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Distinct cytokine profiles of circulating mononuclear cells stimulated
with Staphylococcus aureus enterotoxin A in vitro during early
and late episodes of chronic osteomyelitis
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We investigated the cytokine profile of peripheral mononuclear cells from chronic osteomyelitis (OST) patients
Jfollowing in vitro stimulation with staphylococcal enterotoxin A (SEA). We demonstrate that stimulation with SEA
induced prominent lymphocyte proliferation and high levels of tumour necrosis factor (TNF)-a, interleukin (IL)-4
and IL-10 secretion in both OST and non-infected individuals (NI). Even though stimulation with SEA had no impact
on IL-6 production in either patient group, the baseline level of IL-6 production by cells from OST patients was
always significantly less than that produced by cells from NI After classifving the osteomyelitic episodes based on
the time after the last reactivation event as “early” (1-4 months) or “late” osteomyelitis (5-12 months), we found that
increased levels of TNF-a and IL-4 in combination with decreased levels of IL-6 were observed in the early epi-
sodes. By contrast, increased levels of IL-10, IL-2 and IL-6 were hallmarks of late episodes. Qur data demonstrate
that early osteomyelitic episodes are accompanied by an increased frequency of “high producers” of TNF-a and
IL-4, whereas late events are characterised by increased frequencies of “high producers” of IL-10, IL-6 and IL-2.
These findings demonstrate the distinct cytokine profiles in chronic osteomyelitis, with a distinct regulation of IL-6
production during early and late episodes.
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Osteomyelitis is a bone disease characterised by pro-
gressive inflammatory destruction of the infected bone
and recruitment of osteocytes to the site of infection. In
adults, osteomyelitis is usually a complication of open
wounds involving the bone and typically results from
tractures and/or surgery. The risk and severity of infee-
tion can be increased by the presence of a foreign body,
such as metallic or prosthetic devices (Lew & Waldvo-
gel 2004). Between 0.4-7% of trauma and orthopaedic
operations have been reported to be complicated by os-
teomyelitis (Haas & McAndrew 1996, Lew & Waldvo-
gel 2004). Furthermore, this infection can also develop
in non-injured bone after bacteraemia when the infee-
tion involves the axial skeleton; this type of infection
is most often seen in prepubertal children and elderly
patients (Roesgen et al. 1989, Haas & McAndrew 1996).
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Up to 30% of osteomyelitic infections become chronic
despite appropriate medical and surgical intervention,
causing both economic losses and personal morbidity
and mortality (Lew & Waldvogel 2004). Most research
has focused on improving the surgical and medical
treatment of osteomyelitis, but little progress has been
made towards understanding the underly ing pathology.

Staphylococcus aureus is the microorganism most
frequently isolated from posttraumatic and haematog-
enous osteomyelitis (Lew & Waldvogel 1997, Jorge et
al. 2010). The virulence of this bacterium is associated
with its ability to penetrate the bone tissue, evade the
host defences and secrete exotoxins, such as the su-
perantigen staphylococcal enterotoxin A (SEA) (Nair
et al. 2000), which 57% of S. aqureus strains isolated
from chronic osteomyelitis patients (OST) are able to
produce (Sourek et al. 1979). Elevated SEA produc-
tion has also been reported to be associated with other
diseases, such as atopic dermatitis (Naffa et al. 2006,
Adwan et al. 2006, Cho et al. 2009).

The causes of osteomyelitis are multifactorial and
are mainly influenced by local factors related to the
bone lesion and the microorganisms present in the
bone. However, inherited factors and dysfunctions in
cellular immunity may also be relevant (Yoon et al.
1999, Tsezou et al. 2008).
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Schluter et al. (1991) demonstrated that patients
suffering from chronic osteomyelitis exhibited dimin-
ished responses in cutaneous hypersensitivity tests and
reduced phytohaemagghitinin-induced T lymphocyte
proliferation when compared with healthy individuals.
These patients presented with normal serum IgG levels
and normal S. qureus lysate-induced B lymphocyte pro-
liferation, but a reduced CD47/CD8" T cell ratio. Pudil et
al. (1993) also observed a significant reduction in CD4™
T cells in chronic OST patients compared with non-in-
tected individuals (NT).

Other alterations in the immune system have been re-
ported in chronic OST patients, including reduced com-
plement activity, a reduced phagocytic and microbicidal
potential of macrophages and granulocytes and reduced
C3b receptor expression in phagocytes (Hierholzer & Hi-
etholzer 1982, Schluter et al. 1991, Pudil et al. 1993). Fur-
thermore, nitric oxide (NO) production by phagocytes
has been shown to diminish the mortality of rats experi-
mentally infected with S. aureus (Sasaki et al. 1998).

Increased expression of pro-inflammatory cytokines,
such as interleukin (IL)-1, IL -6 and tumour necrosis fac-
tor (TNF)-a, has been reported in OST patients (Kloster-
halfen et al. 1996, Evans et al. 1998). Specitically, cytok-
ines such asIL -6, TNF-u, and IL-4 are directly involved
in the destruction of bone and the regulation of osteoclast
activity in OST patients and, therefore, may play a role in
disease pathogenesis (Pesanti & Lorenzo 1998, Fullilove
et al. 2000, Balto et al. 2001, Marriott et al. 2004).

Because the cellular immune response during chron-
ic staphylococcal osteomyelitis has not been fully char-
acterised in humans, we investigated the contribution of
antigen-induced cellular reactivity, cytokine production
in peripheral blood mononuclear cells (PBMCs) and se-
rum NO levels to disease pathogenesis in chronic staph-
vlococcal OST patients.

SUBECTS, MATERIALSAND METHODS

Study population - Twenty individuals with chronic
staphylococcal osteomyelitis were selected from patients
attending the Municipal Hospital in Governador Vala-
dares, state of Minas Gerais (MG), Brazil, over a period
of eight months. The inclusion criteria were the presence
of S. aureus at the site of infection, the presence of fistu-
las over a less-than-one-year period and bone sequestra
(ie., areas of dead bone tissue) as indicators of chronic
osteomyelitis. The chronic OST group comprised 14
males and six females, with an age range of 10-60 years
(mean, 35 years). In most cases (18/20), the bone infection
was caused by trauma and the most commonly affected
bones were the tibia and femur. The mean hospitalisa-
tion time was 25 days and the average time since the last
acute recurrence was 5.2 months, as assessed by clinical
manifestations (i.e., fever, intense bone pain, presence of
fistulas and purulent secretions). The patients were fur-
ther sub-grouped based on the time since the last acute
recurrence. Considering that chronic osteomyelitis is
defined by some authors as when the infection has been
present for more than one month (Jevon et al. 1999, Bra-
dy et al. 2008, Howell & Goulston 2011) and by others as
an infection lasting longer than six months (Gillespie &

Allardyce 1990, Bansal et al. 1992), we established two
groups of chronic OST patients: eatrly-stage patients (i.e.,
those in which 1-4 months had elapsed since the most re-
cent acute recurrence) and late-stage patients (i.e., those
in which 5-12 months had passed since the last relapse).
The median recurrence time in the individuals was four
months and both the early stage and late stage groups
were composed of 10 OST patients.

The control group comprised 20 healthy volunteers
from the University Vale do Rio Doce (14 men and 6
women), with an average age of 35 years. They were not
suffering from any chronic infection or illness and did
not receive any previous treatment.

The project was submitted to and approved by the
Ethical Committees of University Vale do Rio Doce
(protocol 04/2003). Written consent was obtained from
all participants in the study.

Cell proliferation assay and in vitro cyvtokine produc-
tion - For each assay, 30 mL of peripheral blood from
one or more OST patients and one or two healthy donors
were simultaneously collected in heparinised Vacutainer
tubes. Plasma was separated from whole blood via cen-
trifugation and stored at -20°C until analysis. PBMCs
were isolated from the blood samples using Ficoll-Hy-
paque density centrifugation, as described by Gazzinelli
et al. (1983). Over 95% of the cells isolated from the gra-
dient interface were viable, as detected using Trypan blue
exclusion. PBMCs were cultured in RPMI-1640 medium
(Sigma, St. Louis, MO, USA) supplemented with 1.6% L-
ghitamine (200 mM), 3% antibiotic/antimycotic mixture
(10,000 U/mL penicillin, 10 mg/mL streptomycin and
25 pug/mL amphotericin B, Sigma) and 5% inactivated
normal human serum (Sigma). For in vitro cytokine pro-
duction, the cells were cultured i duplicate in 24-well,
tlat-bottom plates, each well contained 800 pL culture
medium, 100 uL PBMCs (1 x 107 cells/mL) resuspended
in complete RPMI-1640 medium and 100 pL. SEA (1.0
pg/mL). Purified enterotoxin A was obtained from the
Staphylococcus Laboratory (Fundacdo Ezequiel Dias,
Belo Horizonte, MG, Brazil) and prepared as described
by Cardoso et al. (1999). A previously established dose-
response curve was used to determine the optimum anti-
gen and cell concentrations for the assay. In the unstimu-
lated control cultures, 100 uL PBMC suspension (1 x 107
cells/mL) was incubated with 100 pL culture medium
instead of antigen. The cell cultures were maintained
for three days at 37°C in 5% CO, in a humidified atmo-
sphere. Following incubation, the cell-free culture super-
natants were collected and stored at -20°C until analysis.
For the proliferation assays, 25 uL PBMCs (1x107 cells/
mL) in complete RPMI-1640 medium was mixed with
150 pL culture medium and 25 pL. SEA (1.0 pug/mL). All
cultures were carried out in triplicate in 96-well plates
and maintained for three days at 37°C m 5% CO, and a
humidified atmosphere. During the last 6 h of culture,
[H]-thymidine (0.5 pCi/well, Amersham, UK) was add-
ed to each well and after 6 h had elapsed, the cells were
harvested and thymidine incorporation was measured
in a liquid scintillation counter (Beckman, Irvine, CA,
USA). The lymphoceyte proliferation data are presented
as mean counts per minute for each group.
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Cytokine quantitation - A Cytometric Bead Array
(CBA) Kit (Becton Dickinson Biosciences Pharmingen,
San Diego, CA) was used for quantitative analysis of the
cytokine levels. The following cytokines were evalu-
ated, as recommended by the manufacturer: interferon
(IFN)-y, TNF-o, IL-6,IL-4, IL-10 and IL-2. Briefly, 25
uL of culture supernatant or dilutions of the standards
was added to 15 uL of pooled beads and incubated. Af-
ter incubation, the samples and standards were washed
and centrifuged and 20 uL of detection cocktail, consist-
ing of six PE-conjugated mAbs, was added to each tube,
which were then incubated. Following incubation, the
samples and standards were washed again and analysed
using a FACSCalibur flow cytometer (Becton Dickin-
son). A total of 1,800 events/gate were acquired. A cy-
tokine standard calibrator mixture was used for each
assay to extrapolate the cytokine concentrations in the
samples and data analysis was performed using BD Bio-
science CBA software.

Serum NO levels - Serum samples from chronic
OST and NI controls were tested using nitrate re-
ductase. The enzyme was added to the serum samples
and the nitrite content was determined via the Griess
reaction, as described previously (Moshage & Jansen
1998). The nitrite concentrations were determined at
540 nm using an automated ELISA plate reader and the
results are expressed in pM.

Statistical analyses - Statistical analyses were per-
formed using the GraphPad Prism software package
(San Diego, CA, USA). Kruskal-Wallis variance analyses
with a post hoc Dunne’s test were used to compare the
cytokine profiles of the NT individuals and the patients
from the early-stage or late-stage chronic OST groups.
Significant differences (p < 0.05) among clinical groups
are indicated by connected lines. The analyses compar-
ing the cultures in the absence or presence of SEA were
performed using the Mann-Whitney U-test and signifi-
cant differences (p < 0.05 or p < 0.005) are indicated.
The frequency of individuals classified as low and high-
cytokine producers was compiled by establishing the
global mean of each cytokine by taking all values from
NI and OST patients, including data from non-stimulat-
ed and SEA-stimulated in vitro cultures (Fig. 1A) and
classifying each individual as a low or high-cytokine
producer, according to the established cut-off level for
each cytokine (Fig. 1B).

After stimulation with SEA, a change in the frequen-
cy ofhigh producers, either by one (*) or by two quartiles
(**), is indicated in the figures with asterisks.

RESULTS

PBMCs from OST patients secrete higher levels of
INF-0, IL-4 and IL-10 following in vitro stimulation
with S. aureus enterotoxin A - PBMC from OST patients
and NI responded strongly to stimulation with SEA,
demonstrating increased proliferation (Fig. 2). More-
over, in vitro stimulation with SEA induced increased
secretion of TNF-a, IL-4 and IL-10 by PBMCs from NI
and OST individuals when compared with unstimulated
control cultures. Although there was no difference in
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IL-6 production between the unstimulated and stimulat-
ed PBMCs, the IL-6 level in the supernatants of PBMCs
from OST patients was always significantly less than the
level in the supernatants of PBMCs from NI. Addition-
ally, the serum NO levels were significant lower in the
OST patients than the levels in the NI (Fig. 2).

Distinct cytokine profiles during early and late os-
teomyelitic episodes - To evaluate potential differences
between eatly (1-4 months) and late osteomyelitic epi-
sodes (5-12 months) we characterised the cytokine pro-
file of PBMCs after in vitro incubation in either the ab-
sence or presence of SEA. Elevated levels of TNF-o and
IL-4 and decreased levels of IL -6 were observed during
early osteomyelitic episodes, whereas increased levels of
IL-10, IL-2 and IL-6 were indicators of late osteomy-
elitic episodes (Fig. 3).

Establishing the cut-off for low and high cytokine pro-
duction - We established the concept of high and low cy-
tokine production to further understand the cytokine net-
wortk in chronic OST patients. To do so, the global mean
for each cytokine was calculated by taking the entire
range of values obtained for all NI and infected patients.
The global mean level for each cytokine was used to cal-
culate the cut-offs and segregate all patients into either the
high or low-cytokine production groups (Fig. 14).

Increased frequency of high IFN-y, IL-10, IL-6 and
IL-2 producers in the late-stage chronic OST group - To
characterise time-dependent and oscillating changes in
the cytokine profile of PBMCs from chronic OST pa-
tients, the frequency of high-cytokine producers was
evaluated in the presence or absence of SEA. SEA-stim-
ulated PBMCs from late-stage OST patients exhibited
increased production of IFN-vy, IL-10, IL-6 and IL-2 and
were considered “high”-cytokine producers. By contrast,
early-stage OST patients demonstrated increased produc-
tion of TNF-o and IL-4 in response to SEA (Fig. 1B).

Distinct cytokine signatures observed during early
and late clinical episodes - A schematic representation
highlighting the immunological response patterns ob-
served in NI individuals and OST patients is displayed in
Fig. 4. Compared with healthy individuals, the cytokine
profile during chronic osteomyelitis is characterised by
an increased frequency of high producers of TNF-o and
IL-10. However, when the group of OST patients was di-
vided into the early and late-stage groups, different re-
sponse patterns emerged. We detected an increased fre-
quency of high producers of IFN-vy, IL-10, IL-6 and IL-2
in late-stage OST patients, whereas the early-stage OST
group presented with a decreased frequency of high IL-
6-producers and an increased frequency of high TNF-a
and IL-4 producers.

DISCUSION

The manner in which S. aureus interacts with the
host tissues may facilitate invasion and enable it to evade
the host immune response and release toxins throughout
the infection process (Lew & Waldvogel 2004, Howell
& Goulston 2011). In patients with osteomyelitis, various
cellular and humoral immunological deficits have been
demonstrated (Gillespie & Allardyce 1990, Schluter et
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al. 1991, Bansal et al. 1992, Sistermann etal. 1992, Wag-
ner et al. 2003). In addition, experiments by Peters et
al. (1995) demonstrated important alterations in tissue-
derived macrophages, resulting in a significant increase
in anti-inflammatory macrophages.

There are no clear criteria that distinguish acute os-
teomyelitis from chronic osteomyelitis. In general. the
patient is considered cured when he or she does not re-
lapse over a year of follow-up (Dormans & Drummond
1994, Carek et al. 2001, Asensi et al. 2004, 2007).

Today, standard diagnostic procedures to determine
inflammatory activity inclide leukocyte counts, C-reac-
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tive protein (CRP) levels, fibrinogen levels and the blood
sedimentation rate. However, these parameters are non-
specific and can increase after a latent phase of days or
even weeks (Harle 1989, Lew & Waldvogel 2004, How-
ell & Goulston 2011). Other parameters to estimate dis-
ease activity include measuring inflammatory media-
tors. such as the polymorphonuclear neutrophil (PMN)
elastase level or neopterin level in blood and plasma
samples (Peters et al. 1991). To improve upon the current
available diagnostic tests, it is important to understand
the role and dynamics of cytokines during early and late
osteomyelitic episodes.
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Among others factors, osteomyelitic relapses can re-
sult from the persistence of a foreign body, incomplete
surgical debridement of bone sequestra or the duration
and dose of the prescribed antibiotic (Haas & McAndrew
1996, Carek et al. 2001, Lew & Waldvogel 2004). In our
study, all patients were treated and followed by the same
physician and the majority took the same antibiotic (oxa-
cillin). Patients with orthopaedic prostheses did not par-
ticipate in the study. All results were based on the time
since the last osteomyelitic relapse, which allowed us to
establish stratified groups of chronic patients. Chronic
OST patients were divided in early relapsers, who had
a new osteomyelitic episode 1-4 months after the previ-
ous one, and late relapsers, who had a new osteomyelitic
episode 5-12 months after the previous one, with four
months representing the median interval of recurrence
in the patients followed for this study.

Our data showed that serum NO levels were signif-
icantly lower (p = 0.04) in the OST group than in the
healthy controls. In contrast, Asensi et al. (2007) found
higher serum NO levels in OST patients homozygous for
the NOS3 (27-bp repeat, intron 4) polymorphism than in
healthy controls. However, when these authors compared
the serum NO concentration in 65 OST patients carrying
all NOS3 genotypes with healthy controls, they did not
find any significant differences. Their cohort included
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both acute and chronic OST patients who were infect-
ed with different pathogens. In our study, we excluded
acute OST patients and inclided only OST patients with
S. aureus infection, which could explain the discordant
results. Additionally, patients who are homozygous for
the NOS3 polymorphism account for only a small per-
centage of OST patients (Asensi et al. 2007).

We detected significantly lower levels of IL-6 in the
culture supernatants of PBMCs isolated from Stap/y-
lococcus-intected individuals than the PBMCs isolated
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(Fig. 2). In contrast to our results, Asensi et al. (2004)
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levels of pro-inflammatory cytokines (e.g., IL-6, IL-
la, TNF-0) and CRP that they observed. Because we
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ferent phase of infection and the measurement of IL-6 in
the supernatant instead of the serum might have contrib-
uted to the different concentrations reported in our study
and previous ones.
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significantly lower in the culture supernatants of PBMCs
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from early OST individuals than the level from NT indi-
viduals. In addition, when the IL-6 levels were compared
within the same group, PBMCs from early OST patients
produced significantly less IL-6 following stimulation
with SEA when compared with the unstimulated control
cultures. By contrast, PBMCs isolated from late OST
patients demonstrated increased IL-6 following stimu-
lation with SEA. These results reinforce the impact of
on-going chronic disease, together with permanent an-
tigenic stimulation of the immune system, which might
contribute to the differences in IL-6 secretion between
early and late episodes of chronic osteomyelitis.

During a chronic inflammatory process, IL-6 has a
detrimental role that favours mononuclear cell accumu-
lation at the site of injury. IL-6 plays a rather unexpect-
ed role in leukocyte recruitment in vivo. When com-
plexed, IL-6 and IL-6Ru can induce endothelial cells
to secrete IL-8 and monocyte chemoattractant protein
(MCP)-1 and express adhesion molecules. The IL-6/
IL-6Ra complex is directly involved in the transition
of inflam matory sites from a neutrophilic to monocytic
pattern (Romano et al. 1997, Hurst et al. 2001, Marin
et al. 2001).

Neutrophils stimulated with inflammatory cytok-
ines for several hours will selectively produce MCP-1,

but not IL-8. A transition from neutrophil to monocyte
accumulation at the site of inflammation suggests that
there is a progression of events that leads to both mono-
cyte recruitment and apoptotic clearance of neutrophils.
These events may increase the serum IL -6 level and pro-
vide the basis for the amplification step of the chronic
inflammatory process (Jones et al. 2005). Therefore, in
our system of chronic osteomyelitis, the source of the in-
creased IL-6 in the late stage of infection (5-12 months)
might be activated monocytes. In an experimental mod-
el, SEA was shown to bind to both major histocompat-
ibility complex (MHC) class I and class 1T molecules,
inducing IL-6 and TNF-a and activating murine peri-
toneal macrophages. Therefore, both MHC class I and
IT may contribute to an in vivo response to staphylococ-
cal superantigens (Abrahmsén et al. 1995, Beharka et al.
1995). However, this must be addrassed in more detail in
future experiments.

As proposed by some authors (Kaplanski et al.
2003, Gabay 2006), the main event causing the switch
from acute to chronic inflammation is the recruitment
of monocytes to the inflamed area and IL-6 plays an
important role in this transition. Furthermore, the in-
creased production of IL-10 in stimulated PBMCs from
late OST patients suggeasts that macrophages might par-
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Overall cylokine signature triggered upon in vitro SEA-stimulation
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Fig. 4: schematic representation of two distinct cytokine signatures
observed during early and late clinical episodes of chronic staphyvlo-
coccal osteomyelitis. Increased frequency of high interferon (IFN) -y,
interleukin (IL)-10, IL -6 and IL -2-cytokine producersis observed at
the late stage of chronic osteomyelitis, however the early stage is char-
acterized by low frequency of individuals considered high producers
of IL-6 associated with an increased frequency of high producers of
tumour necrosis factor (TNF)-u and IL-4 after stimulation with sta-
phylococcal enterotoxin A (SEA). NI non-infected individuals; OST:
osteomyelitis patients.

ticipate in the down-regulation during the late phase of
chronic osteomyelitis. Additionally, IL-10 can inhibit
the production of IFN-vy, IL-1 and TNF-o (Moore et al.
2001). IL-10 is also produced by different T lympho-
cyte sub-populations, including type I auxiliary T cells
with regulatory activity (Jankovic & Trinchieri 2007).
These data suggest a role for IL-10 in modulating the
late stage of chronic osteomyelitis. Therefore, the shift
towards a regulatory immune response represents a dy-
namic event of pro-inflammatory and anti-inflamma-
tory cytokine release in the transition from early to late
chronic osteomyelitis.

In summary, the early stage of chronic osteomyelitis
was characterised by increased levels of TNF-o and IL-4
and reduced levels of IL-6 in SEA-stimulated PBMCs.
The mixed TNF-o and IL-10 cytokine profile observed
in chronic staphylococcal OST patients was the result of
two distinct cytokine signatures that were observed dur-
ing early and late clinical episodes. Finally, the overall
cytokine signature triggered upon in vitro stimulation
with SEA demonstrates that there is a distinct cytokine
profile for IL -6 during early (1-4 months) and late (5-12
months) chronic osteomyelitic episodes.
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