immunity and inflammation by
mediators from macrophages. Am J Pathol. 1976;85(2):
465-478.

Charles A. Dinarello. Historical insights into cytokines. Eur.
J. Immunol. 2007;37: 34-45. https://doi.org/10.1002/eji.
200737772

K. Asif, Shaila V. Kothiwale. Phagocytic activity of peripheral
blood and crevicular phagocytes in health and periodontal
disease. J Indian Soc Periodontol. 2010;14(1): 8-11. https://
doi.org/10.4103/0972-124X.654217.

Hajishengallis G. Immunomicrobial pathogenesis of
periodontitis: keystones, pathobionts, and host response.
Trends Immunol. 2014;35:3-11.

Hajishengallis G. Immunomicrobial pathogenesis of
periodontitis: keystones, pathobionts, and host response.
Trends Immunol. 2014;35:3-11. https://doi.org/ 10.1016/j.it.
2013.09.001.



