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Human peripheral blood monocytes became apoptotic following phagocytosis of Staphylococcus aureus. The
consequences of heat stress for monocytes were studied with regard to the effect on S. aureus-induced apoptosis.
Exposure of monocytes to 41.5°C for 1 h resulted in HSP72 expression and had no influence on phagocytosis
of bacteria; moreover, phagocytosis of S. aureus immediately or shortly after heat shock had no effect on the S.
aureus-induced monocyte apoptosis, as evidenced by DNA fragmentation assay. In contrast, cells which
recovered from heat shock for 18 to 24 h, although active as phagocytes, were resistant to the S. aureus-induced
apoptosis. The observed protective effect was related to the induction of HSP72, since blocking of HSP72
synthesis by an antisense oligomer abolished the protective effect of heat shock on bacterium-induced monocyte
apoptosis.

Cells exposed to stressful conditions, including elevated tem-
peratures, oxidative injury, heavy metals, and proinflammatory
cytokines, increase synthesis of a multifunctional group of pro-
teins referred to as stress proteins or heat shock proteins
(HSPs). HSPs are classified into families according to apparent
molecular mass and inducers. Because of the protective effect
on vital cellular functions, all HSPs have been recently desig-
nated members of the larger family of proteins called molec-
ular chaperons (15). Molecular chaperones recognize hydro-
phobic surfaces of nonnative forms of other proteins,
preventing irreversible multimeric aggregation (8). This activ-
ity preserves native proteins and cellular integrity, particularly
under stressful conditions. Several HSPs, called heat shock
cognates (HSCs), are constitutively expressed. Moreover, the
expression of some HSPs (HSP/HSC70 and HSP90) has been
reported to be regulated under physiological (nonstressful)
conditions such as cell cycle (27), differentiation (44), embry-
ogenesis (6), and stimulation by growth factors (53). The
HSP70 family includes both constitutive (HSC70) and stress-
inducible (HSP70) proteins as well as the glucose-regulated
protein GRP78. In addition to other functions, the ability of
HSP70 to protect mammalian cells against stress-induced dam-
ages (1, 4, 52) seems particularly interesting. It has been shown
that when HSP70 function is disrupted, exposure to stressing
factors leads to the accumulation of cellular damage over a
critical threshold and to cell apoptosis (10, 31, 43, 51). How-
ever, in some cell lines proapoptotic activity of overexpressed
HSP has also been found (14, 30).

Recently, a role of cellular stress in functioning of the im-
mune system has been recognized and attracted much interest.
It was shown that mitogenic activation of peripheral blood
mononuclear cells with phytohemagglutinin resulted in en-
hanced synthesis of predominantly HSC70 and HSP90 (17).
Cellular stress reactions (or individual HSPs) were triggered

when immune cells were activated by pathogens, their prod-
ucts, or inflammatory mediators. In monocytes, phagocytosis of
erythrocytes induced the synthesis of many HSPs (65, 70, 90,
and 110 kDa) (41), whereas phagocytosis of Staphylococcus
aureus led to selective induction of HSP70 (26). The synthesis
of HSP70 and HSP90 was also shown to be induced by the
phorbol ester phorbol myristate acetate (through protein ki-
nase C activation) (25). In addition, inflammatory cytokines
were found to up-regulate cellular stress response in mono-
cytes (5). On the other hand, heat shock (or chemical stress)
may inhibit lipopolysaccharide-induced production of interleu-
kin-1 (IL-1) and tumor necrosis factor alpha (TNF-a) in mono-
cytes/macrophages (46, 47). Also, synthesis of reactive oxygen
species was shown to be regulated by heat shock (41).

There is growing evidence that bacteria or their products can
induce apoptosis in host cells, including monocytes/macro-
phages (19, 55), and it has been suggested that bacterium-
induced apoptosis of monocytes/macrophages promotes an in-
flammatory response that causes tissue damage (56). Recently,
we have demonstrated that phagocytosis of bacteria by periph-
eral blood monocytes leads to apoptosis of phagocytes within
less than 24 h (2), indicating that the cellular stress reaction
associated with phagocytosis of bacteria does not provide an
effective protection against deleterious effect caused to the
phagocyte by engulfed bacteria.

In this study, we investigated the reaction of stressed mono-
cytes to the phagocytosis of bacteria and showed that prior
heat shock may protect monocytes against subsequent contact
with pathogens.

MATERIALS AND METHODS

Isolation and culture of cells. Peripheral blood mononuclear cells were iso-
lated by standard Ficoll-Paque (Pharmacia, Uppsala, Sweden) gradient centrif-
ugation from heparin- or EDTA-treated blood from healthy donors. The cells
were suspended in Hanks’ balanced salt solution supplemented with 1% autol-
ogous plasma and subjected to countercurrent centrifugal elutriation (Beckman
JE-6B elutriation system equipped with a 5-ml Sanderson separation chamber)
to obtain monocytes. Monocyte enrichment was confirmed by nonspecific ester-
ase staining (85 to 95% positive) and/or expression of CD14 antigen (80 to 90%
LeuM3 positive). Monocytes (5 3 106/ml) were washed once with cold RPMI
1640 and kept in an ice bath in RPMI 1640 culture medium supplemented with
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L-glutamine and 10% fetal calf serum, without antibiotics (all reagents were from
GIBCO, Grand Island, N.Y.), until used. The medium used in these experiments
allowed culture of monocytes for up to 48 h without the massive apoptosis (about
20% of annexin V binding and minimal DNA laddering) seen when some batches
of fetal calf serum were used or when serum in medium was omitted.

Heat shock treatment. Monocytes (2 3 106/ml), suspended in complete me-
dium (with 50 mg of gentamicin [GIBCO] per ml) in siliconized glass tubes, were
heat stressed at 41.5°C for 1 h. After the heat shock, cells were immediately
transferred to standard culture conditions (37°C, 5% CO2, humidified atmo-
sphere) at which experiments were carried out as indicated.

Antisense treatment. Native (nonmodified) oligodeoxynucleotides (antisense
and sense) were custom synthesized by GIBCO. HSP72 antisense oligomer
(59-CGCGGCTTTGGCCAT-39) was complementary to the initiation codon and
four downstream codons of human HSP72 mRNA (22). The corresponding sense
oligomer (59-ATGGCCAAAGCCGCG-39) was used as a control. Freshly iso-
lated monocytes suspended in complete culture medium were exposed to 2.5 or
5 mM HSP72 antisense or sense oligonucleotides for various lengths of time: 26 h
for annexin V-propidium iodide (PI) staining, 42 h for the DNA-laddering
experiment, and up to 48 h for HSP72 measurement by immunocytofluorimetry,
depending on the time of culture termination. After 24 h of incubation, the
culture medium was always replaced with fresh medium containing 5 mM HSP72
antisense or sense oligonucleotide.

Phagocytosis of bacteria. Staphylococcus aureus (ATCC 25923) was grown for
18 h on sugar broth, washed twice with a large volume of saline, and opsonized
(30 min, 37°C) in the presence of 10% fresh human serum. After additional
washing, the density of bacterial cells was measured spectrophotometrically (540
nm), and the cell number was calculated by using previously determined standard
curves (based on CFU counts). Finally, the concentration of bacteria was ad-
justed to 109/ml of phosphate-buffered saline (PBS). To enable analysis of phago-
cytosis by flow cytometry, bacteria were incubated before opsonization for 2 h at
37°C in PBS containing 0.1% fluorescein isothiocyanate (FITC; BDH Chemicals
Ltd., Poole, England). Monocytes (3 3 106) were incubated (37°C) in siliconized
glass tubes with suspensions of opsonized bacteria in a total volume of 1 ml. The
monocyte/bacterium ratio was 1:20. Monocytes without bacteria were also incu-
bated in parallel. After 30 min of incubation, 1 ml of ice-cold complete medium
with 50 mg of gentamicin (GIBCO) per ml was added; cells were centrifuged
(110 3 g, 8 min) to separate phagocytic cells from free bacteria and resuspended
in complete medium. The monocytes (2 3 106/ml) were subsequently cultured at
37°C in 5% CO2, humidified atmosphere as indicated.

Confocal microscopy. To enable analysis of phagocytosis by fluorescence mi-
croscopy, bacteria were incubated before opsonization for 2 h at 37°C in 50 mM
Tris-Cl-buffered saline (pH 7.2) containing 10 mM SYTO17 (Molecular Probes
Inc., Eugene, Oreg.). Prior to phagocytosis, monocytes were allowed to attach to
glass coverslips submerged in culture medium in 35-mm-diameter cell culture
dishes (Sarstedt Inc., Newton, N.C.) for 30 min at 37°C. Phagocytosis of
SYTO17-stained bacteria was performed basically as described above for FITC-
stained bacteria, but instead of centrifugation, culture dishes containing cover-
slips were gently rinsed with culture medium to remove the free bacteria. Mono-
cytes were stained for 5 min with DiO (dioctadecyloxacarbocyanine; Molecular
Probes) at a final concentration of 50 ng/ml in PBS. Monocytes attached to glass
coverslips were placed in a microscope-stage microincubator (Life Science Re-
search Cambridge, England) and kept at 37°C in culture medium during image
collection. Images of monocytes and bacteria were collected by using a Bio-Rad
MRC1024 confocal microscope equipped with an Ar-Kr laser (ALC). Excitation
was 488 nm for DiO and 647 nm for SYTO17. A PlanApo 603 NA1.4 oil
immersion lens was used.

Isolation of genomic DNA and gel electrophoresis. DNA was isolated from
monocytes pelleted from culture volume (1 ml) by centrifugation (280 3 g). Lytic
buffer (0.01 M Tris [pH 7.8], 0.005 M EDTA, 0.5% sodium dodecyl sulfate; 0.3
ml per cellular pellet) was added; and the sample was mixed vigorously and
incubated at 65°C for 1 h to obtain viscous and clear cell lysates. The lysates were
treated with RNase A (20 mg/ml; 37°C, 1 h) and proteinase K (20 mg/ml; 50°C,
1 h) and extracted twice with an equal volume of phenol-chloroform (1:1). DNA
in the aqueous phase was precipitated at 220°C in 0.3 M sodium acetate–75%
ethanol. Precipitates were pelleted by centrifugation (13,000 3 g, 10 min, 4°C),
washed with ice-cold 70% ethanol, and dried. For electrophoresis, DNA samples
were dissolved in 50 ml of Tris-EDTA buffer. Gel loading buffer (25% Ficoll 400,
10 mM EDTA, 0.01% bromophenol blue, 0.01% xylenecyanol; 10 ml) was added,
and the samples were heated at 65°C for 10 min. Aliquots corresponding to 106

cells were loaded per slot. Samples were subjected to electrophoresis in 2%
agarose gel containing ethidium bromide (0.5 mg/ml in Tris-borate–1 mM EDTA
buffer [pH 8.2]) at 5 V/cm for 90 min. DNA was visualized by UV light and
photographed. The analyzed DNA fragments in the samples were compared with
standard size fragments of the DNA marker fX174 HincII (Advanced Biotech-
nologies Ltd., Leatherhead, England). All other chemicals were purchased from
Sigma Chemical Co., St. Louis, Mo.

Measurement of DNA concentration. DNA samples (dissolved in Tris-EDTA
buffer) were diluted 10-fold with 0.5 M HClO4. Freshly prepared diphenylamine
reagent (200 ml) containing acetaldehyde (16 mg/ml) was added to a (100-ml)
portion of each sample, and the tubes were incubated at 30°C for 18 h. Aliquots
(150 ml) were transferred to flat-bottomed 96-well polystyrene microtiter plates,
and the A600 was measured on an automated plate reader (Spectra Max 250;

Molecular Devices Corp., Sunnyvale, Calif.). Chemicals were purchased from
Sigma. DNA in the samples was determined from a standard curve prepared
from salmon sperm DNA diluted in 0.5 M HClO4. Aliquots corresponding to 106

cells contained 100 mg of DNA.
Flow cytometry. An early feature of apoptosis, the externalization of the

anionic phospholipid phophatidylserine (13), was assessed by using an annexin
V-FITC kit (Bender MedSystems, Vienna, Austria). Cell suspensions (200-ml
aliquots) were washed with PBS and resuspended in binding buffer (10 mM
HEPES-NaOH [pH 7.4], 140 mM NaCl, 2.5 mM CaCl2); 5 ml of FITC-labeled
annexin V was added, and the mixture was incubated for 10 min in the dark at
room temperature. After being washed, cells were resuspended in 0.2 ml of
binding buffer and PI solution was added to a final concentration of 1 mg/ml of
cell suspension. Ten thousand ungated cells were analyzed by fluorescence-
activated cell sorting (FACS) in a FACScan flow cytometer (Becton Dickinson,
San Jose, Calif.). In experiments with annexin V, bacteria were not labeled. To
estimate phagocytosis of FITC-labeled bacteria, samples were analyzed with a
FACScan flow cytometer (Becton Dickinson). During acquisition, the threshold
was set to exclude free bacteria. Cells were acquired and analyzed ungated.

For the detection of HSP, 200-ml aliquots of monocytes were washed in PBS
and then permeabilized with 0.5 ml of FACS permeabilizing solution (Becton
Dickinson) for 15 min. After being washed, cells were resuspended in (PBS (pH
7.2) containing 1% bovine serum albumin and 0.1% sodium azide and then
labeled with monoclonal antibodies (MAbs). To detect HSP72, anti-HSP72 MAb
RPN1197 (Amersham International, Amersham, England) at a final dilution of
1:300 was used; HSP25/27 and HSP90 were detected with MAbs IAP-9 and
AC-16 (Sigma). Isotype-specific controls (Becton Dickinson) were also included.
After washing, FITC-conjugated goat anti-mouse immunoglobulins (DAKO A/S,
Glostrup, Denmark) were added, and samples were incubated for 20 min in the
dark. All procedures were performed at room temperature. After the final wash,
cells were analyzed with a FACScan flow cytometer. Data were collected un-
gated. The analyses were performed by using the CellQuest program (Becton
Dickinson).

Isolation of RNA and reverse transcriptase-mediated PCR. Total cellular
RNA was isolated from cellular pellets containing 106 monocytes by using
TRIZOL reagent (GIBCO) exactly as instructed by the manufacturer. Precipi-
tated RNA was dissolved in 10 ml of sterile, RNase-free water and stored at
230°C when necessary. cDNA synthesis reactions were done in a total volume of
20 ml containing 10 ml of each RNA sample, 0.5 mg of oligo(dT)12–18 primer
(GIBCO), and 200 U of SuperScript II RNase H2 reverse transcriptase
(GIBCO) according to the protocol provided with the enzyme. PCRs were set up
in a total volume of 50 ml containing 5 ml of the cDNA, 0.2 mM deoxynucleoside
triphosphates, 0.5 mM each oligonucleotide primer, 50 mM KCl, 1.5 mM MgCl2,
and 2.5 U of Taq polymerase (GIBCO). PCRs were run in 0.5-ml tubes in an
OmniGene thermal cycler (Hybaid, Teddington, England) equipped with a
heated lid. Reactions were carried out at 94°C for 1 min, 60°C for 1 min, and
72°C for 1.5 min for 35 cycles (HSP72) or at 94°C for 1 min, 55°C for 1 min, and
72°C for 1.5 min for 35 cycles (b-actin), with final extension at 72°C for 10 min.
The reaction products were then resolved on a nondenaturing 2% agarose
(Sigma) gel and visualized by staining with ethidium bromide.

The following PCR primers were custom synthesized by GIBCO: for b-actin,
59-AGCGGGAAATCGTGCGTG-39 (sense) and 59-GGGTACATGGTGGTG
CCG-39 (antisense); for HSP72, 59-TTTGACAACAGGCTGGTGAACC-39
(sense) and 59-GTGAAGGATCTGCGTCTGCTTGG-39 (antisense). The prim-
ers for b-actin were designed to match sequences in separate exons to avoid the
contribution of genome-templated product in the signal analysis (48). The
HSP72 primer pair was optimized for amplification by using the Gene Runner
computer program (Hastings Software Inc.). The expected product lengths were
590 bp for HSP72 and 307 bp for b-actin.

RESULTS

Heat-shocked monocytes can effectively phagocytose bacte-
ria. Since the phagocytosis of bacteria by monocytes was crit-
ical for this study, we wanted to show that monocytes exposed
to heat stress were still effective as phagocytes. When heat-
stressed cells were incubated with FITC-labeled S. aureus in a
proportion 20 bacteria per cell, phagocytosis was observed in
about 50% of monocytes (Fig. 1B), essentially the same as in
nonstressed cells from the same donor (Fig. 1A). To confirm
that the bacteria were indeed phagocytosed, confocal micros-
copy was used. Figure 2 demonstrates an optical section
through the center of a monocyte following phagocytosis of
bacteria stained with SYTO17. The image of mitochondria and
cellular membranes stained with DiO clearly demonstrates
that bacteria were endocytosed and could be detected inside
the cells. The effectiveness of the applied heat shock was eval-
uated by measurement of HSP72 mRNA accumulation during
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first 5 h after the stress (Fig. 3). The control, untreated mono-
cytes did not accumulate HSP72-specific transcript (lane 1).
After exposure to elevated temperature, a strong HSP72-spe-
cific signal was observed in 1 h (lane 2), which after a peak at
2 h decreased to a nondetectable level. The observed reaction
was in agreement with previous reports on this subject (17).
The heat shock treatment that we used had no apparent influ-
ence on b-actin mRNA accumulation (Fig. 3).

Heat-shocked monocytes preserve DNA integrity after
phagocytosis of S. aureus. Immediately after phagocytosis of
bacteria, monocytes showed remarkable redistribution of
phosphatidylserine residues, which is considered an early
marker of apoptosis (13, 50). As demonstrated by staining with
annexin V (Fig. 4), 60 min after phagocytosis about 60% of
monocytes exposed phosphatidylserine on the cell surface.
Counterstaining with PI demonstrated that at this early stage
the integrity of the plasma membrane was already compro-
mised and permeable to the dye.

To study the effect of inducible HSP72 on monocyte apo-
ptosis, it was necessary to perform experiments after culture
time following heat shock to allow accumulation of the prod-
uct. We also tested whether preculture time by itself would
change the monocyte response to S. aureus phagocytosis. As
shown in Fig. 5A and A9, early exposure of phosphatidylserine
and PI staining were seen also in experiments in which mono-
cytes were precultured for 24 h before phagocytosis of bacteria.
Genomic DNA isolated from the same cultures 16 h later and
resolved by gel electrophoresis revealed the characteristic lad-
der-like pattern formed by oligonucleosome-sized fragments
(Fig. 6, lane 6), a typical feature of advanced apoptosis. In
contrast, when monocytes were heat stressed prior to exposure

to bacteria, under some conditions (see below) the DNA frag-
mentation was strongly inhibited. The time given to the mono-
cytes to recover from heat shock was critical for the observed
effect, demonstrating that some accumulating products of heat
shock genes are involved. Depending on the cell donor, the
resistance of heat-stressed monocytes to bacterium-induced
DNA fragmentation was maximal when phagocytosis of bacte-

FIG. 1. Comparison by flow cytometry of phagocytic activities of resting (A)
and heat-stressed (B) monocytes. Histograms of green fluorescence due to FITC-
labeled bacteria engulfed by monocytes show data for control monocytes (tracing
1) and monocytes incubated with unlabelled and FITC-labeled (tracings 2 and 3,
respectively) S. aureus. Percentages of bacterium-containing cells in the regions
are shown. The left peak of tracing 3 corresponds to monocytes which do not
ingested bacteria. Results of a typical experiment of three performed are pre-
sented.

B

A

C

D

FIG. 2. Demonstration of bacteria within heat-stressed monocytes. Trans-
mitted light images (left column) and corresponding fluorescence confocal im-
ages (right column) of central planes of selected, representative monocytes are
shown. Green, mitochondria (strong fluorescence) and cellular membranes (dim
fluorescence). Red, bacteria stained with SYTO17. The positions of plasma
membranes are marked with white dotted lines. Thickness of optical slices,
approximately 700 nm; bar, 5 mm. Images represent control (A and C) and heat
shock-treated (B and D) monocytes not exposed to S. aureus (A and B) and after
phagocytosis of bacteria (C and D). Positions of plasma membranes, mitochon-
dria, and bacteria in images C and D demonstrate that bacteria are present
within the cell interior. The images are representative of one of three identical
experiments performed.
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ria occurred 18 to 24 h after the heat stress (Fig. 6, lanes 6 to
10). Prolonged (48 h from heat stress) incubation restored
sensitivity of the heat-stressed monocytes to apoptosis (data
not shown), suggesting that synthesis of a protecting factor is
inducible and transient. Surprisingly, the preceding heat shock
usually (in four of six experiments) had no effect on the pro-

portion of annexin V-positive cells induced by phagocytosis,
suggesting that the redistribution of phosphatidylserine resi-
dues in the cell membrane is not influenced by stress proteins
(Fig. 5B and B9). In contrast, PI stainability and the fragmen-
tation of DNA characteristic of apoptosis seemed to depend
strongly on HSP. Although DNA laddering is not a quantita-
tive method, the degree of DNA fragmentation appeared to
parallel PI staining when both tests were performed on the
same cultures.

Heat shock-induced resistance to apoptosis is HSP72 de-
pendent. When the monocytes were treated with the HSP72
antisense oligomer, heat stress did not protect the cells against
bacterium-induced apoptosis (Fig. 5C and C9; Fig. 6, lanes 10
and 11). The degree of DNA fragmentation and intensity of
annexin V-PI staining resembled that obtained with resting
monocytes exposed to bacteria. Moreover, without any contact
with bacteria, a higher proportion of antisense-treated than
control monocytes entered apoptosis after heat treatment (as
detected by annexin-PI staining [Fig. 5C] and some DNA lad-
dering [compare lanes 1, 4, and 5 in Fig. 6]). To confirm that in
the antisense-treated monocytes the expression of HSP72 was
indeed changed and that these changes were oligomer specific,

FIG. 3. Induction of stress-inducible HSP70 in monocytes after heat shock.
(A) Accumulation of HSP72 mRNA in monocytes demonstrated by reverse
transcriptase-mediated PCR. (B) Constitutive accumulation of b-actin mRNA in
the same monocytes. Lanes: 1, control cells; 2 to 6, RNA isolated 1, 2, 3, 4, and
5 h after the heat shock; 7, DNA size marker (fX174 HincII). The data are from
one representative experiment of five performed.

FIG. 4. Redistribution of cell membrane phosphatidylserine and PI staining
of monocytes after phagocytosis of S. aureus. Freshly isolated monocytes were
incubated with S. aureus for 30 min to allow phagocytosis as described in Mate-
rials and Methods and exposed to annexin V-FITC and PI immediately (A) and
30 (B) and 60 (C) min later. (D) Control monocytes incubated for 90 min. In the
dot plot analysis of ungated cells, the x axis represents annexin V staining and the
y axis represents PI uptake. The percentages of cells in the quadrants are shown.
The data are representative of one experiment of five performed.

FIG. 5. Redistribution of cell membrane phosphatidylserine in resting and
stressed monocytes. The cells were cultured in vitro for 26 h prior to annexin
V-PI staining. (A) Control cells; (B) heat-shocked cells; (C) heat-shocked cells
exposed to antisense oligomers (5 mM). The same populations after an addi-
tional 2-h incubation with S. aureus are shown in panels A9, B9, and C9. Other
details of the dot plot analysis are as for Fig. 4.
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cells cultured for 24 h with oligonucleotides were stained with
MAbs to HSP72, HSP27, and HSP90. As shown by subsequent
flow cytometry, the treatment with HSP72 antisense oligonu-
cleotide efficiently blocked expression of inducible HSP72
form (Fig. 7). As expected (51), the expression of HSP27 and
HSP90 was not influenced by the HSP72 antisense oligomer
(data not shown).

DISCUSSION

In this study we have shown that in monocytes, HSP72 pro-
vides efficient protection against apoptosis triggered by phago-
cytosis of S. aureus. To investigate the effect of heat stress on
monocytes, we used two different methods for measurement of
apoptosis: staining with annexin V-PI (to estimate cell viability
and detect early apoptosis) and analysis of genomic DNA
integrity (to show late apoptosis). We have shown previously
that phagocytosis of extracellular bacteria by peripheral blood
monocytes leads to apoptosis of phagocytic cells, demonstrated
as proved by TUNEL (terminal deoxynucleotidyltransferase-
mediated dUTP-biotin nick end labeling) technique and DNA
fragmentation (2). In monocytes, DNA fragmentation was ob-
served 2 h after phagocytosis of S. aureus, but clear-cut DNA
laddering was reproducibly observed some hours later (2);
therefore, 18 h after phagocytosis was the time point chosen
for analysis of monocyte DNA. To monitor monocyte apopto-
sis at the single-cell level, we tried staining with PI combined
with FITC-conjugated annexin V, which binds to surface-ex-
posed phosphatidylserine (13, 50). This method allowed us to
monitor the proportion of apoptotic cells in control monocyte
populations and in cells exposed to heat stress but was not

suitable for evaluation of monocyte apoptosis after phagocy-
tosis of bacteria. As early as 60 to 90 min after phagocytosis of
S. aureus, more than a half of the monocytes were PI positive.
Although PI-positive cells are generally considered necrotic or
dead (50), this apparently was not the case in our study. First,
DNA fragmentation is clearly seen only some hours later (2).
Second, monocytes after phagocytosis of bacteria accumulate
IL-1 mRNA and release over 20 h a large amount of biologi-
cally active (ICE-processed [21]) IL-1b (16a). A possible ex-
planation for the observed early PI staining is membrane de-
polarization which without causing cell death allows the dye to
penetrate the cell. Such a phenomenon was previously re-
ported for monocytes and macrophages exposed to ATP (21,
39) and was associated with processing of the native form of
IL-1b (21). Moreover, it has been shown that macrophage
membrane depolarization can be induced by bacterial products
(29). Despite the above-mentioned limitation, PI stainability
correlated better with monocyte DNA laddering than with
binding of annexin V to the cell surface, suggesting that the use
of the annexin binding assay for evaluation of monocyte apo-
ptosis needs more systematic studies.

Monocyte apoptosis as a consequence of phagocytosis oc-
curs despite the fact that the uptake of S. aureus increases
synthesis of HSP72 (26), a protein with well-established anti-

FIG. 6. Expression of HSP72 correlates with maintenance of DNA integrity
after phagocytosis of bacteria, determined by electrophoresis of DNA isolated
from 42-h cultures of monocytes. At 18 h before culture termination, cells shown
in lanes 6 to 11 were allowed to phagocytose S. aureus. Lanes: 1, control,
untreated monocytes; 2, heat shock-treated (HS) cells; 3 and 4, monocytes
treated with sense and antisense oligomers, (oligo), respectively; 5, heat shock-
treated cells cultured in the presence of antisense oligomers; 6, untreated cells
after phagocytosis of S. aureus; 7 to 10, cells exposed to heat shock immediately
before and 12, 18, and 24 h before phagocytosis of S. aureus respectively; 11, as
for lane 10 except that cells were cultured in the presence of antisense oligomers;
12, DNA size marker (fX174 Hinc II). Each slot was loaded with 100 mg of
genomic DNA (corresponding to 106 monocytes used for preparation). Data
from one of three experiments performed are shown.

FIG. 7. Heat shock-induced, transient expression of HSP72 and its inhibition
by an antisense oligomer. Monocytes were cultured for 24 h with no treatment
(A), heat shocked and cultured for 24 (B) or 48 (C) h, or heat shocked and
cultured for 24 h in the presence of 2.5 (D) or 5 (E) mM (E) antisense oligonu-
cleotides. Intensity of fluorescence (x axis) indicates the expression of HSP72 in
monocytes. The percentages of cells with HSP72 expression in the regions are
shown. Dotted line, isotype control; solid line, anti-HSP72 MAb.
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apoptotic activity in different cell types (10, 20, 23, 28, 45, 54).
In our experiments the protective effect on monocytes was not
seen when cells were exposed to bacteria shortly after heat
shock. This however, did not exclude the possibility that accu-
mulation of HSP prior phagocytosis of bacteria can be essential
for phagocyte protection. So that the cells could accumulate
the necessary amount of the inducible HSP72 protein, phago-
cytosis was performed 18 to 24 h after stress. Indeed, under this
condition, stress rendered monocytes resistant to apoptotic
DNA laddering and decreased the number of PI-positive cells
in a population which phagocytosed S. aureus. Annexin V bind-
ing was, however, not reduced in most experiments, and there-
fore we speculate that the bacterium-induced changes in cell
membrane integrity are regulated independently from mecha-
nisms responsible for membrane permeabilization and leading
to DNA fragmentation.

To see whether HSP72 is responsible for the protection of
monocytes, the synthesis of this chaperone was abrogated by
using an antisense oligomer. Since monocytes spontaneously
uptake high amounts of native oligonucleotides from culture
medium (18), we used nonmodified oligonucleotides without a
carrier. The effectiveness of an antisense oligonucleotide with
the same sequence as the one applied in this work has been
shown by others (51) and confirmed in this report by the lack
of HSP72 accumulation after heat shock, as determined by
flow cytometry. In contrast, the treatment did not affect two
other major stress proteins, HSP27 and HSP90, measured un-
der the same conditions. The treatment with oligonucleotides
neither compromised cell viability nor interfered with phago-
cytosis; moreover, b-actin mRNA accumulation did not de-
cline (not shown). However, annexin-PI and DNA laddering
indicated that the heat-shocked monocytes treated with HSP72
antisense oligonucleotide entered apoptosis without any con-
tact with bacteria, indicating that thermal stress may be lethal
for nonprotected monocytes.

The inhibition of apoptosis by prior heat shock was not seen
in monocytes treated with the HSP72 antisense oligonucleo-
tide. Therefore, it is conceivable that HSP72 was necessary for
protection of monocyte DNA against apoptotic fragmentation
triggered by phagocytosis of bacteria. Since the analysis of
HSP72 provided a satisfactory explanation of the observed
phenomena, involvement of the other HSPs in bacterium-in-
duced apoptosis was not investigated. Although the protective
role of HSP27 and HSP90 in S. aureus-induced monocyte ap-
optosis was largely excluded in experiments with the use of
HSP72 antisense oligonucleotides, we are aware of the possible
role of various HSPs in apoptosis induced by other factors.
Obvious candidates to study in the context of apoptosis are the
small HSPs (HSP25/27 and aB-crystallin). HSP27 and aB-
crystallin were recently shown to be essential for cellular pro-
tection against TNF-a-induced tumor cell death (33, 34), and
HSP25 was found to be necessary for protection against TNF-
a-induced oxidative DNA damage (37). Unlike HSP72, the
small HSPs are present in resting cells, sometimes in abundant
amounts (7, 16, 49a). Thus, their concentrations are not limit-
ing for the protective function.

In the case of S. aureus-induced apoptosis, we are far from
understanding how the phagocytosed bacterium delivers the
death signal to the phagocyte. The staphylococcal alpha-, be-
ta-, and gamma-toxins as well as leukocidin are obvious can-
didates since they interact with cell membranes and are cyto-
toxic (49). To date, their involvement in monocyte apoptosis
has been neither proved nor formally excluded. S. aureus mu-
tants with inactivated alpha- or beta-toxin genes by insertional
mutagenesis and allelic replacement (36) seem to offer a good
model for such studies. Our preliminary data (42) suggest,

however, that strains deficient in alpha- or beta-toxin and/or
deficient in protein A induce monocyte apoptosis comparably
to the parental, toxin-expressing strain. In addition, leukocidin,
which kills phagocytic cells in vitro, is not responsible for the
observed effect, since under our experimental conditions
phagocytosis of S. aureus does not trigger apoptosis of poly-
morphonuclear leukocytes (2).

The two major human phagocytes, polymorphonuclear leu-
kocytes and monocytes, respond differently to the phagocytosis
of S. aureus (2, 41). On the other hand, monocytes differently
react to the phagocytosis of different bacteria regarding both
induction of apoptosis and stimulation of stress proteins syn-
thesis (2, 3, 9, 11, 32). It has been suggested that the cellular
stress machinery is involved in regulation of apoptosis, and
stress-inducing and apoptotic signals may partly have the same
molecular basis (38). HSP70 was found to inhibit stress-in-
duced apoptosis by interfering with the stress-activated protein
kinase/Jun N-terminal kinase signaling pathway and by inhib-
iting caspase 3 processing (35). This might explain the reduced
DNA fragmentation observed in stressed cells since DNase
activation is caspase 3 dependent (12). The negative correla-
tion between DNA fragmentation and the level of HSP72
reported in this paper demonstrates that apoptosis may be
inhibited at the terminal stage. This supports the recent finding
that apoptosis is inhibited by HSP70-downstream pro-caspase
3 (24).

Taken together, our data clearly show that monocytes ex-
posed to stress are more resistant to apoptotic signals provided
during exposure to pathogen. Stressed phagocytes effectively
kill bacteria (41), and macrophages which express HSP70 are
more resistant to apoptosis induced by hypoxia (54). Collec-
tively, these features improve the effectiveness of the defense
mechanisms important during soft tissue infections caused by
S. aureus and other pathogens and may represent more general
mechanism of response to injury.
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