Staphylococcal toxic shock syndrome
toxin-1 inhibits monocyte apoptosis
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Background: Chronic atopic dermatitis (AD) lesions are asso-
ciated with colonization by exotoxin-producingStaphylococcus
aureus Evidence suggests that cytokine production in AD, par-
ticularly of GM-CSF, prolongs survival of both peripheral

blood monocytes and dermal monocyte-macrophages, the pre-
dominate inflammatory cell in lesions caused by chronic AD.
Objective: We sought to determine whether the staphylococcal
exotoxin, toxic shock syndrome toxin-1 (TSST-1), could stimu-
late prosurvival cytokine production in monocytes and thereby
inhibit apoptosis.

Methods: Cultures of peripheral blood monocytes from nor-
mal donors and subjects with AD were incubated with various
concentrations of TSST-1, and the incidence of apoptosis was
assessed by examining cytospin preparations and the appear-
ance of hypodiploid DNA in the flow cytometer. Culture super-
natants were analyzed for GM-CSF, IL-B, and TNF-a by
ELISA.

Results: TSST-1, in a concentration-dependent manner start-
ing at 0.1 pg/mL, significantly inhibited monocyte apoptosis
and resulted in the production of the prosurvival cytokines
GM-CSF, IL-13, and TNF-a. In coculture conditions with con-
ditioned media from TSST-1-stimulated monocytes, with or
without neutralizing antibody to the various cytokines, the
data show GM-CSF production was responsible for the inhibi-
tion of apoptosis.

Conclusions: The data strongly suggest that staphylococcal
exotoxins known to colonize skin lesions on patients with
chronic AD may induce the production of GM-CSF, resulting

in inhibition of monocyte-macrophage apoptosis, and thereby
contribute to the chronicity of this inflammatory disease. (J
Allergy Clin Immunol 1999;103:895-900.)
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Atopic dermatitis (AD) is a common chronic inflam-

Abbreviations used
AD: Atopic dermatitis
TSST-1: Toxic shock syndrome toxin-1

associated with AD, the underlying mechanism or mech-
anisms for chronic AD remain elusive despite consider-
able investigatiod.Whereas early lesions are character-
ized by dermal infiltration of activated T lymphocytes,
chronic lesions are associated with dermal infiltration of
activated monocyte-macrophagesin situ cytokine pat-
terns are likewise known to vary depending on the acuity
of the AD skin lesions. Acute AD lesions are associated
with a predominance of IL-4, whereas chronic AD
lesions express high levels of IL-5 and GM-C'SF,
cytokines that stimulate and enhance survival of
eosinophils and monocytes, respectively. Recently, cul-
tures of circulating monocytes from patients with chron-
ic AD have been shown to have a reduced incidence of
apoptosis (programmed cell death) when compared with
monocyte cultures from normal individudi$zurther-
more, experiments demonstrated that normal monocytes
incubated with supernatants obtained from AD mono-
cytes exhibited significant inhibition of apoptosis, an
effect that could be ablated by a neutralizing antibody to
GM-CSF. Thus we hypothesize that enhanced survival of
both circulating and lesional monocyte-macrophages
may contribute to the establishment and chronicity of
inflammation. Conversely, apoptosis of effector cells
may contribute to the control or resolution of inflamma-
tion,46-8 and understanding mechanisms governing

matory skin disease, affecting nearly 15% of children.apoptosis may offer new therapies for inflammatory dis-
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syndrome toxin-1 [TSST-1]) has been reported in the
majority of isolates from patients with AB.Staphylo-
coccal exotoxins are known to act as superantigens by
causing marked widespread immune activation, includ-
ing stimulation of monocyte-macrophagésAs such,
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skin inflammation in AD:19Therefore we hypothesized
that TSST-1 could stimulate prosurvival cytokine pro-
duction, particularly GM-CSF production, in monocytes
thereby inhibiting apoptosis.
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FIG 1. Photomicrograph of apoptotic and nonapoptotic normal monocytes after 24 hours of culture in the
absence (A) and presence (B) of TSST-1 (1 ng/mL). Note that apoptotic monocytes (arrowheads) demonstrate
loss of cytoplasm and nuclear condensation (magnification, x100).

METHODS Technology, Sarasota, Fla). Cells were harvested at 24 and 48 hours
e to determine the incidence of apoptosis (see below). Culture super-

Monocyte culture and coculture conditions natants were collected at 24 hours for quantification by ELISA for

All materials, procedures, and study populations have beerhuman (h)yGM-CSF (Endogen, Woburn, Mass), h3,-dnd hTNFe

described in detail previously unless otherwise noted below and hav(R & D Systems, Minneapolis, Minn). “LPS-free” human serum

the approval of the institutional review bodrllonocytes were iso-  albumin was obtained from Intergen (Purchase, NY). Because LPS

lated from normal and chronic subjects with AD and were culturedcan inhibit monocyte apoptosis and result in activation, every effort

in supplemented Dulbecco’s modified Eagle’s medium with humanwas made to minimize exposure to LPS during monocyte isolation,

serum albumin (0.1%) in the presence and absence of TSST-1 (Toxiand assay procedures. Plasticware, and reagents were tested for the



J ALLERGY CLIN IMMUNOL Bratton et al 897
VOLUME 103, NUMBER 5, PART 1

A. Control B. TSST-1
0.1pg/ml

78%

100 101 102 103 104 100 101 102 108 104
_ C.TSST-1 _ D.TSST-1
1 pg/ml | 1ng/ml
] 54% 30%
1_00 101 102 108 104 100 101 102 103 104

FIG 2. Histograms demonstrating apoptotic normal monocytes identified by the appearance of hypodiploid
DNA after 48 hours of culture in the absence (A) and presence of TSST-1 0.1 pg/mL (B), 1.0 pg/mL (C), and 1
ng/mL (D). Percent of cells having undergone characteristic DNA fragmentation is shown for each condition.
Experiment is representative of 6 experiments.

presence of LPS with the Limulus amebocyte lysate kit (Associateng/mL). The monocytes were then incubated at 4°C for at least 2

of Cape Cod, Woods Hole, Mass), which in all cases was less thahours before analysis in the flow cytometer. These measures of apop-

0.1 ng/mL LPS, a level at which inhibition of monocyte apoptésis tosis are highly correlated and have been previously verified by light

or activatiod3 is not readily demonstrated. microscopy of sorted cell populations and DNA agarose gel elec-
For coculture experiments, conditioned media supernatants wertrophoresis demonstrating 200-bp fragmentafi¢tor statistical

harvested from normal monocytes cultured with or without TSST-1comparisons of normal and AD monocyte apoptosis, the natural log

(1 ng/mL) for 24 hours. The harvested media were treated for 6transformation of the percentage of apoptotic cells was used to pro-

minutes with neutralizing antibodies to TSST-1, with or without duce a more normal data distribution. A repeated-measures ANOVA

neutralizing antibody to hGM-CSF, hILBl and hTNFe (Gen- and Fisher’s protected multiple comparisons procedure were used at

zyme, Cambridge, Mass) singly or in combination used at approxi-P values of less than .05 to determine significant differences.

mately 2- to 5-fold excess. Conditioned media were then treate:

with 50 L of protein G agarose beads (Pharmacia Biotech, Piscat

away, NJ) for 30 minutes at 4°C for the removal of antibodies byRESULTS

centrifugation. Conditioned media was then diluted 1:1 with fresh As has been prev|0us|y Shown, perlphera| blood

media for culturing with freshly isolated normal monocytes for 24 monocytes from normal donors undergo apoptosis over

hours. 48 hours when placed in cultures without stimulafion.

Apoptotic cells can be distinguished from nonapoptotic

cells by their shrunken appearance, with marked loss of
The incidence of_ apoptosis at 24 and 48 hours was determined kcytoplasm and nuclear condensation (Fig\l,,and by

2 methods: analysis of morphology (forward vs side sca@l — peir diminished forward and side scatter in the flow

examination of the appearance of degraded hypodiploid DNA byC tometer. These morpholodic changes are accompanied
flow cytometry. For the determination of hypodiploid DNA, mono- Yy ’ P 9 g P

cytes were pelleted, washed, and resuspended in PBS (pH 7.4),whi¢by the appearance O.f. ffagme”ted' h.ypodlplmd DNA
was then brought to 80% ethanol. The cells were then held at —20°detected by permeabilization and staining of the cells
overnight and then were pelleted, treated with 200 ng/mL RNase AVith propidium iodide? Importantly, the addition of

for 30 minutes at 37°C, and stained with propidium iodide (500 TSST-1 to cultures significantly inhibited the percentage

Determining the incidence of apoptosis
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FIG 3. TSST-1 inhibits apoptosis of cultured monocytes. Mono-
cytes from normal subjects (NL, n = 7) and subjects with AD (n = 100 -
7) were cultured for 24 hours in the presence and absence of var-
ious concentrations of TSST-1. The incidence of baseline apopto-
sis was significantly less in chronic AD monocyte cultures than
normal monocyte cultures (means of 18.9% and 28.3%, respec- i
tively, P<.01). A significant concentration-dependent inhibition of ] ——

apoptosis was seen in both groups, and the response of normal

cultures was of greater magnitude and slope than the response of
AD cultures (interactive effect), as determined by repeated-mea-
sures ANOVA (P < .02). Data are represented as means + SEM.
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of cells undergoing apoptosis in a concentration-depen
dent manner (Figs B, and 2). This effect on normal

monocytes was evident with the addition of TSST-1 at

concentrations as low as 0.1 pg/mL, at which the degre: 20 -

of inhibition of apoptosis was similar to that seen in base-

line cultures of monocytes from patients with chronic AD i i -
) ” / > o 0l

after 24 hours of incubation (Fig 3). Similarly, addition
of TSST-1 to monocytes from patients with chronic AD Apg  1pg  10pg
significantly decreased the incidence of apoptosis in ¢

40 7

.ing 1ng 10ng
TSST-1 /mL

concentration-dependent manner starting at 100 pg/Mlgg 4, Cytokine production at 24 hours by TSST-1-treated mono-
(Fig 3). The response to TSST-1 was significantly lesscytes. Cytokines were measured in supernatants harvested after
(rate and magmtude) in AD monocytes Compared Wwith24 hours of incubation with various concentrations of TSST-1 as
normal monocytes at 24 hOUE{ _02)1 suggestlng pos- indicated. For each data set, asterisks note significant differences

. . (P < .05) from control cells incubated in the absence of TSST-1, as
sible prior exposure of AD monocytes to TSST-1. determined by a univariate repeated-measures ANOVA and

Because GM-CSF is known to reduce monocyte AaPOPTukey’s multiple comparisons procedure. Data are represented as
tosis and is elevated in ABits production was measured means + SEM (n = 4 to 7 donors).
after 24 hours’ incubation of normal monocytes with
TSST-1. As predicted, TSST-1 induced GM-CSF produc-
tion in a concentration-dependent manrer<(.001), excess) singly and in combination were added with
with detection starting at 0.1 pg/mL TSST-1 (Fig 4). TSST-1 to freshly isolated normal monocytes. In no case
Because delayed apoptosis of peripheral blood monowas the incidence of apoptosis restored to control
cytes can also be shown in response to stimulation wittl(unstimulated) levels, suggesting the possibility of ongo-
TNF-a and IL-13,12 both were measured after treatment ing autocrine or paracrine stimulation. Furthermore, inhi-
of cultures with TSST-1. As with GM-CSF, both TN  bition of apoptosis was even more pronounced with the
and IL-13 were produced in a concentration-dependentantibody additions, probably because of stimulation of
manner (Fig 4). the monocytes through the Fc receptor. Thus we resorted
In an attempt to determine which of the cytokines wasto coculturing of fresh normal monocytes in conditioned
mediating the prosurvival effect of TSST-1, neutralizing media harvested from previously isolated normal mono-
antibodies to the various cytokines (at 2- to 5-fold cytes after 24 hours’ incubation with TSST-1.
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FIG 5. Histograms demonstrating apoptotic cells identified by hypodiploid DNA after culture of monocytes in
conditioned media from previously isolated monocytes treated with TSST-1 (1 ng/mL) for 24 hours. All har-
vested supernatants were treated with neutralizing antibody to TSST-1, with or without neutralizing antibody
to the indicated cytokine, and then added to fresh monocytes and incubated for 24 hours (see Methods sec-
tion). Experiment is representative of 3 experiments.

TSST-1 was removed from the conditioned media bytion.14-16 Such findings in peripheral blood monocytes
the addition of neutralizing antibody to TSST-1, and sim-are reflected in lesional ski:18 Monocytes are also
ilarly the cytokines were variously removed with neutral- capable of producing a variety of cytokines, including
izing antibodies. The antibodies were then removed wittGM-CSF, IL-13, and TNFe, which have been shown to
protein G, and the conditioned media was added to frestdecrease monocyte apoptosis in vité3.Our previous
ly isolated monocyte cultures. As shown in Fig 5, cultur-work suggests that GM-CSF in particular plays a pivotal
ing of monocytes with prepared conditioned media fromrole in the inhibition of monocyte-macrophage apoptosis
TSST-1-treated monocytes resulted in inhibition ofin chronic AD# The current data extend these observa-
apoptosis compared with untreated control cultures (24%ions and support the hypothesis that exotoxins produced
vs 40%). Of note, the addition of neutralizing antibody toby S aureudnitiate production of GM-CSF, as well as
GM-CSF (Fig 5,C) inhibited this effect of the condi- the other prosurvival cytokines. As such, TSST-1, acting
tioned media by restoring the incidence of apoptosisas a superantigen, may contribute to the chronicity of
(42%), whereas neutralizing antibody to THFand IL-  AD. Previous reports confirm TN&-and IL-13 produc-
1B showed only minor effects. Thus the data demonstrattion in response to superantigen stimulation of mono-
that TSST-1 inhibits monocyte apoptosis by the produccyte-macrophages but also potentially with stimulation
tion of prosurvival cytokines, the most important of of other HLA-DR—expressing cells found in AD skin

which is GM-CSF. lesions (Langerhans’ cells and keratinocy#?To our
knowledge this is the first report of GM-CSF production
DISCUSSION by human monocytes in response to staphylococcal exo-

toxin,21and it draws a parallel with that seen with super-
Peripheral blood monocytes are a useful tool in invesantigen activation of T cel
tigating the inflammatory events of AD. Earlier reports  In addition to prolonging monocyte survival, the pres-
have shown that AD monocytes produce increaseence of GM-CSF may be required to upregulate the low-
amounts of PGEand IL-10, cytokines that result in a affinity IgE receptor on monocyte-macrophages, which
shift to a T, pattern of cytokine production, with is necessary for IgE-mediated monocyte activatfoim.
decreased IFN-production and enhanced IL-4 produc- turn, demonstrable increases in IB-and TNFe pro-
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duction by monocytes have been found in response to.

IgE stimulation24 Finally, it has been shown that

although IL-4 promotes monocyte apoptosis, this effect®

is abrogated by GM-CS#25

Such a scenario places both colonization of AD skin
lesions with exotoxin-producin@ aureusand IgE-
mediated activation at the center for the prosurvival
cytokine production necessary for the perpetuation o
AD. Ongoing studies are directed at further dissectior

of the role of these inflammatory events. In conclusion 3.

although the underlying mechanisms for initiation and
perpetuation of AD inflammation remain elusive, our
data suggest that staphylococcal exotoxins contribute t,,
the chronicity of AD by stimulating GM-CSF and other
prosurvival cytokines’ production, resulting in both
monocyte activation and inhibition of monocyte apop-
tosis.

We thank David McCormick, MS, for assistance with statistical
analysis and Brenda Sebern for secretarial support in preparation
the manuscript.
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