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Abstract Environmental stress is known to wnduce heat
shock proteins (HSPs) in eukaryotic cells. However, the
induction of HSPs in host cells by microbial infection has
not yet been well explained. Staphvlococcus aureus (5.
aureys) is one of the major pathogens in the pathogenesis of
endovascular diseases such as infective endocarditis. In this
study, the synthesis of stress-inducible 70kDa HSP was
investigated in the endothelial cells (ECs) after 3h to 20 h of
incubation with S. aureus. The effect of S. aurens infection on
the expression of HSP70 in cultured ECs was analyzed using
laser scanning confocal microscopy (LSCM). The increase of
HSP70 expression was found to be dependent upon the
incubation time and inoculum size of the S. aureus infection,
The HSP70 expression in ECs infected by S. aureus (10" cfu/
mly for 20h was 1.1-fold higher than that in heat shock
treated ECs and 2.2-fold higher than that in untreated
cells. Heat shock is known to induce intranucleus HSP70
expression in mammalian cells, whereas the S. aureus
infection induced perinuclear expression in ECs as observed
by LSCM. Consequently, the expression of HSP70 in ECs
plays an important role in the pathogenesis of endovascular
infection,

Key words: Staphylococcus aureus, endothelial cells, heat
shock protein7{. endovascular infection

S. aureus is gram positive and facultatively anaerobic. This
bacterium. which is a natural mhabitant of mammalian skin
and mucous epithelia, is one of the pathogens causing various
diseases in humans and animals. In humans, §. aqureus
causes two main types of infection: mucosal and septicaemic
(abscesses, endocarditis. lung infections, osteomyelitis) [20,
27]. In particular, the adherence of S. aureus to cardiac
ECs may initiate infective endocarditis [1].
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The endothelium occupies a unique location at the
interface between blood vessels and flowing blood, and
accordingly, it is often the major target of cardiovascular
diseases such as infective endocarditis and atherosclerosis.
Vascular endothelium plays a critical role during the initiation
of hematogenous infections, since microorganisms likely
adhere to and penetrate through the EC lining of the blood
vessels to reach to the tissue parenchyma. Thus, blocking
the ability of microorganisms to escape from the intravascular
compartment is a potential method to enhance the host
defense against these organisms and prevent the development
of infectious diseases [2].

The structural or surface characteristics of the vascular
endothelium are altered by external conditions: infection,
fluid shear stress, and thrombus. These structural alterations
are induced by a change of microfilament. The polymernization
of the microfilament may prevent hydrodynamic damage
ta the endothelium and thus protect the vascular wall from
certain pathological stimuli [3].

During infection, the vascular EC undergoes important
immunologic alterations leading to increased leukocyte-EC
adherence and the initiation of a host inflammatory response
[4. 6]. HSP is the stress protein which is the major antigen
leading to leukocyte activation. Heat shock treatment or
other physiological stress conditions lead to the expression
of HSP in many organisms [15, 19]. Microbial invasion
also represents a form of stress to the host, and infections
represent a particularly interesting situation, since invading
pathogens have the potential of both inducing HSP
expression by the host cells and eliciting immune responses
to their own HSPs [12]. It has been reported that HSP70
protein levels are elevated by bacterial infections with
Mycobacterium or phagocytosis of heat-killed Staplvlococcus
aureus, but the kinetics of the induction were not
determined yet [14, 16]. This study examines the bacterial
adherence. cell viability, and polymerization of the actin
microfilament in 8. aureus infecied ECs. Furthermore, the
heat shock tesponses of ECs in an in vitro culture system
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have been characterized and the effect of infection with S,
aureus on the expression of ECs HSP70 was analyzed.

MATERIALS AND METHODS

Bacterial Strains and Culture Conditions
Staphvlococcus aureus (ATCC 27735) was used in this
experiment. The organism was grown in a nutrient broth
(Difco Lab., U.S.A.) in a 37°C shaking incubator for 18 h,
and harvested in a log phase.

Isolation and Culture of Human Umbilical Vein
Endothelial Cells ( HUVECs)

Human umbilical vein endothelial cells were obtained by a
modification of the method of Jaffe er af. [11]. The cells
were harvested using collagenase and were grown in
Medium 199 (Gibco BRL, U.5.A.) containing 20% fetal
bovine serum {Gibco BRL.), 100 IU/ml penicillin/streptomycin
(Gibco BRL.), 2 mM L-glutamine (Gibco BRL.), and a
25 mM HEPES buffer (Sigma Chemical Co., U.S.A.). The
HUVECs were seeded on fibronectin (Boehringer Mannheim,
Germany)-coated glass at a concentration of 5x10* cells
per cm’ and grown for 4 days before the experiment.

Bacterial Adherence Assay for ECs

The adherence assay was a modification of a previously
described technique [23]. Cultured ECs were seeded onto
human fibronectin-coated glass. The bacteria were grown
in a nutrient broth for 18 h and were then resuspended in a
phosphate buffered saline (PBS). S. aureus (inatial inoculum
level: 5x10° cfu/ml) was inoculated into the cell wells. and
incubated for 3, 7. and 20 h at 37°C. After incubation, the
unbound bacteria were removed with PBS. The remaining
adherent bacteria were removed with the ECs using 0.23%
trypsin-0.02% ethylenediamine tetra-acetic acid (EDTA.
Sigma Chemical Co.). The released bacteria and ECs were
harvested and treated with distilled water to disrupt the
ECs. The bacteria and cell extractions were centrifuged at
12,000 xg for 5 min. The pellet was added to PBS and the
bacteria grown on a nutrient agar (Difco Lab.). After 24 h
of incubation at 37°C, the bacterial colonies were counted.
The results were expressed as the number of adherent
bacteria/endothelial cells.

Viability of ECs Infected with S. aureus

The viability of ECs infected with S awrens was
determined by a trypan blue assay [13], Confluent ECs
grown on a 96-well micro-tissue culture plate were infected
with 107, 10°, and 10° cfu/ml S. aureus. After 3 hand 7 h of
incubation at 37°C, the non-cell-associated 5. qurens and
dead cells were washed and the monolayers were rinsed
with warm PBS. The resulting ECs suspension was stained
with a 0.4% trypan blue solution {Sigma Chemical Co.)

and the number of viable ECs was counted using a
hemacytometer. Nonviable cells were stained with trypan
blue.

Indirect Immunoftuorescent Staining Studies

The ECs with the added bacteria were incubated at 37°C
for various lengths of time and then heat shocked at 43°C
for 1 h. They were fixed with 3.7% formaldehyde (Merck,
Germany) at room temperature (RT) for 10 min, washed
with PBS, and permeabilized with 0.5% Triton X-100
(Boehringer Mannheim) containing 20 mM Hepes (Sigma
Chemical Co.). 300 mM sucrose (Sigma Chemical Co.),
50 mM NaCl (Kanto Chemical Co. Japan), and 3 mM
MgClL (Sigma Chemical Co.) at pH 7.4, on ice for 10 min.
After blocking the nonspecific staining by incubation in
PBS with 1% bovine serum albumin (BSA, Sigma Chemical
Co.) and 5% normal serum {Gibco BRL.} for 30 min, the
cells were incubated in a [:200 dilution of a mouse
monoclonal antibody (Santa Croze Inc., Germany ) {or the
inducible form of HSP7( at room temperature for 30 min,
washed with PBST (0.02% Tween20 in PBS) and labeled
with a 1: 1000 dilution of fluorescein isothiocyanate (FITC)-
conjugated anti-mouse IgG (Sigma Chemical Co.) as a
secondary antibody of the HSP70 antibody at 37°C for
30 min, and finally stained with rhodamine-phalloidin (Sigma
Chemical Co.} to produce an actin rucrofilament for
mounting on microscopy slides.

Laser Confocal Microscopy Study for Distribution of
HSP70

8. aureus-infected ECs were examined using a LSCM
(Bio-Rad. Co., US A., MRC 600} with an argon laser for
illumination. The wavelength of the excitation was 488 nm.

Image Processing of Immunofluorescence Light for
Distribution of HSP70

The relative distribution of HSP70 was determined by
LSCM. The relative intensity was obtained by using the
histogram function of a PY-WAVE (Visual Numerics Inc.,
Boulder, Co.. U.S.A.) ranning on a Sun workstation, This
software displays the intensity of the fluorescence of a
selected area in terms of pixel values per unit area.

RESULTS

Binding of S. aureus to ECs at Various Lengths of
Incubation Time

The ECs were infected through incubation with 5x10° cfu/
ml of the growth medium for 3, 7, and 20 h. Bacterial
adherence to the EC monolayers was assayed at various
times (Table ). After 3 h of incubation, the concentration
of adherent bacteria to ECs was approximately 2.5x10’
cfo/ml (5.0x10° cfw/ml per EC), and 22.0x10" cfu/ml (4.4x
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Table 1. Binding of S. gureus to ECs at various incubation times.

Incubation Initial bacterial The number of bacteria
time (h) inoculum (cfu/ml} bound per EC (cfu/ml)
3 5x10° 500
7 Fx10° 200
20 Sx10° 4,400
25000 [
) J3h
= 20000
= 7 h
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Bacterial concentration {cfu/mf)

Fig. 1. Viability of ECs infected with various S. aureus
concentrations.

1¢° efu/ml per EC) after 20h. The bacterial adherence
increased ag the incubation time increased.

Viability of ECs Infected with Various Concentrations
of 5. aureus

A trypan blue assay was used to determine the viability of
ECs infected with S. aureus (Fig. 1). After infection with
10° or 10° cfufml §. aureus for 3h or 7h at 37°C, the
degrees of viability of the ECs were not different to
uninfected ECs. However, the viability of the ECs infected
with 10° cfu/ml S. qurens for 3 h or 7 h decreased by 25%
compared to that of uninfected ECs.

Actin Polymerization in ECs Infected by S. aureus

To investigate the relationship between cell damage and
the cytoskeletal changes of ECs infected with S. aurens,
the actin microfilamental change was investigated using
LSCM (Fig. 2). When the ECs were incubated with 5.
aureus (10' cfw/ml) for 3 h at 37°C, an increased actin
polymerization of ECs in peripheral regions was detected
(Fig. 2B), however, the actin polymerization with 10° and
10° cfw/ml S. aurens for 3 h decreased compared with that
of cells infected with 10° cfu/ml (Figs. 2C and 2D).

Expression of HSP7{) in ECs Infected by S. aureus

To examine whether HSPs were expressed during infection,
infected ECs were analyzed using indirect inimunofluorescent
staining methods. As shown in Fig. 2, the expression of

(€ (D)

Fig. 2. Actin cytoskeletal changes on ECs infected by S. aureus
with different inoculum sizes.

Bar represents 10 wm. Incubation time 3 h. (A) untreated cell: incubated at
37°C for 1 h; {B) moculum size: 10° cfufml; (C) inoculum size: 10° ofu/ml:
(D3 inoculum size: 10° cfu/ml

HSP70 in S. aureus (10* cfu/ml)-infected ECs for various
lengths of time was detected using LSCM. The ECs
displayed a weak fluorescence level (Fig. 3A) when probed
with anti-HISP70 antibody in an uninfected condition. This
may be due to the low expression level of HSP70 that has
been reported for other cell types 1n the absence of stress.
However, after 3 h of incubation with S. aureus (Fig. 3B),
an increased level of HSP70 was observed in the infected
ECs. Furthermore, after 7h or 20h of infection, the
flnorescence level of HSP7( increased compared with
those of the uninfected or 3 h-infected cells (Figs. 3C and
3D). Therefore, HSP70 induction by S. awreus infection
appears to be dependent on infection period. The HSP70
expression of HUVECs incubated with 10°, 10°, and
10° cfufml S. awreus for 3 h was observed nsing LSCM
(Fig. 4). In the infected cells, an increased cytoplasmic
fluorescence was observed compared to the untreated 37°C
cells. Localized nuclear fluorescence was not observed in
the ECs after infection for either 3 h or 7 h (Fig. 3). This
indicates that the expression of HSP70 in ECs depends on
the size of the S. aureus in the inoculum and the length of
time after exposure to S. aureus. The amount of expressed
HSP70 in the infected ECs was calculated by measuring
the image intensities from the laser confocal micrographs
using a PV-WAVE software (Table 2). Therefore, the
fluarescent light 1n the ECs was proportional to the amount
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€} (D)
Fig. 3. Laser scanning confocal microscopic localization of
HSP70 m HUVECs infected by §. awurens (10" cfu/ml) after
different incubation times.
Bar represcnts 10 um. (A) untreated cells; (B) mcubaled tor 3 h, (C)
menbated [or 7 h, (D) incubated for 20 h.

{C} D)
Fig. 4. Laser scanning confocal microscopic localization of
HSP70 in HUVECs infected with different inoculum sizes of 5.
aureus for 3 h.
Bar represents 10 pm (A} untreated cells; (B) moculum size: 10* cfu/ml;
{C) inoculum size; 10 cfv/ml; (D) inoculum size. 10" cfu/ml.

of HSP70 expression. In the untreated cells, HSP70 was
expressed at a very low basal level. The HSP70 expression
in ECs infected by S. aurens (10" cfuw/ml) for 20 h was 1.1-
fold higher than that in heat shock treated ECs and 2.2-fold
higher than that in the untreated cells. White spot in

Table 2. The amount of HSP70 in ECs treated by heat and
infected by §. anrews measured using the PV-WAVE software,

Cell infected by S. aureus

Incubation time  Inoculum size
" (h) at constant (cfu/ml) at constant
s #
UcC *HC inoculum sizes  incubation times
(10" efuw/ml) (3 h)

37 20 10° 10°

Flurorescene
intensity
#UC (Untreated cells) was incubated al 37°C for 1 h; *HC (Heat shocked
cells) was incubaled at 43°C for L h.

409 776 583 79 883 677 78.1
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Fig. 5. Distribution of HSP70 in ECs.
{A) untreated cells incubated at 37°C tor 1 h; (B) heat shocked cells at 43°C
incubated for 1h: (C) cells wfected by 5. awrens (10" cfu/ml ) and
meubated at 37°C for 3 h.
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Fig. 4D was shown as a result of nonspecific binding of
antibody.

Distribution of HSP70

The subcellular location of the 70 kDa stress protein was
observed using 1L.SCM and the data was analyzed using the
PV-WAVE software (Fig. 5). The fluorescent intensity of a
target cell was measured along a calculation line (white
line). Accordingly, increased HSP70 within ECs could be
detected as peaks (right panel). The staining of heat
shocked cells, shown as a positive control, indicated that
HSP70 increased after heat shock and was mainly
localized in the nucleus (Fig. 5B), as reported for other
cells. No accumulation of HSP70 in the nucleus was
observed in the infected cells, and the accumulation
pattern of HSP70 in the nucleus was distinct from that of
HSP70 after heat shock treatment (Fig. 5B). However, in
the infected ECs. HSP70 was mostly located in the
cytoplasm (Fig. 5C). In the control conditions, the expression
of HSP70 was even lower than that after exposure to
infection and heat shock (Fig. 5A).

DISCUSSION

Many environmental stresses, such as heat shock, mechanical
stress, and heavy metals cause morphological changes in
enkaryotic and prokaryotic cells [3, 8]. Huh and Choi [8]
reported morphological transition of Hansenula anomala
B-7 from a unicellular yeast to a pseudohyphae-like
coagulation when subjected to prolonged heat shock
treatment. The pseudohyphae-like cells overexpressed several
proteins. Synthesis of such stress-responsible proteins are
induced very rapidly to protect the cells against togicity
caused by the stresses, thereby enabling the organisms to
survive in harmful environmental conditions. Many heat
shock and heayvy metal resistance in bacteria are known Lo
be conferred by plasmids [7, 17].

In infected ECs, microorganisms may induce cytoskeletal
changes and endothelial cell injury, Filler et af. [2] reported
that endothelial cell actin microfilaments polymerized around
Candida albicans when the organisms were phagocytosed
[2(H. Also, one of the physiclogical changes in host cells
with infection may be the induction of HSP70 [16].
Recently. it has been reported that the expression of
HSP70 in a host cell during infection may be relevant to
understanding the responses in the various stages of the
bacterial invasion process. In particular, the infection-
related overexpression of HSP in the host cell is reported
in many conditions: Mycobacterium leprae [15], Listeria
monocytogenes [19], Leishmania donovani [18], and §.
aureus [12, 14]. 1t is known that upregulation of HSP70 by
infection is part of the cellular protective mechanism
against phagocytosis-related oxidative injury to a host cell,

and yet the detailed mechanism is still not well understood
[5. 9.10]. Members of the HSP65 and HSP70 families
have been found to be predominantly immunogens in
intracellular infections, including leprosy, tuberculosis. and
atherosclerosis. These findings provide substantial evidence
to implicate the HSP60 and HSP70 families as important
elements in the pathogenesis of intracellular infection [18].

To investigate the role of HSP70 in the pathogenesis
of infections with 8. aureus, an important pathogen of
infective endocarditis, the expression of HSP70 during the
infection of ECs with S. aureus was examined. The
synthesis of HSP70 in infected ECs was monitored using
indirect immunofluorescent staining and detected using
LSCM. 1L was shown that §. aureus infection was capable
of mducing HSP70 expression in ECs. and that this
induction was dependent on the incubation time and also
on the inoculum size of 8. aureus. Accordingly, when the
number of organisms adhered to the EC increased, the
HSP70 expression in the EC increased. The initiating
event in the establishment of many types of infection by
bacteria 18 adherence of bacteria to cell surfaces [12, 15].
The binding of S. aureus to ECs appeared to be dependent
on incubation time (Table 1), and the damage to the ECs
[24]. Bacterial binding to a host cell is likely to be an
important early event in the pathogenesis of several
infections and a cause of host cell injury [2, 21].

The “Ex nove” synthesis of HSP70 is a defense response
triggered in cells by a variety of stimuli [28], and HSP
initially localizes in sites of major injury [22, 25]. Welch et
al. [26] reported that 72 kDa HSP localizes within the
nucleus and accumulate in the nucleoti of a cell after heat
shock. Interestingly, the effect of infection was different
from that of heat shock. Instead, the cytoplasmic location
of HSP70 was abserved during the infective injury by S.
aurens (Fig. 5). Therefore, it is likely that the induction of
HSP70 in ECs during S. aureus infection is a response to
cellular damage by a toxic component and phagocytosis.
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