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Primary infection with herpes simplex

virus type 1 (HSV-1), an important oral

pathogen, most commonly involves the

mouth and/or throat, resulting in ging-

ivostomatitis and pharyngitis (1). HSV-1

commonly attacks mucosa, skin, eyes

and the nervous system. Following

recovery from the primary oropharyn-

geal infection, patients may retain HSV

DNA in the trigeminal ganglion for life

and suffer recurrent attacks of herpes

labialis. Studies have also revealed a

possible association between HSV and

periodontal diseases (2–5). HSV is

related to the severity of periodontal
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Background and Objective: Herpesviruses may play roles in the development of

periodontal diseases. This study analyzed the effects of herpes simplex virus type 1

(HSV-1) infection on neutrophil function. The effects of lipopolysaccharide (LPS)

from the periodontal pathogen, Porphyromonas gingivalis, during HSV-1 infection

were also determined.

Material and Methods: Purified HSV-1 was pretreated with buffer containing no

serum, with HSV-1 immunoglobulin G (IgG)-positive serum (HSV-1 antiserum) or

with control serum. Neutrophils were mock-infected or infected with the pretreated

HSV-1.Viral binding andphagosome formationwere detected using immunostaining.

Intracellular reactive oxygen species (ROS) were determined using 2¢,7¢-dichloroflu-
orescin diacetate and fluorometry. Leukotriene B4 (LTB4) and interleukin-8 (IL-8)

were detected using enzyme immunoassays. Release of matrix metalloproteinase-9

(MMP-9) was examined using gelatin zymography. Phosphorylation of Akt/glycogen

synthase kinase-3 (GSK-3) was determined using western blotting.

Results: HSV-1 bound directly to neutrophils and enhanced the release of MMP-

9. HSV-1 immune complexes, formed in the HSV-1 antiserum, bound neutrophils

and induced the formation of early phagosome more effectively than did HSV-1

alone. The relative levels of ROS and phosphorylation of Akt/GSK-3 were

increased significantly in neutrophils after infection with HSV-1 immune com-

plexes. Infection with HSV-1 and HSV-1 immune complexes also stimulated the

production of inflammatory mediators, LTB4 and IL-8. Moreover, LPS enhanced

the HSV-1-stimulatory production of IL-8.

Conclusion: This study demonstrated differences in neutrophils infected with

HSV-1 alone or with HSV-1 immune complexes, suggesting that opsonization of

HSV-1mightenhanceitseffectsonneutrophils.The invitrofindingssuggestthatHSV-

1 infection may induce the inflammatory response and affect periodontal health.
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diseases in terms of clinical attachment

loss (6). Additionally, co-infection with

HSVandperiodontal pathogens, such as

Porphyromonas gingivalis, is observed in

periodontal destructive sites (3,5). HSV-

1 is able to infect a wide variety of cells.

Cells of the oral mucosa, such as gingival

keratinocytes and gingival fibroblasts,

are important targets ofHSV infection at

the portal of entry. Organ cultures of

human gingival mucosa can be infected

with HSV-1 (7). In addition, human

gingival keratinocytes and gingival

fibroblasts support HSV replication (8–

10). The interaction of viral glycoprotein

D-1 (gD-1) and the cellular component,

herpesvirus entry mediator (HVEM)

(also known as herpesvirus entry medi-

ator A, HveA), may mediate entry of

HSV-1 into gingival keratinocytes and

gingival fibroblasts (9). HSV has also

been found in T lymphocytes and in

monocyte/macrophage fractions from

chronic periodontitis specimens (11).

Local disruption of certain periodontal

T-lymphocyte functions by HSV may

increase the risk of destructive peri-

odontal diseases.

Neutrophils, the most abundant

circulating blood leukocytes, represent

the first line of the host defense mech-

anism by their ingestion (phagocytosis)

and killing of microorganisms. The

functions of neutrophils include

adherence, chemotaxis, phagocytosis

and bactericidal activity (12,13). Neu-

trophils within the gingival crevice are

able to protect the gingiva against

microbial invasion through mecha-

nisms such as phagocytosis, secretion

of hydrolytic enzymes and production

of oxygen radicals that are directed

toward microbial killing (12,13). The

production of reactive oxygen species

(ROS) through the respiratory burst in

neutrophils is an important pathway

involved in oxidative killing (14,15).

Activation of neutrophils may also

lead to the release of enzymes present

within cytoplasmic granules of neu-

trophils. A wide range of inflammatory

mediators produced by neutrophils

participates in the inflammatory

response. Prominent among these

inflammatory mediators include the

arachidonic acid-derived lipid media-

tor, leukotriene B4 (LTB4) (16) and

interleukin-8 (IL-8) (17). LTB4 can

enhance the recruitment of neutrophils

and activate the production of lyso-

somal enzymes and superoxide (18).

IL-8 may activate neutrophils and

induce chemotaxis, the respiratory

burst and exocytosis, such as release of

matrix metalloproteinase-9 (MMP-9)

(19). In addition to their functions

against microbial infection, neutrophils

are likely to be involved in the patho-

genesis of periodontal destruction.

Individuals with altered numbers or

functions of circulating neutrophils

tend to suffer severe periodontal dis-

eases (15,20,21). Amplified activities of

neutrophils may also be responsible for

the tissue destruction (15).

Using a murine model of herpetic

stromal keratitis, neutrophils are shown

to play an important role in limiting the

intraocular spread of virus in HSV-1-

injected eyes (22). Neutrophils also

control viral spread from the brain into

the optic nerve and retina of infected

eyes (22). In vitro, purified rabbit neu-

trophils bind and internalize HSV–

antibody complexes (23). The results

suggest an active role for neutrophils in

controllingHSV infection through their

ability to bind and ingest virus–anti-

body complexes (23). Neutrophils are

capable of phagocytosis and degrada-

tion of HSV (24,25). In neutrophils,

HSV-1 replication appears to be inhib-

ited (22). However, infectious HSV-1

was still detected in neutrophils up to

36 h after exposure to HSV-1 (22).

Neutrophils, which are terminally dif-

ferentiated leukocytes, survive in the

circulation for approximately 24–36 h

before undergoing apoptosis (26). Thus,

break-up of neutrophils into multiple

apoptotic bodies that contain live viru-

ses may facilitate the spread of viruses,

as the apoptotic bodies are engulfed by

macrophages and bypass the immune

system (27). In addition, the phagocy-

tosis of apoptotic neutrophils by mac-

rophages prevents the release of

neutrophil contents and tissue damage

(28). Infectious HSV-1 remains detect-

able in neutrophils; however, studies on

how HSV-1 may affect the functions of

neutrophils are still limited. We

hypothesized that HSV-1 might exag-

gerate the responses of neutrophils and

affect periodontal health. The main

purpose of this study was to determine

the effects of HSV-1 infection in the

absence or presence of the anti-HSV-1

serum on the immune functions of hu-

man neutrophils, including early

phagosome formation, production of

intracellular ROS, release of LTB4, IL-8

andMMP-9andphosphorylation of the

Akt/glycogen synthase kinase-3 (GSK-

3) signaling pathway. The possible

costimulatory effects of lipopolysac-

charide (LPS) from the periodontal

pathogen, Porphyromonas gingivalis,

during HSV-1 infection were also

determined.

Material and methods

Preparation of neutrophils and
human sera

Neutrophils were freshly purified from

the venous peripheral blood of healthy

volunteers (six men and seven women;

mean age 23.5 ± 0.1 years; age range

23–24 years) by dextran sedimentation,

followed by Ficoll density-gradient

centrifugation, as previously described

(29,30). The periodontal conditions

of the volunteers were not exam-

ined. Written, informed consent was

obtained from each donor. The research

proposal was approved by the Institu-

tional Review Board of National Yang-

Ming University, Taipei, Taiwan.

Purified neutrophils were washed and

resuspended in Hanks� balanced salt

solution (HBSS) supplemented with

1.6 mM CaCl2 and 10 mM HEPES. The

levels of purity were > 99%. Human

serum was obtained from clotted blood

that had been separated by centrifuga-

tion at 2750 g for 10 min. Detection of

HSV-1 immunoglobulin G (IgG) in the

serum was performed using a commer-

cial HSV-1 IgG ELISA kit (Calbiotech,

Spring Valley, CA, USA). The serum

containing HSV-1 IgG was designated

as the HSV-1 antiserum, whereas the

serum with no antibody against HSV-1

was used as the control serum.

Virus preparation and infection

African green monkey kidney (Vero)

cells were propagated in Dulbecco�s
modified Eagle�s minimal essential

medium (DMEM) supplemented

with 5% fetal calf serum and
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antibiotic-antimycotic solution con-

taining penicillin, streptomycin and

amphotericin B. HSV-1 (KOS strain)

from the extracellular fluid of infected

Vero cells was purified using a sucrose

gradient, as previously described (31).

The viral plaque-forming units of

purified viruses were determined on

Vero cells using plaque assays. The

HSV immune complexes were prepared

by incubating purified HSV-1 with

10% HSV-1 antiserum. Purified HSV-1

was freshly pretreated with HBSS

containing no serum, 10% HSV-1

antiserum or 10% control serum for

30 min at 37�C for each experiment.

HSV-1 that was pretreated with the

HSV-1 antiserum was not infectious

when assayed on Vero cell monolayers.

A multiplicity of infection of 100 was

used to infect neutrophils in this study.

Immunostaining and confocal laser
scanning microscopy

For viral binding experiments, freshly

purified neutrophils were mock-in-

fected or infected with the pretreated

HSV-1 for 1 h at 4�C. For detection of

early phagosomes, fresh neutrophils

were mock-infected or infected with

HSV-1 for 1 h at 4�C and for 5 min at

37�C. Infected neutrophils were fixed

with 4% paraformaldehyde in phos-

phate-buffered saline (PBS) for 30 min.

Neutrophils were then permeabilized

with 0.1% Triton X-100 in PBS for

10 min and washed with PBS. To

reduce nonspecific binding, neutrophils

were blocked with PBS containing

20 mg/mL of goat IgG for 1–1.5 h

at room temperature. For viral-

binding experiments, neutrophils were

incubated with mouse monoclonal

anti-ICP5 Ig(1 : 100) (Santa Cruz

Biotechnology, Inc., Santa Cruz, CA,

USA) overnight at 4�C, followed by

incubation with goat anti-mouse IgG

conjugated to fluorescein isothiocya-

nate isomer (GAM–FITC) (1 : 200)

(Millipore, Billerica, MA, USA) for

1 h at room temperature. For detection

of early phagosomes, infected neu-

trophils were dual-labeled with mouse

monoclonal anti-ICP5 IgG1 (1 : 100)

and rabbit polyclonal anti-early

endosome autoantigen 1 (EEA1) IgG

(1 : 100) (Abcam Inc., Cambridge,

MA, USA) overnight at 4�C, followed
by incubation with GAM–FITC and

goat anti-rabbit IgG conjugated to

Texas Red (1 : 200) (Abcam Inc.) for

1 h. Neutrophils were then incubated

with 1 mg/mL of 4,6-diamidino-2-

phenylindole (DAPI) for nuclei

staining. Stained cells were mounted

with a fluorescent mounting medium

(DAKO, Glostrup, Denmark) and

coverslips were attached onto slides.

Samples were analyzed using a confo-

cal laser scanning microscope (Fluo-

view FV1000; Olympus Corporation,

Tokyo, Japan) and the analytic soft-

ware (fv10-asw 1.6 viewer; Olympus

Corporation). The percentage of fluo-

rescence-positive cells was counted

from the captured image.

Detection of intracellular ROS

The intracellular ROS were determined

as previously described (32). The prin-

ciple of the test is based on the diffusion

of nonpolar 2¢,7¢-dichlorofluorescin
diacetate (H2DCFDA) into the cells

through the cell membrane. The

H2DCFDA is then hydrolyzed to non-

fluorescent dichlorofluorescin (H2DCF).

TheROSwithin the cell oxidize H2DCF

to a measurable fluorescent product,

dichlorofluorescin. Freshly isolated

neutrophils were mock-infected or

infected with the pretreated HSV-1 for

1 h at 4�C and 20 min at 37�C. Treated
neutrophils were centrifuged and fur-

ther incubated with HBSS containing

10 lM H2DCFDA (Molecular Probes,

Inc., Eugene, OR, USA) for 30 min at

37�C and then washed with ice-cold

PBS. The treated neutrophils were

finally fixed with 4%paraformaldehyde

in PBS and analyzed using the

Fluorescence Measurement System

(Multilabel counter Victor2; Perkin-

Elmer, Norwalk, CT, USA) (excitation

485 nm, emission 535 nm). The relative

level of intracellular ROS was calcu-

lated as follows: fluorescence intensity

of the experimental sample ‚ fluores-

cence intensity of the control sample.

Enzyme immunoassay and ELISA

Freshly isolated neutrophils weremock-

infected or infected with pretreated

HSV-1 for 1 h at 4�C and 3 h at 37�C.

The culture supernatants were assayed

forLTB4using a commercially available

solid-phase competition enzyme immu-

noassay (EIA) kit with acetylcholines-

terase as the label (Cayman Chemical

Company, Ann Arbor, MI, USA),

according to themanufacturer�s instruc-
tion. The culture supernatants were also

assayed for IL-8 using a solid-phase

sandwich enzyme-linked immunosor-

bent assay (ELISA) kit (EH2-IL-8;

Pierce Biotechnology, Inc., Rockford,

IL, USA). The concentration (pg/mL)

of each sample was calculated using the

standard curve generated.

Gelatin zymography

Freshly isolated neutrophils were

mock-infected or infected with the

pretreated HSV-1 for 1 h at 4�C and

then for 3 h at 37�C. The gelatinolytic

activity of MMP-9 released from neu-

trophils was investigated using gelatin

zymography. Supernatant harvested

from infected neutrophils was electro-

phoresed on a 7.5% sodium dodecyl

sulfate–polyacrylamide gel containing

0.1% gelatin. The buffer controls,

including HBSS containing no serum,

HSV-1 antiserum or control serum,

were also analyzed. After electropho-

resis, the gels were washed twice in

2.5% Triton X-100 under constant

mechanical shaking and then incu-

bated for 24 h at 37�C in incubation

buffer [50 mM Tris (pH 8.8), 5 mM

CaCl2, 0.02% NaN3, 0.1% Triton

X-100]. The gels were then stained with

Coomassie Blue solution (0.1% Coo-

massie Brilliant Blue R-250, 50%

methanol and 10% acetic acid) and

destained (in a solution of 45% meth-

anol and 10% acetic acid). Band

intensities of MMP-9 monomers were

quantified using the analytic software

(IMAGE J, http://rsb.info.nih.gov/ij/

index.html). The band intensity from

the mock-infected neutrophils in the

no-serum group was designated as 1.

The relative expression was then

calculated.

Western blotting analysis

Freshly isolated neutrophilsweremock-

infected or infected with pretreated

HSV-1 for 1 h at 4�C and 3 h at 37�C.

Herpes simplex virus-affected neutrophils 637



Treated neutrophils were lysed with

lysis buffer [1% Nonidet P-40, 0.5%

sodium deoxycholate, 50 mM Tris–HCl

(pH 7.5), 100 mM NaCl, 100 mM NaF,

100 mM Na3VO4 and 1 · protease

inhibitor cocktail (Roche Diagnostics

GmbH, Mannheim, Germany)]. Cell

lysates were analyzed by electrophoresis

on a 10% sodium dodecyl sulfate–

polyacrylamide gel. Proteins were

transferred onto a polyvinylidene diflu-

oride membrane (Pall Gelman Labora-

tory, Ann Arbor, MI, USA) and the

membrane was immunoblotted at room

temperature for 1 h with the primary

antibody, including the mouse mono-

clonal antibody against phosphorylated

Akt (Ser473) (1 : 1000) (Cell Signaling

Technology, Inc., Danvers, MA, USA),

total Akt (1 : 1000) (sc-5298) (Santa

Cruz Biotechnology), total GSK-3a/b
(1 : 1000) (sc-7291) (Santa Cruz

Biotechnology) or glyceraldehyde-3-

phosphate dehydrogenase (GAPDH)

(1 : 10,000) (Millipore) or the rabbit

polyclonal antibody against phosphor-

ylated GSK-3a/b (Ser21/9) (1 : 1000)

(Cell Signaling Technology, Inc.). Each

membrane was then incubated with the

appropriate secondary antibody, GAM

conjugated to horseradish peroxidase

(GAM–HRP) (1 : 1000) (Millipore) or

goat anti-rabbit IgG conjugated to

HRP (1 : 1000) (Cell Signaling Tech-

nology, Inc.). Between each step, the

membranes were washed with TBST

buffer [20 mM Tris–HCl (pH 7.6),

137 mM NaCl, 0.1% Tween-20]. Pro-

teins were revealed with the enhanced

chemiluminescence detection system

(SuperSignal�, West Pico Chemilumi-

nescent substrate; Pierce Biotechnology

Inc.).Bandintensitieswerecapturedand

quantified using the Luminescence/Flu-

orescence Imaging System (Fusion-SL4

X-Press; Vilber Lourmat, Marne-

la-Valle� e, France) and the analytic

software.Thesignalswerenormalizedto

those of GAPDH. The expression from

the mock-infected neutrophils in the

no-serumgroupwasdesignatedas1.The

relative expression was then calculated.

Costimulation experiments of HSV-1
and LPS from P. gingivalis

Freshly isolated neutrophils weremock-

infected or infected with HSV-1 for 1 h

at 4�C. Mock- or HSV-1-infected neu-

trophils were further incubated at 37�C
with various concentrations of LPS

purified from the periodontal pathogen,

P. gingivalis (ATCC 33277) (Invivo-

Gen, SanDiego, CA,USA). The culture

supernatants were then harvested and

assayed for IL-8, LTB4 and MMP-9, as

described above.

Statistical analysis

All values were expressed as mean ±

standard error of the mean. Differences

between the mock-infected and HSV-1-

infected neutrophils in each experi-

mental group were analyzed using the

paired t-test. Each experiment was

repeated independently, at least three

times, using neutrophils from different

blood donors to ensure reproducibility.

A p-value of < 0.05 was considered

significantly different.

Results

Binding of HSV-1 to neutrophils

Green fluorescence for the viral struc-

tural protein, ICP5, was not observed

for the mock-infected neutrophils in

the no-serum, HSV-1-antiserum and

control-serum groups (Fig. 1A–C).

ICP5 was detectable when neutrophils

were incubated with HSV-1 (Fig. 1D).

The detection of ICP5 was enhanced

significantly in neutrophils if the HSV-

1 used was pretreated with the HSV-1

antiserum (Fig. 1E) but not if it was

pretreated with the control serum

(Fig. 1F). After HSV-1 infection, the

percentages of ICP5-positive neu-

trophils for the no-serum, HSV-1-

antiserum and control-serum groups

increased from 0% to 8.5 ± 2.9%

(p < 0.05), 43.1 ± 4.4% (p < 0.05)

and 2.6 ± 1.8%, respectively. The

results suggest that HSV-1 is able to

bind to neutrophils. In addition, HSV-

1 immune complexes, formed in the

HSV-1 antiserum, bound neutrophils

more effectively than HSV-1 alone.

Early phagosome formation in
neutrophils after HSV-1 infection

EEA1 is an early phagosome marker

(33). Neither ICP5 nor EEA1 were

detectable in mock-infected neu-

trophils for the no-serum, HSV-1

antiserum or control-serum groups

(data not shown). ICP5 was detect-

able in neutrophils after incubation

with HSV-1 in all three groups

(Fig. 2A, a–c). However, EEA1 was

not detectable when neutrophils were

infected with HSV-1 only (Fig. 2A,

d). Detection of EEA1 was signifi-

cantly increased in the HSV-1 anti-

serum group (Fig. 2A, e). ICP5

appeared to be significantly colocal-

ized with EEA1 in the HSV-1-antise-

rum group (Fig. 2A, h, yellow

fluorescence) but not in the other two

groups (Fig. 2A, g, i). The percent-

ages of colocalized neutrophils were

0%, 33.9 ± 9.4% and 0% for the

no-serum, HSV-1-antiserum and con-

trol-serum groups, respectively. The

results suggest that only HSV-1

immune complexes stimulate early

phagosome formation and may enter

neutrophils through phagocytosis.

Effects of HSV-1 infection on the
production of intracellular ROS

After HSV-1 infection, the intracellular

level of ROS was similar to that of

mock-infected neutrophils when the

HSV-1 used was pretreated with HBSS

containing no serum or control serum

(Fig. 3). However, the relative intracel-

lular level of ROS increased signifi-

cantly by 1.9 ± 0.2 fold (p < 0.05) in

neutrophils after infection with HSV-1

that was pretreated with HSV-1 antise-

rum. The results suggest that HSV-1

immune complexes induce the produc-

tion of intracellular ROS in neutrophils.

Effects of HSV-1 infection on the
production of LTB4 and IL-8 in
neutrophils

After HSV-1 infection, the production

of LTB4 was increased in infected

neutrophils compared with the mock-

infected neutrophils in all three

groups (p < 0.05), namely no serum,

HSV-1 antiserum and control serum

(Fig. 4A). Moreover, the production of

IL-8 was significantly induced in neu-

trophils after infection with HSV-1

that had been pretreated with HSV-1

antiserum or control serum (Fig. 4B).
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The results suggest that HSV-1 and

HSV-1 immune complexes stimulate

the production of inflammatory medi-

ators.

Effects of HSV-1 infection on the
release of MMP-9 from neutrophils

The gelatinolytic activity was indicated

as clear (unstained) regions (Fig. 5).

Buffer controls, including HBSS con-

taining HSV-1 antiserum or control

serum, showed a very low level of

MMP-9 activity (Fig. 5A). In the

no-serum group, the MMP-9 activ-

ity in the supernatants from HSV-1-

infected neutrophils was increased

compared with the mock-infected

neutrophils (Fig. 5). In the presence of

HSV-1 antiserum or control serum, the

release of MMP-9 from the mock-in-

fected neutrophils was enhanced when

compared with the mock-infected

neutrophils in the no-serum group.

However, no evident difference was

observed between mock-infected and

HSV-1-infected neutrophils in the

HSV-1-antiserum or control-serum

groups. Thus, HSV-1 alone (in the

absence of serum) was able to enhance

the release of MMP-9 from neutro-

phils.

Effects of HSV-1 on phosphorylation
of Akt and GSK-3 in neutrophils

Little difference on phosphorylation of

Akt and GSK-3 was observed between

mock-infected and HSV-1-infected

neutrophils in the no-serum and con-

trol-serum groups (Fig. 6). In the

HSV-1-antiserum group, significant

increases in the phosphorylation of

Akt, as well as in the total amounts

and phosphorylation of GSK-3a, were
observed in the HSV-1-infected neu-

trophils when compared with the

mock-infected neutrophils (p < 0.05)

(Fig. 6). Therefore, the results indicate

that infection with HSV-1 alone does

not affect Akt and GSK-3. However,

HSV-1 immune complexes potently

triggered the phosphorylation of Akt

and GSK-3 in neutrophils during

HSV-1 infection.

Costimulatory effects of HSV-1 and
LPS from P. gingivalis on the
production of IL-8 in neutrophils

The possible effects of HSV-1 infection

and LPS purified from a periodontal

pathogen, P. gingivalis, were deter-

mined using the costimulation experi-

ments. In the absence of LPS, the

production of IL-8 was increased by

2.19 ± 0.12 fold in HSV-1-infected

neutrophils compared with the

mock-infected neutrophils (p < 0.05)

(Fig. 7). In the presence of 1 lg/mL of

LPS from P. gingivalis, the secretion of

IL-8 was significantly increased by

2.16 ± 0.27 fold and by 3.17 ± 0.22

fold in the mock-infected and HSV-1-

infected neutrophils, respectively. How-

ever, LPS from P. gingivalis did not

alter the HSV-1-induced production of

LTB4 and MMP-9 in the costimulation

experiments (data not shown). The re-

sults suggest that the cotreatment of

neutrophils with HSV-1 and LPS from

P. gingivalis (1 lg/mL) significantly

enhances the production of IL-8.

Discussion

The antimicrobial capacity of neu-

trophils is associated with several

events, including phagocytosis, the

generation of ROS through the respi-

ratory burst in neutrophils and the

release of enzymatic or antimicrobial

protein contents of the granules. The

results of this in vitro study indicated

that HSV-1 alone in the absence of

serum was able to bind human neu-

trophils and enhance the release of

A B C

D E F

Fig. 1. Binding of herpes simplex virus type 1 (HSV-1) to neutrophils. Neutrophils were (A–C) mock infected or (D–F) infected with HSV-1

pretreated with Hanks� balanced salt solution (HBSS) containing (A, D) no serum, (B, E) HSV-1 antiserum or (C, F) control serum. After

incubation for 1 h at 4�C, the binding of HSV-1 was assessed based on the detection of the viral structural protein, ICP5, using immuno-

staining followed by confocal laser scanning microscopy. Samples were also stained with 4,6-diamidino-2-phenylindole (DAPI) (blue fluo-

rescence). The composite images of green and blue fluorescence shown are the representative results of three independent experiments. The

arrows indicate the green fluorescent signal for ICP5-positive neutrophils.

Herpes simplex virus-affected neutrophils 639



MMP-9. The results also suggested

that HSV-1 immune complexes,

formed in the HSV-1 antiserum, may

bind and enter neutrophils more effec-

tively than HSV-1 alone. The intracel-

lular levels of ROS and the

phosphorylation of Akt and GSK-3

were increased significantly in neu-

trophils after infection with HSV-1

that had been pretreated with the

HSV-1 antiserum. In addition, after

HSV-1 infection, the production of

LTB4 and IL-8 was increased in HSV-

1-infected neutrophils when compared

with the mock-infected neutrophils.

Moreover, LPS from P. gingivalis fur-

ther enhanced the production of IL-8

during HSV-1 infection.

This study demonstrated that bind-

ing of HSV-1 occurred in the absence

and presence of the HSV-1 immune

complexes, which, however, enhanced

the efficiency of viral binding. Fur-

thermore, early phagosome formation

was only apparently observed when

cells were infected with HSV-1 in the

format of the immune complex. Previ-

ous studies demonstrated that neu-

trophils are capable of phagocytosis

and degradation of HSV (24,25).

A
a b c

d e f

g h i

B

Fig. 2. Early phagosome formation in neutrophils after infection with herpes simplex virus type 1 (HSV-1). (A) Neutrophils were infected

with HSV-1 pretreated with Hanks� balanced salt solution (HBSS) containing (a, d, g) no serum, (b, e, h) HSV-1 antiserum or (c, f, i) control

serum. After infection for 1 h at 4�C and for 5 min at 37�C, neutrophils were dual-labeled for viral ICP5 (green fluorescence) and an early

phagosome marker, early endosome autoantigen 1 (EEA1) (red fluorescence). Samples were also stained with 4,6-diamidino-2-phenylindole

(DAPI) and then analyzed using confocal laser scanning microscopy. The arrows and the V marks indicate ICP5- and EEA1-positive signals,

respectively. The triangles in the merged images indicate the colocalization (yellow) of green and red. (B) The percentages of positive cells

shown represent the mean ± standard error of the mean from three independent experiments performed with neutrophils obtained from

different donors. A significant difference compared with neutrophils in the no-serum group is indicated as # (p < 0.05).
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Purified rabbit neutrophils have been

shown to efficiently bind and internal-

ize HSV–antibody complexes in vitro

(23). Phagocytosis of opsonized HSV-1

is primarily enhanced through interac-

tion with complement receptor or Fcc
receptor. HSV-1 has also been shown

to interact with several cellular recep-

tors (34), including HVEM, which is

also highly expressed in neutrophils

(35). LIGHT, a member of the tumor

necrosis factor superfamily, is a cellu-

lar ligand for HVEM (36). The inter-

action of HVEM with LIGHT may

enhance the bactericidal activities,

including phagocytosis and the pro-

duction of ROS, IL-8 and tumor

necrosis factor-a, of human neutroph-

ils (35). Viral gD-1, an envelope pro-

tein of HSV-1, inhibits the interaction

of HVEM with LIGHT (36). Purified

gD-1 alone also possesses the ability to

enhance IL-6 secretion in gingival

fibroblasts (37). Whether the interac-

tion of gD-1 and HVEM may alter the

function of neutrophils, including the

changes observed in this study, remains

to be examined.

The production of ROS was

enhanced in neutrophils after exposure

to HSV-1 that was pretreated with

HSV-1 antiserum in this study. The

antimicrobial efficiency of human

neutrophils depends on certain events,

including the generation of ROS in the

form of superoxide, hydrogen peroxide

and hydroxyl radical. The generation

of ROS depends on the assembly and

the activation of the NADPH-depen-

dent oxidase (38). This active enzy-

matic complex of NADPH oxidase is

able to generate superoxide anion

(O2
)), which can dismutate into H2O2

(39). Superoxide may function intra-

cellularly by activating proteases with-

in the phagolysosome (40). Production

of ROS has been shown to influence

the cell-cycle progression, apoptosis

and chemical toxicity (41,42). Increases

in the intracellular concentration of

Ca2+ may activate protein kinase C,

which regulates degranulation and

production of ROS (43,44). The pos-

sible mechanisms involved in the effects

of HSV-1 infection on ROS production

require further investigation.

MMPs are a family of zinc-bind-

ing, calcium-dependent, proteolytic

enzymes that typically degrade extra-

cellular matrix proteins. MMP-9

degrades a variety of extracellular ma-

trix proteins, such as type IV collagen

Fig. 3. Effects of herpes simplex virus type

1 (HSV-1) infection on the production of

intracellular reactive oxygen species (ROS)

in neutrophils. Neutrophils were mock-in-

fected or infected with HSV-1 pretreated

with Hanks� balanced salt solution (HBSS)

containing no serum, HSV-1 antiserum or

control serum. After infection, neutrophils

were incubated with 2¢,7¢-dichlorofluorescin
diacetate (H2DCFDA) to detect the intra-

cellular ROS. The fluorescence intensity of

mock-infected neutrophils in the no-serum

group was considered as 1. Each sample was

expressed as the relative level of intracellular

ROS compared with the control sample.

The results shown represent the mean ±

standard error of the mean from three

independent experiments. A significant dif-

ference between mock-infected and HSV-1-

infected neutrophils with the same treat-

ment is indicated as * (p < 0.05).

A

B

Fig. 4. Effects of herpes simplex virus type

1 (HSV-1) infection on the production of

leukotriene B4 (LTB4) and interleukin-8

(IL-8) in neutrophils. Neutrophils were

mock-infected or infected with HSV-1 pre-

treated with Hanks� balanced salt solution

(HBSS) containing no serum, HSV-1 anti-

serum or control serum. After infection for

3 h, the production of (A) LTB4 and (B) IL-

8 in the supernatants was determined using

an enzyme immunoassay or an enzyme-

linked immunosorbent assay, respectively.

The results from at least three independent

experiments are expressed as mean ±

standard error of the mean. A significant

difference between mock-infected and HSV-

1-infected neutrophils with the same treat-

ment is indicated as * (p < 0.05).

A B

Fig. 5. Zymography of neutrophil supernatants. Neutrophils were mock-infected or infected

with herpes simplex virus type 1 (HSV-1) pretreated with Hanks� balanced salt solution

(HBSS) containing no serum, HSV-1 antiserum or control serum. (A) After infection at 37�C
for 3 h, supernatants from mock-infected (M) or HSV-1-infected (H) neutrophils were

analyzed for MMP-9 using gelatin zymography. Buffer controls (C), including HBSS con-

taining no serum, HSV-1 antiserum and control serum, were also analyzed. (B) The relative

expression of MMP-9 monomer compared with the mock-infected neutrophils in the

no-serum group, shown as mean ± standard error of the mean, was calculated from four

independent experiments. A significant difference between mock-infected and HSV-1-infected

neutrophils with the same treatment is indicated as * (p < 0.05). NGAL complex, complex

of MMP-9 and neutrophil gelatinase-associated lipocalin.
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and gelatin (45). Neutrophils, the ma-

jor source of MMP-9, produce MMP-9

constitutively and store it in their

gelatinase granules. Upon stimulation,

neutrophils release MMP-9 rapidly

from these granules. The release of

MMP-9 by neutrophils may be

involved in the pathogenesis of herpetic

stromal keratitis (46). IL-8 may induce

the release of MMP-9 from neutrophils

through two distinct pathways – one

involving protein kinase C and extra-

cellular signal-regulated kinase

(ERK)1/2, and the other involving Src-

familykinases (19).Activationofbovine

neutrophils through complement recep-

tor type 3 and Fc receptor may mediate

the release of MMP-9 through activa-

tion of the phosphoinositide 3-kinase

signaling pathway and tyrosine kinase

(47). Akt is a serine/threonine protein

kinase that can be activated by phos-

phoinositide 3-kinase (48). The in-

creased phosphorylation of Akt and the

Akt substrate, GSK-3, was only evident

when neutrophils were infected with

HSV-1 that had been pretreated with

the HSV-1 antiserum in this study.

HSV-1 infection also modulates Akt

and GSK-3 in oral epithelial cells (49).

The detailed molecular mechanisms in-

volved in the effects of HSV-1 infection

in this study remain to be defined.

The current results demonstrated

differences when neutrophils were

infectedwithHSV-1 alone orwithHSV-

1 immune complexes. These viral

immune complexes not only enhanced

the efficiency of the binding and inter-

nalization of HSV-1 in neutrophils, but

also the production of ROS, LTB4 and

IL-8. However, HSV-1 infection only in

A

B

Fig. 6. Effects of herpes simplex virus type 1 (HSV-1) on phosphorylation of Akt and gly-

cogen synthase kinase-3a/b (GSK-3a/b) in neutrophils. Neutrophils were mock-infected or

infected with HSV-1 pretreated with Hanks� balanced salt solution (HBSS) containing no

serum, HSV-1 antiserum or control serum. Phosphorylated (p)/total (t) Akt, phosphorylated/

total GSK-3a, phosphorylated/total GSK-3b and glyceraldehyde-3-phosphate dehydroge-

nase (GAPDH) in the mock-infected (M) or HSV-1-infected (H) neutrophils were detected

using western blotting. The signals were normalized to those of GAPDH, and the protein

level of the mock-infected neutrophils in the no-serum group was designated as 1. Data

shown are mean ± standard error of the mean from four independent experiments. A sig-

nificant difference between mock-infected and HSV-1-infected neutrophils with the same

treatment is indicated as * (p < 0.05).

Fig. 7. Costimulatory effects of herpes

simplex virus type 1 (HSV-1) and Por-

phyromonas gingivalis lipopolysaccharide

(LPS) on the production of interleukin-8

(IL-8) in neutrophils. Neutrophils were

mock-infected or infected with HSV-1 for

1 h at 4�C. Infected neutrophils were further

incubated at 37�C for 3 h with various

concentrations of LPS. The production of

IL-8 relative to that found in the control

neutrophils, from four independent experi-

ments, is shown (as mean ± standard error

of the mean). A significant difference

between mock-infected and HSV-1-infected

neutrophils at the same concentration of

LPS is indicated as * (p < 0.05).
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the absence of serum significantly en-

hanced the secretion of MMP-9. To the

best of our knowledge, this is the first

report demonstrating that HSV-1 alone

can directly induce production of

MMP-9 from human neutrophils. The

different results were demonstrated in

neutrophils infected with HSV-1 alone

or with HSV-1 immune complexes,

suggesting that opsonization of HSV-1

might enhance its effects on several

functions of neutrophils. Moreover,

costimulation with HSV-1 and LPS

from P. gingivalis resulted in elevated

levels of IL-8 in neutrophils. The her-

pesvirus family, including HSV, is

shown to be associated with the infec-

tion of P. gingivalis and active peri-

odontal breakdown (3,5). Data suggest

that herpesviridae may serve as patho-

genic agents in periodontal diseases by

releasing destructive cytokines and

inflammatory mediators. Whether neu-

trophils from patients respond similarly

or differently to neutrophils derived

from periodontally healthy controls is

still not clear. The biological signifi-

cance of this study during oral infection

in vivo requires further investigation.
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