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Induction of Human Interleukin-1
by a Product of Staphylococcus aureus

Associated with Toxic Shock Syndrome

Takashi Ikejima, Charles A. Dinarello, D. Michael Gill,
and Sheldon M. Wolff
Department of Medicine, Division of Experimental Medicine, and
Department of Molecular Biology and Microbiology, Tufts
University School of Medicine, Boston, Massachusetts 02111

Abstract. Certain strains of Staphylococcus au-
reus associated with toxic shock syndrome elaborate ma-
terial that induces human blood monocytes to secrete
interleukin- 1 (IL- 1). IL- I was detected both by its ability
to cause fever in rabbits using the leukocytic pyrogen (LP)
assay and by its mitogenic activity towards thymocytes
in the so-called lymphocyte-activating factor (LAF) assay.
Anti-human IL- 1 prevents the manifestation of both ac-
tivities. Filtrates of control strains of S. aureus manifest
neither activity. Thus, culture filtrates derived from toxic
shock syndrome (TSS)-associated strains cause biphasic
fever in rabbits when injected intravenously. The fever
lasts several hours. Plasma taken at the peak of the fever
and injected into a second set of rabbits produces a brief
monophasic fever typical of LP. Further, human mono-
cytes release LP when incubated with TSS filtrates in
vitro. The monocyte products also stimulate the prolif-
eration of mouse thymocytes in the presence of phyto-
hemagglutinin in a manner characteristic of LAF. A bac-
terial filtrate is much less effective without an intermediate
incubation with monocytes. The stimulation of monocyte
IL- 1 production is easily quantified, provides a simple
method of assaying the TSS toxin, and since it involves
human cells, is directly relevant to the human disease.
The assay was used to monitor the purification of TSS
toxin. Only 0.1 ng/ml of the purified material is required
to induce monocyte IL- 1 production. It is thus more
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potent than endotoxin. In contrast to endotoxin, its effect
is not blocked by polymyxin B.

Weconclude that in TSS the sudden fever and prob-
ably other components of the acute phase response may
be attributed to a massive release of IL- 1.

Introduction

Toxic shock syndrome (TSS)' (1) has been attributed to certain
strains of Staphylococcus aureus that colonize the vagina or
other areas. Some of the signs and symptoms of TSS, which
include fever, rash, hypotension, vomiting, and diarrhea, appear
to be caused by toxins rather than by a bacteremia. Two can-
didates have been considered as likely mediators of the syndrome,
namely pyrogenic exotoxin C (PEC) (2-4) and Staphylococcal
enterotoxin F (5). These now appear to be identical proteins
(6, 7) and the enterotoxin F name has been withdrawn (7). The
capacity to produce PEC is a common property of S. aureus
strains recovered from TSS patients, but the exact role of the
toxin in human disease has not been established. Hitherto, PEC
has been assayed by its ability to cause fever in rabbits (2-4),
by its ability to induce emesis and diarrhea in monkeys (5), or
by its lethality, but there is no complete animal model for TSS.
Thus, there is no way of gauging the human relevance of the
animal studies. For this reason and others, we have chosen to
assay staphylococcal pyrogens using a human system, namely
the production of interleukin- 1 (IL- 1) by human blood mono-
cytes. IL-1 is a single substance, or a closely-related group of
substances, that has been known by different names according
to the different assay systems employed (8-1 1). When assayed
by the production of fever, it has been known as endogenous
pyrogen or leukocytic pyrogen (LP) ( 12) and when assayed by
its ability to promote the proliferation of thymocytes, as lym-
phocyte-activating factor (LAF) (13). It is synthesized by and
released from mononuclear phagocytes following their exposure
to endotoxin, bacteria, and various substances that induce in-

1. Abbreviations used in this paper: BHI, brain heart infusion; IL-1,
interleukin-1; LAF, lymphocyte-activating factor, LP, leukocytic pyrogen;
MEM, minimal essential medium; PEC, pyrogenic exotoxin C; PHA,
phytohemagglutinin; TH, Todd-Hewitt; TSS, toxic shock syndrome.
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flammation (14, 15). Its production continues long after the
removal of the inducing agent. Since IL- I production is required
for the generation of fever, regardless of the nature of the ex-
ogenous pyrogenic stimulator, we anticipated that it might be
involved in the fever of TSS, and we now show this to be the
case. Wedemonstrate that TSS-associated bacteria produce ma-
terial that induces IL-I as measured in both the LP and LAF
assays. The LAF assay is much the simpler method of estimating
IL- I and is now convenient to use as a routine measure of TSS
toxin. Other staphylococcal products also induce IL- I production
when present in relatively high concentrations or after prior
antigenic exposure. The TSS toxin, however, is so active in
stimulating IL-I production that it can be detected even when
the interfering compounds have been diluted to ineffective levels.

Methods

Materials. Brain heart infusion (BHI) and Todd-Hewitt (TH) powders
were obtained from Difco Laboratories, Inc., Detroit, MI. They were
dissolved in pyrogen-free water and autoclaved. Phytohemagglutinin-P
(PHA) was from Burroughs Wellcome Co., Research Triangle Park,
NC. National reference RE-2 Escherichia coli endotoxin was kindly
provided by the Bureau of Biologics, Bethesda, MD. Anti-human IL-I
was prepared and assayed as described before (16, 17).

Staphylococcal strains and growth. The following organisms were
kindly provided by Dr. Pickrum and Dr. Stone (Proctor and Gamble
Co., Cincinnati, OH): strain Mn-587 (3) which was a vaginal isolate
from a TSS patient and reported by the Centers for Disease Control,
Fri- 1 169 which was a vaginal isolate from another TSS patient ( 18), the
Harrisburg strain which was isolated from a patient with Kawasaki's
disease (2), and four strains, SA- I 1, SA- 12, KA- 1042-5VW, and SA-
1052-8VW which were isolated from the vaginal flora of normal women.
The strains designated by letters in Table I and strain 1830 were provided
by Dr. Steven Schutzer. A-D were from normal women while E and
F were from TSS patients. Strain 1830 was isolated from a mixed infection
of a wound in a male and produces Staphylococcal enterotoxin F (19).
All bacteria were grown in BHI broth, and for Table I also in TH broth,
aerobically with shaking, usually for 24 h at 370C. Bacteria were removed
by centrifugation and the culture supernates were filtered through 0.2
,um Nalgene filters (Nalge Co., Rochester, NY).

Induction offever in rabbits. Diluted filtrates were injected into lateral
ear veins of New Zealand white female rabbits weighing 1.8-2.5 kg.
Core (rectal) temperatures were monitored at intervals of I min using
YSI 401 flexible thermistors (Yellow Springs Instrument Co., Yellow
Springs, OH) and were recorded on a DR-lA Digistrip II apparatus
(Kaye Instruments, Inc., Bedford, MA). Details of the housing of rabbits
and of the rabbit pyrogen test have been reported elsewhere (20).

Passive transfer of LP. Heparinized rabbit blood was collected from
an ear artery using a 19 gauge needle. The plasma was separated and
stored for 24 h at 40C. It was then injected into the ear veins of recipient
rabbits who each received a bolus of 10 ml of plasma prewarmed to
370C. Their rectal temperatures were recorded for 3 h.

Production ofhuman LP in vitro. Heparinized fresh blood from male
volunteers was fractionated using Ficoll-Hypaque. The mononuclear
cell layer was diluted and centrifuged at 400 g for 10 min, and the cells
were washed three times in isotonic saline. The cells were counted in
a Coulter counter (Coulter Electronics Inc., Hialeah, FL) and adjusted
to 5 X 106 cells/ml in minimal essential medium (MEM) containing 2

mML-glutamine plus 100 U/ml penicillin, 100 Ag/ml streptomycin,
and 0.01 MHepes buffer, pH 7.4. A portion, 5 ml, of the monocyte
suspension, in 25 cm2 plastic flasks (Falcon Plastics, Oxnard, CA), was
stimulated by the addition of 100 ,l of a 50-fold dilution of a filtered
S. aureus culture filtrate and the cells were incubated at 370C in a 5%
CO2 incubator for 24 h. The supernatant obtained by centrifugation at
1,000 g for 20 min was assayed by intravenous injection into rabbits
whose rectal temperatures were then recorded every minute (16).

Production of LAF in vitro. A monocyte suspension, as above, was
supplemented with 1% heat-inactivated male human AB serum and
distributed in 1-ml portions to 16 mmdiameter wells of 24-well tissue
culture plate (Flow Laboratories, Inc., Hamden, CT). These were in-
cubated at 370C in 5% CO2 for 2 h. The supernatants were removed
by aspiration and the adhering cells were washed three times with warm
MEM. S. aureus culture filtrates of E. coli endotoxin diluted in MEM
were added (1 ml) to the cells. After incubation at 370C for 24 h, the
monocyte culture supernatants were collected, centrifuged, and dialyzed
against RPMI 1640 medium with L-glutamine (Gibco Laboratories,
Grand Island, NY) at 4VC for 24 h.

In one experiment, murine macrophages obtained by lavage of the
peritoneal cavity were used in place of the human monocytes. They
were washed three times with Hanks' balanced salt solution (HBSS),
counted, suspended at 5 X 106 cells/ml in MEM, and stimulated with
toxin as above.

LAF assay. Murine thymi were removed from female C57 BL/6J
mice and were teased apart in HBSS (15). Cells were filtered through
nylon mesh, then washed three times by centrifugation (300 g, 10 min)
in HBSS, and adjusted to 5 X 106/ml of RPMI containing 5% heat-
inactivated fetal calf serum (Hyclone Laboratory, Logan, UT), 50 JAM
mercaptoethanol, 100 U/ml penicillin, 100 Mg/ml streptomycin, and
0.01 M Hepes, pH 7.4. 100 ul portions of this cell suspension were
added to each well of a 96-well microtiter plate (Nunc, Roskilde, Den-
mark) and incubated with PHA (1 ,g/ml) and 100 Ml of the monocyte
supernate to be tested, appropriately diluted in RPMI with 5%fetal calf
serum. After 48 h at 37°C, every well was pulsed for a further 24 h
with 1 MCi of tritiated thymidine (6.7 Ci/mmol; NewEngland Nuclear,
Boston, MA). DNA was collected on glass fiber filter paper using a
"MASH" cell harvester (Microbiological Associates, Walkersville, MD)
and counted by liquid scintillation.

Results

Demonstration of a circulating endogenous pyrogen in rabbits.
When the culture supernatant of a TSS-associated strain of S.
aureus (Fri- 1 169) was injected intravenously, individual rabbits
responded with a biphasic febrile response that is typical of
many exogenous pyrogens (Fig. 1 A). The temperature was el-
evated by 0.5-0.8°C at 1.5 h after injection, then fell before
increasing to a major fever peak (1.2-1.7°C) around 4 to 5 h
postinjection. Other TSS-associated strains (Mn-587, 1830,
Harrisburg, E and F) produced similar patterns of temperature
elevation (not shown). However, the supernatant of a non-TSS
strain (SA- 11) did not induce a significant febrile response at
any time after injection.

Plasma obtained 1.5 h after the injection of Fri- 1 169 culture
filtrates was not pyrogenic when injected into other rabbits.
However, plasma collected after 3 h produced small fevers in
recipient rabbits while plasma collected after 5 h elevated the
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Figure I (A) Individual febrile responses of rabbits injec
staphylococcal culture filtrates. Each rabbit received 1.2
containing 2% of the filtrate of TSS strain Fri-l 169 or c

SA-I I grown in BHI. (B) Passive transfer of circulating
Plasma, 10 ml, obtained from rabbits in A at 5 h was ii
row) into recipient rabbits. The curves each represent ti
sponses of five rabbits.

recipients' body temperatures within 20 min and in
LP fevers with a mean peak of about 0.70C oo
min. Plasma collected 5 h after injection of a filtra
TSS SA-l1 filtrate did not induce any fever in re

1 B).
Pyrogenic tolerance to TSS-associated culture,

creased severity has been reported with subsequ
TSS (21) suggesting that resistance or tolerance d
gressive development of tolerance is a characteristic
or animal response to several other exogenous p

To see whether this applied to the TSS toxin, rabbits were injected
daily with culture filtrates from the TSS strain Fri-i 169. As
shown in Fig. 2, the rabbits became somewhat less responsive
to the filtrate after the third injection. After seven injections,
the TSS-tolerant rabbits were challenged with human LP to test
their abilities to respond to an endogenous rather than an ex-
ogenous pyrogen. They developed typical LP fevers.

Induction of human LP in vitro. Humanmononuclear cells
were incubated with filtrates of TSS-associated strain Fri-i 169
and non-TSS strain SA- 1 to test for the production of LP in
vitro (Fig. 3). After 24 h of incubation, the supernatants were
injected into rabbits. Supernates of monocytes stimulated with
Fri-l 169 filtrate produced typical monophasic LP fevers with
peak temperature increases 40-50 min after injection. For com-
parison, Fri-l 169 filtrate which had been heated to 1000C for
20 min was unable to stimulate LP production, as was the
filtrate from a non-TSS strain (Fig. 3).

Induction of LAF by S. aureus culture filtrates. The ability
of staphylococcal filtrates to induce LAF production was in-
vestigated next. We have prepared monocytes from six male

"r_ - donors with entirely consistent results, but to eliminate the
4 5 6 quantitative differences between preparations, each set of assays

was performed with parallel samples of the mononuclear cells
from a single donor. This allowed us to compare simultaneously

Fri- 1169 the filtrates of several strains of S. aureus at various dilutions
-----SA ti and with various controls. Likewise, we used a single thymocyte

preparation for each experiment which allowed reliable com-
parisons to be made, even though the thymocyte response varies
between experiments. This variation (which is commonly re-
ported) can be seen by comparing the scales of Figs. 4-7.

------- A series of controls, run in parallel, is shown in Fig. 4 A.
The PHA background marked with a dashed line represents
the extent of thymidine incorporation into thymocytes supplied

80 only with monocyte culture medium. The medium from mono-

cytes incubated alone gave a background only marginally greater
than the PHAbackground; thus, any significant increase over

fted with this level really represents induction of IL, 1. The twofold increase
! ml of MEM obtained by using a medium from monocytes incubated with
control strain BHI broth alone was about the same as that induced by 0.03-

njected (ar- 0.3 ng/ml (final concentration) of endotoxin. It may represent
he mean re- this level of contamination of the BHI broth by endotoxin since

the effect was blocked by polymyxin B, an antibiotic known to
inhibit IL- l induction by endotoxins (23). Weavoided any com-
plication from endotoxin contamination in subsequent exper-

iduced typical iments (including Figs. 5-7 and Table I) by routinely including
curring at 42 polymyxin B in the monocyte culture medium. The amount

Lte of the non- of polymyxin B used had no apparent effect on the IL-l induction
,cipients (Fig. by TSS toxin. None of the control strains of bacteria increased

IL- production significantly more than the medium itself. In
filtrate. A de- contrast, filtrates of the two S. aureus strains associated with
lient bouts of TSS (Mn-587 and Fri-1 169) dramatically increased the LAF
levelops. Pro- response (Fig. 4 B). In the case of the Fri-l 169 strain, the response
of the human was still significant when the filtrate was present with the mono-

)yrogens (22). cytes at only 0.01% (vol/vol).
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Figure 2. Development of pyrogenic
tolerance to the TSS-associated
toxin. Each of four rabbits was in-
jected every day for 7 d with Fri-
1 169 filtrate, as in Fig. 1 A, and rec-
tal temperatures were recorded. On

_________________ the seventh day, the injection of
bacterial filtrate was followed after 3

p h by the intravenous injection of 2
ml of a standard preparation of hu-

_ man IL-l to check that the rabbits
were still sensitive to IL-1. The IL-1
was prepared by incubating human

2 3 4 5 6 h monocytes with heat-killed, washed
4 S. epidermidis.

During the LAF assay, there is a small carry-over of bacterial
products from the monocyte incubation to the thymocyte cul-
ture. To control against direct effects of bacterial products upon
the thymocytes, we set up incubations using bacterial filtrates
that had been appropriately diluted into monocyte medium but
had not been incubated with monocytes. The thymocyte cultures
did display a limited response to the bacterial products them-
selves at concentrations of 1% (Fig. 4 B). The same level of
response persisted when IL- 1 in the monocyte supernates was
neutralized with an anti-human IL- 1 serum. In both of these
cases, it is most likely that the thymocytes were responding to
murine IL- 1 synthesized by a few macrophages present in the
thymocyte preparations. Murine IL- 1 is not neutralized by anti-
human IL-1. In support of this explanation, we showed separately
that the Fri-l 169 filtrate does indeed induce mouse macrophages
to release LAF; this effect was maximal with about 0.2% filtrate
while higher concentrations diminished the response (Fig. 5).
The diminution may be related to our observation that high
concentrations of TSS filtrates caused the macrophages to assume
peculiar morphologies and to detach from the plastic surfaces
of the culture dishes. On occasion, there was a similar inhibition

NON-TSS TSS TSS
( Hea - inactivated )

Figure 3. Production of LP in vi-
tro. Human monocytes were stim-
ulated with 2% filtrate of SA-1 1
(non-TSS), 2% filtrate of Fri-l 169
(TSS), or 2% filtrate of Fri-l 169
that had been heated at 100°C for
20 min (TSS heat-inactivated). Su-
pernates of the monocytes, 1.2 ml,
were injected into three rabbits.
The bars represent mean (±SEM)
peak fever which occurred within
60 min of the injections.

of the human monocyte response by high concentrations of
bacterial filtrate, but the inhibition and associated morphological
changes are less evident with human monocytes than with mouse
macrophages. The human monocyte response usually increases
monotonically to at least 2% bacterial filtrate in the monocyte
culture, as in Fig. 6.

Table I summarizes further information on these and other
bacteria, making totals of five positive and eight control strains.
The clear conclusion is that there is a tight correlation between
TSS association of the bacteria and their ability to stimulate
the production of IL-l measured by either fever production or
LAF activity. In addition, a wound-associated strain known to
produce the toxin was positive in the IL-1 assays. There are a
few peculiarities in the relative LP and LAF activities; for ex-
ample, the filtrates of strains E and F are similar in their LAF-
producing abilities but are very different in the fever assay. Such
peculiarities suggest complexities worthy of further study. We
have found throughout that the Harrisburg strain is a relatively
poor producer of the TSS toxin although it has been much used
as a source of PEC.

Purified TSS toxin. Wehave begun to optimize the pro-
duction and purification of TSS toxin by Fri-l 169 bacteria by
using the LAF assay as our measure. A time course of toxin
production is shown in Fig. 7. Production was complete by the
stationary phase and the formed toxin seemed to be stable in
the culture medium during the declining phase of growth. It is
convenient to use 18-24 h incubations. Both BHI and THmedia
are satisfactory.

Our purification procedure involves precipitation with am-
monium sulfate and column chromatography on ion exchange,
gel filtration, and dyematrix affinity media. At each stage, active
fractions were identified by incubation with monocytes and
were then pooled. Full details will be published elsewhere (Ike-
jima, T., C. A. Dinarello, and D. M. Gill, manuscript in prep-
aration). As shown in Fig. 8 B, our current product is an almost
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Figure 4. LAF activity of stimulated
monocytes. (A) Controls. Monocytes
were incubated for 24 h with endotoxin
or staphylococcal filtrates at the con-
centrations shown. Monocyte culture
supernatants were incubated with
mouse thymocytes at 1:20 dilution. The
bars record the extent of subsequent
thymidine incorporation into the thy-
mocytes (±SEM). PHAbackground
(bkg), incorporation with PHA only,
without monocyte supernatant; BHI
background (bkg), the monocytes were
incubated with BHI medium alone. (B)
Positive filtrates. The conditions were
similar to those in (A) except that,
where shown, the bacterial filtrates were
incubated with monocyte culture me-
dium, without cells, and were then di-
luted into the thymocyte cultures. In
other cases, anti-IL-1 was mixed with
the monocyte supernatants at a final
concentration of 1% before addition to
the thymocyte cultures. c/m, counts per
minute.

homogeneous protein of M, - 30,000. For comparison, Fig. 8
B also shows the gel pattern of the starting material. Dose-
response curves for the crude and purified materials were gen-
erated simultaneously by using the monocytes of a single donor.
Significant IL-I production was observed with as little as 0.1

ng/ml of the purified material (Fig. 8A). As with the crude
material, the purified toxin had much less effect if it was not
incubated with monocytes, and as before, this apparent direct
effect upon the thymocytes may be due to the stimulation of
mouse macrophages among the thymocytes.
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Discussion

The experiments described show that two strains of S. aureus
isolated from patients with TSS produce a toxin that induces
the synthesis and release of IL-l. IL-i production in vivo was
demonstrated by the presence of endogenous pyrogen in the
circulation of rabbits that had been injected with culture filtrates
of TSS bacteria. Similarly, production of IL-I in vitro was shown
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Figure 6. IL-1 production by human monocytes stimulated with Fri-
1169 filtrate, as in Fig. 5. bkg, background; c/m, counts per minute.

by: (a) measuring the production of LP by human mononuclear
cells incubated with filtrates, and (b) by measuring the production
of LAF from both adherent human monocytes and murine
peritoneal macrophages incubated with filtrates. Anti-human
IL- 1 was used to confirm that the material produced by the
monocytes was in fact IL-1. To our knowledge, this is the first
demonstration that human IL- I is induced by material derived
from TSS-associated S. aureus. Hitherto, lethality for monkeys
and rabbits and pyrogenicity for rabbits have been the measures
of the biological activity of TSS bacterial products. Obviously,
these are not the most relevant assays. In particular, they may
fail to reveal any unique sensitivity of human cells for the toxin,
which seems a reasonable possibility given the marked febrile
and inflammatory nature of the disease.

The demonstration of IL-I production may be important
in explaining the pathogenesis of TSS. IL-I is presently con-
sidered to be either a single polypeptide or a family of closely-
related polypeptides which mediates several components of the
acute-phase response to infectious, inflammatory, and immu-
nological diseases (10-12, 14, 15). IL-I was originally identified
as endogenous or leukocytic pyrogen but the properties of LP
have recently been found to be indistinguishable from those of
leukocytic endogenous mediator and LAF. Thus, it is now prob-
able that a variety of activities of stimulated phagocytes are all
properties of the same molecule or of a set of closely related
molecules. Among these activities are the modulation of lym-
phokine production and lymphocytic reactivity attributed to
LAF, and neutrophilia, hypo-ferremia, and acute phase protein
synthesis, which are attributed to leukocytic endogenous me-
diator (15). Thus, the formation and effects of IL- I may explain
much of the pathogenesis of TSS. Moreover, it seems that IL-
l's actions on various cells may all be mediated by an increase
in arachidonic acid. Such an increase is followed by increases
in the amounts of prostaglandins and leukotrienes (24), both
highly active substances that are likely to contribute to other
aspects of the syndrome, such as diarrhea and hypotension (25).

The potency of the toxin may contribute further to our
understanding of the pathogenesis of TSS. The pyrogen appears
to be a protein and may be related, if not identical, to the toxin
described by others (2-7). The material which we have purified
is effective at as little as 0.1 ng/ml and represents most of the
activity in the crude filtrate. It is thus more potent than en-
dotoxin.

In our initial experiment, we found that unused bacterial
growth medium induced a small but real IL-I production that
was sensitive to polymyxin B and was therefore most probably
due to contaminating endotoxin. Such contamination was not
surprising since endotoxins are ubiquitous and are not readily
destroyed by autoclaving (26). In subsequent experiments, we
included in the monocyte medium polymyxin B, a cationic
antibiotic which prevents endotoxins from inducing IL- I both
in vivo and in vitro (23, 27). Since polymyxin B did not affect
the ability of the culture filtrates from TSS strains to induce
IL- 1, it is clear that the biological activity of TSS-derived material
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Table I.

Culture medium: Todd-Hewitt Brain-heart

Peak febrile response (gl/kg)* LAF activity (%)t

Filtrate concentration: 36 12 0.1 0.02 0.1 0.02

Medium 0.0; 0.0; 0.0 3 3

Control strains
A 0.1; 0.1; 0.1 3 3 3±1 4±1
B 0.4; 0.0; 0.0 3 2 5 5±1
C 0.1; 0.0; 0.0 2 2 4±1 3
D 0.0; 0.0; 0.2 0.0; 0.0; 0.0 2 2 5±1 4±1

TSS-associated strains
Fri-1 169 0.7; 1.6; 1.4 47±6 24±4 56±3 39±2
Mn-587 1.1; 0.7; 0.0; 1.3; 0.3 0.1; 0.1; 0.1 19±2 4±2 28±2 12±1
Harrisburg 0.5; 0.7; 0.8 26±4 24±2 38±4 26±4
E 2.4; 1.5; 1.8 36±5 21±4 45±5 31±2
F 0; 0.3; 0.4 35±5 17±2 32±1 32±2

Wound-associated strain
1830 1.4; 1.1; 1.9 46±3 46±3 65±4 53±4

* Peak fevers, degrees Celius, or individual rabbits. t Tritiated thymidine incorporated into thymocytes incubated with medium of monocytes
(1:20 dilution) that had been exposed to filtrates at the concentrations shown. Data are expressed as mean counts per minutes X 10-3 (±SD) of
triplicate samples. SD < 1 are omitted.

can be separated from that of endotoxin. This is an important
point since endotoxins have been the most potent known pyro-
gens and stimulators of the acute phase responses in humans
(28, 29).

Filtrates from TSS-strains induced biphasic fevers in rabbits
similar to those induced by some other exogenous pyrogens
(22). The major fever that occurred after several hours was
prolonged and endogenous pyrogen was shown to be present

60.000
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Fi 40,000T

-J-
I-
14CL - ~~~~~~~~~~~20,000

Monocyte bkg
-- --.- -~~~~~~~~~~* -PHA bkg

10 20 30 40 50 60
INCUBATION TIME (h)

Figure 7. Toxin production and growth of Fri-i1 169 bacteria. IL-lI
was estimated as in Fig. 5. Particle counts were calculated as 108
x OD650. bkg, background; c/m, counts per minute.

at its peak. In addition, there was an earlier febrile peak, 1.5-
2 h after toxin injection, that was apparently not associated
with circulating endogenous pyrogen and may represent a direct
effect of the toxin on the thermoregulatory center. Since a plasma
taken after 1.5-2 h produced no febrile response in recipient
rabbits, it seems likely that the injected toxin had already been
cleared from the circulation. Other exogenous pyrogens are also
rapidly cleared following intravenous injection. They can be
found then in the cells of the reticuloendothelial system (22),
which is not surprising since these are major sources of IL-1.

Daily injections of culture filtrates from TSS strain Fri-l 169
induced pyrogenic tolerance, although the recipient rabbits re-
mained responsive to human IL- 1. Such pyrogenic tolerance
has been observed with other exogenous pyrogens (22).

Finally, certain aspects of the LAF assay merit attention.
High concentrations of the bacterial filtrate had some effect
when they were added directly to the LAF assay system. We
considered whether this response could represent a direct effect
of the toxin upon thymocytes, as others have suggested (3, 30).
This may indeed occur but the major effect seems more likely
to be due to the induction of murine IL-I from a few macro-
phages that contaminate the thymocyte preparation. Lower
concentrations of the bacterial filtrates induce human monocytes
to produce IL- 1 but have no effect when carried over into the
thymocyte culture. The bona fide human IL-I then produced
is completely neutralized by anti-human IL-1.

It is relevant to inquire whether any toxin-lymphocyte in-
teractions might occur. While we cannot rnle out this possibility,
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Figure 8. (A) Comparison of the induction of IL-1 by crude and pu-
rified toxin. Protein was added to the monocyte cultures at the final
concentrations shown. The original culture filtrate contained 300 fig
of protein/ml. In the case indicated, the purified toxin was diluted in
the absence of monocytes and later added to mouse thymocytes. bkg,
background; c/m, counts per minute. (B) An analysis of the crude

such interactions are unlikely to affect the assays significantly
because there are few remaining lymphocytes in the monocyte
preparations. Thus, the combined monocyte-thymocyte assay
does appear to measure IL- I production from toxin-stimulated
monocytes.

In previous studies on PEC, the minimum pyrogenic dose
was defined as the amount per kilogram of rabbit that would
induce a rise in temperature of 0.50C at 4 h (2, 3, 30). Several
extensive investigations have shown that this is not an accurate
measure (31-36). For example, individual rabbits vary consid-
erably in their responses; other staphylococcal products (pep-
tidoglycan and teichoic acids) cause fever in rabbits, and rabbits
may develop pyrogenic tolerance to these staphylococcal prod-
ucts. One is limited in the number of samples that can be assayed
at one time. The LAF assay of IL-1, in contrast, allows us to
test many samples of TSS-derived materials at once, to assay

and purified materials by SDS-polyacrylamide gel electrophoresis.
The band marked BSA in the purified toxin track is a trace of the
bovine serum albumin that we had added as a protective agent dur-
ing the later stages of toxin purification. It has no LAF-inducing ac-
tivity.

them in a quantitative manner, to compare them directly with
other toxins and activators of IL- I production, and in the future,
to determine the effects of drugs and antibodies on the monocyte
response.
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