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' ABSTRACT

Staphylococcus aureus produces exoprotems including toxic shock syndrome toxin-1
(TSST-l), staphylococcal enterotoxin A (SEA) and staphylococca_l enterotoxin B (SEB) which .
have been implicated in causing an acute multisystem disease called toxic shock syndrome |
(TSS). These toxins belong to the family of proteins known as superantigens. Superantigens
cause profound immunological dxsturbances which are believed to underly the mechanisms
causing TSS upon infection with toxigenic strains of S. aureus.

Production of TSST-1, SEA and SEB are examples of variable genetic traits in that they
are produced by some S. aureus isolates but not others. Certain toxin combinations are more
prevalent than others. For example, SEA and TSST-1 are frequently co-produced among -
menstrual TSS isolates, whereas TSST-1 and SEB appear to rarely, if ever, be co-produced
The nature of these interactions on both functional and molecular levels was examinined in
this thesis. _ '

It was hypothesized that co-production of SEA and TSST-1 might yield a more virulent
strain than production of TSST-1 alone, providing a putative explanation for why TSST-
1*/SEA* strains are associated with the majority of menstrual TSS cases. To test this
hypothesis, a TSS,T-I“/SEA' derivative of a TSST-1*/SEA* clinical strain was constructed
by the method of plasmid integration. Introduction of the TSST-1*/SEA* and TSST-
1*/SEA" strains into a tampon-associated vaginal infection model of TSS and a D-
galactosamine sensitized mouse model of lethal shock however did not demonstrate any

detectable differences in lethality or morbidity between the strains. In addition, in vitro




~

analyses revealed that the culture filtrate from the SEA" mutant did not differ in its abxhty to
induce TNFa secretion from rabbit splenocytes or stimulate T cell proliferation at low
dilutions when compared to thé TSST-1*/SEA" strain. This suggests that production of SEA
with TSST-1 in this strain does not increase the virulence of S. aureus.

The molecular basis of mutually exciusive production of TSST-1 and SEB in S. aureus
was examined. Analysis of TSST-1* isolates indicated that 8 of 8 TSST-1* isolates had
sequences homologous with seb, even though SEB wés not producéd. PCR analysis with
primers that targeted various regions of seb failed to amplify the expected PCR product,
suggesting that a full SEB coding sequence is not present. Hybridization of restriction
fragments with TSST-1 and SEB genetic ele\inent probes suggested that tst was located in
close proximity to SEB genetic element sequences on the chromosome. DNA similiarities
between TSST-1* and SEB* isolates were also found upon hybridization wiﬁx SEB genetic
element probes. These observations could suggest that the SEB genetic element carries a
preferfed site of TSST-1 genetic element insertic;m. Upon insertion, the TSST-1 genetic
element may interfere with the expression of SEB in as yet some unidentifed manner. _
Alternatively, the TSST-1 and SEB genetic elements may share a common point of insertion

in the S. aureus chromosome linked to DNA sequences homologous to the SEB genetic

element. Insertion of one genetic element carrying one of the toxin genes may inhibit the

insertion of the other genetic element carrying the alternate toxin gene.
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Chapter 1. BACKGROUND

/

1.1. Clinical, Epidemiologic and Microbiologic Features of Toxic Shock Syndrome
1.1.1. Historical Perspectives/Epidemiology/Prevalence

Although illnesses clinically resembling the manifestations observed in toxic shock '
syndrome (TSSj have been described since 1927 (Chesney et al., 1984), the first documehted
case of TSS was portrayed by Dr. James Todd in 1978 while working at the Childreri’s '
Hospital in Denver, Colorado (Todd ef al., 1978). Dr. Todd named the syndrome and first
described its association with .the organism Staphylococcﬁs aureus. Shortly théreafter, many
studies aimed at determining what risk factors may play a part in the etiology of the disease
were carried out. As a result, in 1980, a positive association was found betwéen TSS and
tampon use among women during mensﬁuaﬁon (Davis et al., 1980; Shands et al., 1980). In
particular, it was noted that women using Rely® tampons (dis&ibuted by Proctor and Gamble
Co.) were at a greater relative risk than women using othér tampon brands (Schleéh etal.,
1982). At this time (September 1980) Rely® was voluntarily removed from the market by the
company. |

TSS was listed as a nationally reportable disease by the United States Center for Disease
Control (CDC) in 1982 (Chesney ef al., 1984).  Using a passive-surveillance system, the
number of reported cases of menstrual TSS (MTSS) was found to peak in 1980, followed by
a significant decline thereafter (Broome, 1989). Whether the decrease was due to an actual

lower incidence, or as a result of removal of Rely® brand tampons from the market in

conjunction with increased public awareness leading to changes in the number of women




using tampons, or their menétrually-related habits, is not known.

Although a bosiﬁve association between TSS and tampon use during menstruation was
made early on in the identification of this syndrome, cases of TSS in men, children, and
nonmenstruating women have also been described (Silver, 1980; Reingold et al., 1982;
Bartlett er al., 1982; Chesney et al., 1984). Nonmenstrual TSS (NMTSS) is often associated
with the presence of S. aureus in focal wound or soft tissue infections. The temporal trends
from 1979-1986 are difﬁcult. to assess due to- the low incidence rate during this time period
(Broome, 1989). However in recent years, NMTSS is becoming more. prevalent than MTSS |

(Chow, 1993).
| The estimated prevalence of TSS is 0.22 to 1.23 cases per 100,000 (Chow, 1995).
Recurrences are quite frequent (15-22%) (Chow, 1995). Today, TSS still remains a
potentially nfe-dueatenmg disease with a mortality rate of 3 to 7% (Chow, 1995).
1.1.2. Causative Agent of Toxic Shock Syndrome

Staphylococcal TSS is caused by various toxins elaborated by the organism Staphylococcus
aureus. The toxins that are strongly implicated in cauéing the disease include toxic shock
syndrome toxin-1 (TSST-1), staphylococcal enterotoxin A (SEA), staphylocpccal enterotoxin
B (SEB) and staphylococcal enterotoxin C (SEC).

S. aureus isolates associated with TSS are phenotypically and genotypically distinct from
other S. aureus strains, as reviewed by See and Chow (1989). The most important

differentiating factor of TSS-associated strains is the production of TSST-1. TSST-1 was

found to be produced by over 90% of staphylococci isolated from TSS patients (Crass and

Bergdoll, 1986a). In addition, Todd er al. (1984) showed that TSS-associated strains of S.




aureus were also more likely to produce staphylococcal enterotoxins than non-TSS strains.
Altemeier er al. (1982) found that the majority of TSS-associated S. aureus isolates belonged
to phage group .1, and were lyséd by phages 29 and 52.. Other investigations have confirmed
these fmdihgs (Kreiswirth et al., 1984; Marples and Wieneke, 1993). In addition, TSS-
associated S. éureus strains were less likely to carry plasmids (Todd et al., 1984), exhibited
resistance to arsenate, cadmium and pencillin (Barbour, 1981; Todd et al., 1984; Kreiswirth
et al;, 1984), were less likely to produce pigment (Todd et al., 1984), exhibited bacteriocin
susceptibility (Todd ez al., 1984), were more proteolytic for the substrates hemoglobin
(Barbour, 1981) and casein (Todd er al., 1984; Todd et al., 1985), and have reduced
hemolytic activity (Barbour, 1981; Schlivert et al., 1982; Todd et al., 1984). Vaginal TSS
isolates were also less likely to produce lipase and nuclease (Schlievert e al., 1982). TSS-
associated S. aureus strains have also been found to be more lethal in rabbit models of TSS
(Scott et al., 1983; Arko et al., 1984, Melish etal., 1989).\ Collectively these observations
suggest tﬁat S. aureus .strai_ns associated with TSS are phenotypically distinct from other S.
aureus strains. | | B
A. Caﬁage Rate of Staphylococci in the Population

Although in general staphylococci are found on the skin, skin glands and mucous
membranes of warm-blooded animals, certain staphylococcal species_colonize specific
anatomical sites (Howard and Kldos, 1987). S. c;ureus is generally found in the anterior-

nares. Jacobson er al. (1984) observed a S. aureus nasal carriage rate of 31% in 770

patients admitted to a hospital in Utah. The carrier rate for TSS-associated protein (or

TSST-1) positive strains in this study was 6.6%. In a separate study, Martin et al. (1982)




found a 26.9% ﬁasal carriage rate and a 10.3% vaginal carriage rate in 145 young wonien.
Studies by Guinan et al. (1982) and Chow et al. (1983) found vaginal cé.rriage rates of 9.2
and 6.8% in 808 and 495 women respectively, indicating that S. aureus is not typically part
of the vaginal microflora. In the latter study, 2.6% of the women were colonized with |
~ TSST-1 producing strains of S. aureus. A close association waé f0und between nasal and

vaginal carriage in the study by Martin et al. (1982), in that 60% of the women with vaginall |
| staphyloccoci also had nasal carriage. This rate of nasal carriage was significantly higher in
comparison totnasal carriers whose vaginal cultures were negative for S. aureus. This study
provides support for the suggestion that MTSS may be mediated by the. deposition of S.
aureus in the vagina through thé tampon, which may have become contaminated by the
woman’s own hands (Mortimer, 1982). Consistent with this is the observation made by
Linnemann ez al. (1982) that S. aureus isolates obtained from nasal and genital cultures of
the same individual wére of the s;ame phage tyi)e, suggesting a clonal relationship.' Ina
similiar manﬁer, nasal carriage of S. qureus may be an important fgctor dictatiﬁg
predisposition to NMTSS through infection of surgical woﬁnds by autoinoculation '(Mortimer,, |
1982). These studies provide a basis for estimating the percentage of the population that is
. potentially at risk for deveIoping TSS. |
1.1.3. Clinical Spectrum and Diagnosis of Toxic Shock Syndrome

The pathologiéal manifestations of TSS can be primarily divided into four distinctive
features, as summarized by Chesney. (1989). First, TSS can be readin characterized by the

rapidity of its onset in an otherwise healthy individual. Upon initial presentation, symptoms

of fever, chills, malaise, headaéhe, myalgias, muscle tenderness, vomiting and diarrhea




commonly exist. The second unique feature of TSS is the rapid onset of hypotension
resulting from a loss of vascular tone and the ma;sive léakage of fluid from the intravascular
to the interstitial space. In fact TSS has been often referred to as a ‘capillary leak |
' syndrome". The hypotension observed in TSS patients leads in part to the pathological effect
that is observed in almost every organ system. The involvement of almést every organ
system is the third distinctive aspect observed in TSS patients. Finally, TSS is associated
“with various dermatologic sequalae. Upon presentation, TSS patients may exhibit a
scarlatinform rash, that 10-21 days after onset of the dlsease may result in full thlclmess
desquamation, in particular of the palms of the hands and soles of the feet. Nonpitting
edema and petechiae rﬁay be observed in conjun#:tion with inflammation of muéous :
membranes, pérticularly of the oropharynx, conjunctiva and vagina (Chdw, 1983). In
addition, a ‘straWBerry tongue’ has been described in over 25% of one patient group (Chow, |
1983). |
Recently Kain et al. (1993) attempted to determine by multivariate discriminant analysis if

the clinical manifestations associated with NMTSS could be differentiated from those‘
observed in MTSS. Their studiés revealed that NMTSS was indeed clinically distinct from
MTSS in several ways. Patients With NMTSS had an earlier onset of fever and rash with
vrespect to the other clinical features observed in TSS, had less frequent musculoskeletal
involvement, more severe anemia, and more frequent central nervous system cbmplications
than patients with MTSS. Thus clinically, distinctions between MTSS and NMTSS can be

made.

A strict case definition for TSS as outlined by the CDC in the United States has been




established (Tablé 1). Due to the variatibns in the clinical manifestatidns that inay occur
among patients, a diagnosis of probable TSS can be made 1f one of the six criteria outlined in,
Table 1 is absent. Since a speciﬁcl_ diagnostic test for TSS is lacking, a diagnosis must be
made based upon the exclusion of other clinical entities that present similiarly. Attempts are
made to rule out the presence of Streptococcus pyogenes, whiéh is the causatiw)e agent of
scarlet fever, and more recently, has been associated with mediating Streptococcal toxic
shock syndrome (Strep TSS)(Cone er al., | 1987). In addition, attempts are made to exclude
Staphylococcal scalded skin syndrome, Kawasaki’s disease, Rocky mountain spotted fever,
and the possibilty of 'dhig reactions. The isolation of a TSST-1-producing . éureus from |
an infected site and the observation that a paﬁent’s sera do not have antibody to the toxin, in
conjunction with the hematologic and biochemical abnorrﬁalities associated with TSS, |
provides strong suppoft for a diagndsis of TSS. |

1.1.4. Treatment of Toxic Shock Syndrome

In periods of acute illness, management of TSS requires immediate fapid fluid replacement

to counteract the massive leakage of intravascular fluid into the interstitial space, and to
maintain adequate tissue perfusion (Cﬁow, 1995). Therapy is aimed at eliminating S. aureus
strains from the infected site by. removal of the infected foreign body (for example a tampon
or intravenous catheter) followed by antibiotic treatment. Most S. aureus strains exhibit
_resistance to penicillin and ampicillin, so 8-lactamase resistant anti-staphjloéoccal agents
such as cloxacillin may be‘ used (Chow, 1995). In penicillin-allergic pétients, vancomycin 61'

clindamycin may be preferred alternatives (Chow, 1995). Since TSS is toxin-mediated,



Table 1 Case Definition for Toxic Shock Syndrome*

1. Fever (temperature > 38.9°C)
2. Rash (diffuse macular erythrodefna)

3. Desquamation, 1-2 weeks after onset of illness, particularly
of palms and soles

4. Hypotension (systolic blood pressure < 90 mm Hg for adults or < 5th percentile by
age for children < 16 years of age, or orthostatic syncope) '

s. Involvement of three or more of the following organ systems:

Gastrointestinal (vomiting or diarrhea at onset of illness)

Muscular (severe myalgia or creatine phosphokinase level = 2 X ULN?)
‘Mucous membrane (vaginal, oropharyngeal, or conjunctival hyperemia)

Renal (BUN® or Cr* = 2 X ULN or = 5 white blood cells per high power
field - in the absence of a urinary tract infection)

Hepatic (total bilirubin, SCOT? or SGPT* = 2 X ULN)

Hematologic (platelets < 100,000/mm?)

Central nervous system (disorientation or alterations in consciousness without
focal neurologic signs when fever and hypotension are absent) ‘

amm Yawy

6. Negative results of the following tests, if obtained:
A. Blood, throat, or cerebrospinal fluid cultures
B. Serologic tests for Rocky Mountain spotted fever, leptosplros1s or measles

*Twice upper limit of normal for laboratory
*Blood urea nitrogen level

°Creatine level

4Serum glutamic oxaloacetic transaminase level
°Serum glutamic pyruvic transaminase level

*(Chesney et al., 1984)




irrigation of tﬁe infected site may be warranted to remdve any pfe—formed toxin. In addition,
treatment with pooled intravenous immuné globﬁlin (IVIG) preparations, which contain high
levels of anti-TSS’i‘-l antibody, have been Vsuccessful in éliciting protection in animal models
of TSS (Melish et al., 1987), and may be warranted in critically ill TSS patierits.
1.1.5. Risk Factors Associated with Menstrual and Nonmenstrual Toxic Shock
Syndrome

Different risk factors associated with menstrual TSS and nonmenstfual,TSS have been
noted. In concordance with the observed frequency of TSST-1-producing S. aureus strains
'from TSS patients, women colonized with TSST-1* strains are at a higher risk for
developing MTSS than their uncolonized éounterpa_rts. Age also appears to be a factor, in
that women less than 30 years of agé appéax tobe ata higher risk for (\ieveloping MTSS than
women greater than |
30 years 6f age (Davis et al., 1980). This masl be accountgd for in part by the fact that in a
healthy population, the presence of antib.odies against TSST-1 correlates closely with age.
The majority of individuals develop TSST-1 antibody by the age of 20 (Vergeront et al.,
1983). This is consistent with the finding that an increased incidence of MTSS is found in
the age group 15-19 years (Broome, 1989). No age-related differences have been found with
respect to rate of vaginal S. aureus carriage (Davis et al., 1980), glthough one sfudy did
show a trend toward decreased genital colonization in relation to increasing age (Ljnnemann
et al., 1982). thether age-related or not, women who lack antibody to TSST-1 have a
much higher risk of developing MTSS than those with antibody. This is based on studies

which have shown that sera from patients with TSS are significantly more likely to lack




antibody to TSST-1 in comparison to healthy controls (Bergdoll er al., 1981; Bergdoll etal.,
1982; Notermans ef al., 1983; Bonventre et al., 1984). This lack of antibody to TSST-1 is
even obsefved in patients upon convalescence (Bonventre et él., 1984; Stolz et al., 1985),
and inay explﬁn why recurrences are frequent; The importance c;f the presence of TSST—l
antibody has beeﬁ shown in a rabbit model of TSS, in which TSST-1 specific monoclonal
antibodies were found to confer protection to rabbits after infection with a nonenterotoxigenic
strain of S. aureus carrying a plasmid encoding TSST-1 (Best et al., 1988).

A racial predisposition for MTSS has alsb been suggested, in that the majority of MTSS
cases occur in white females (Gaventa er al., 1989; Broome, 1989). This racial distinction
does not appear to be due to differences in colonization rates, since blaék women have been
found to be genitally colonized with S. aureus, including TSST-I’; S. aureus, as frequently,
or more fréquently, than white women (Lihnemann et al., 1982). The fact that less MTSS is

“noted among this group may ;esult from a failure to note the erythematous rash in women
with dark skin, or may be due tb some undefined host characteristic (Linnemann et al.,
1982).

Women who have vaginal carriage of Escherichia coli or other facultative lactose-
fermenting gram-negative bacilli in additjon to S. aureus may also have a greatér risk of
developit;g MTSS (Chow and Bartlett, 1982). This association may be consistent with
observations that endotoxin can synergize with staphylococcal exoproteins to cause disease in
vivo (Sugiyama et al., 1964; de Azavedo and Arbuthnott; 1984).

Iasﬂy, tampon usage during menstruation is the best documented risk factor for the

devélopmént of MTSS. As previously mentioned, the use of one brand of tampon, the Rely*
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brand, has been more frequently associated with MTSS cases than other brands. The
association of one particular bt'and with disease may be related to the chemical composition

of theftampon, which has l;een shown to play an important factor dictating relative risk
potential since this aids in deterr)nining both the absorbency and Mg?* binding ability

(Berkley et al., 1987-; Kass and Parsonnet, 1987; Kass, 1989). The higher the absorbency of
the tampon, the higher is the relative risk for developing the disease (Berkley ez al., 1987;
Reingold et alt, 1989). Before 1977, tampons were made of rayon, or a blend of rayon and
_cotton. After 1977 , tampons have been made with more absorbent synthetic materials sttch

as polyacrylate fibres and polyester foam (Shands ez al., 1980), antl this may have led toan -
increaseti incidence of the disease. The ability of certain tampon fibres to bind more Mg?*
than others is also believed to be important since Mg?* concentration has been showrt to
regulate TSST-1 produetion (Mills et al., 1'985);. :Additional factors linking tampon usage' '
with the development of TSS in susceptible individuals have been proposed. The presence of -
blood on a tampon may provide an important nutrient source that allows increased growth of '
the organism and/or increased toxin production. In support of this, Lee ez al. (1987)'
provided data to euggest that the presence of t)lood in the culture medium leads to an
increased production of TSST-1. The.t'ampon may also act to provide a larger surface area
for the organism to colonize. Tampons may also increase the risk of developing MTSS
through their ability to cause microulcerations in the vagina (Friedrich an(t Siegesmund,
1980), which may subsequently lead to an increased absorption of toxirt. Also, aerobic

conditions are known to favour TSST-1 production more than anaerobic conditions (Todd ef -

al., 1987), and since tampon insertion into the vagina increases the pO, of the




microenvironment (Wagner er al., 1984), more toXin méy be pioduced in vivo and disease
may ensue. Tampon usage during menstruation has also been found tb cause shifts in the
vaginal microflora when compared to the vaginal microflora of the same women using
napkins (Chow and Bartlett, 1989). What role this alteration of microflora may play in TSS,
if any, is presently unknowri. |

Despite all of the above mentioned methods of hbw tampon usage may significantly
increase the risk of developing MTSS, one of the primary roles of the tampon may be to
mediate transport of the organism into the vagina. The tampon may act as an intermediary
in the transfer of the organism from the hands or perineum of the woman into the vagina. |
Evidence that pqssiblg contamination of the tarﬁpon at the site_ of manuféctur_e is not to blame
is based on é study .in which 09 of 264 unused tampons tested harboured S. aureus, despite the .
fact that tampons were not sterilized in the U.S.A. at this time (Shands et al., 1980).
Consistent with the poétulate that transmission of the organism from the hand to the vagina

via the tampon may be important is suggested by the observation that use of a non-applicator

~ type of tampon increases the risk for vaginal S. aureus carriage (Guinan ez al., 1982)."

Studies addressing risk factors for NMTSS ha\;e also been carried ouf. NMTSS can résult
from S. aureus infection at any body site, but most commonly in surgical or cutaneous
wounds. U_nlike that of MTSS, NMTSS can occur in men, womén and children of any age
who lack protective antibody. Different racial groups appear to be equally susceptible to
NMTSS (Reingold ez al., 1982). In comparison to MTSS, NMTSS cases occur more
significantly in association with a period of hospitalization (Kain et al., 1993), and after a

history of previous antimicrobial therapy (Kreiswirth et al., 1986; Kain et al., 1993). Use of - |
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barrier contraceptives has also been shown to increase the risk of NMTSS (Schwartz er al.,
1989). Infection with S. aureus strains that produce toxins other than TSST-1 are also
associated more often with NMTSS cases (Garbe et al., 1985; Schlievert, 1986).

1.2. Toxin Involvement in the Pathogenesis of Toxic Shock Syndrome

Toxic shock syndrome is a toxin mediated disease. This is based on the observation that
despite the ffequent isolation of S. aureus from TSS patients and the dysfunction that is
observe& in multiple organ systems, bacteremia is rarely noted (Chow, 1983). In rabbit
models of TSS, animals that succumb to lethal infection by toxigenic strains of S. aureus also
exhibit "negative" blood cultures (Rasheed et al., 1.985 ; Melish er al., 1989). The
observation that the majority of S. aureus strains isolated from TSS patients are toxigenic
(Crass and Bergdoll, 1986a) further strengthens this premise. In addition, convalescent sera :
from patiénts with TSS more frequently seroconvert to varidus staphylococcal exoproteins
than patients with non-TSS-associated S. aureus infectigns (Whiting et al., 1989). Clinically,
symptoms such as the'ébrupt onset of vomiti;lg and diarrhea and the erythema of skin and
mucousal surfaces observed in TSS resemble that of a toxin-induced patholbgy (Chow,

1983).
1.2.1. Evidence implicating Toxic Shock Syndrome Toxin-1 (TSST-1) in the
Pathogenesis of Toxic Shock Syndrome
In 1981, Bergdoll et al. (1981) repprted tﬁe identification of a markér protein fqr TSS
that was produced in over--90% of TSS-éssociated S. aureus isolates. After determining that

the protein could induce vomiting in baboons, it was called Staphylococcal enterotoxin F

(SEF). This name was subsequently changed to Toxic Shock Toxin (TST) when the emetic
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action of the protein could not be reproduced (Reiser et al., 1983). At the same time,
Schlievert et al (1981) reported the purification and characterization of a toxin produced by
a strain of S. aureus that was a potent pyrogen, had nonspecific lymphbcyte mitogenic
activity, and could enhance host susceptibility to the effects of endotoxin. This protein was
' referred to as Staphylococcal Pyrogenic Exotoxin C (SPEC). When SEF 'and SPEC were
found to be identical (Bonventre ez al., 1983; Bergdoll and Scﬁlievert, 1984), the name was
changed to Toxic Shock Syndrofne Toxin—l, or TSST-1 (Bergdoll and Schlievert, 1984).
Strong evidence exists to implicate TSST-1 as a causal agent in TSS. First, a large
majority of strains isolated from TSS patients produce TSST-1. Second, the sera of some
individuals with TSS upon convalescencé were shown to seroconvert to TSST-1 (Stolz ez al.,- .
1985; Whiting et al., 1989). Third, one group of investigators found that S. aqureus str#ins
| from TSS patients /produced significantly more TSST-1 in vitro than toxigenic control strains
(Rosten et al., 1987). In addition to tﬁe above indifect evidence, a role for TSST-1 in
pathogenesis has been more directly assessed with the use of animal models. Rabbits are the
species of choice for animal models since they can reproduce the majority of the symptoms
observed in TSS upon administration of purified TSST-1 or TSS-associated S. aureus strains

(de Azavedo, 1989). Monoclonal antibodies against TSST-1 have protected rabbits from

TSST-1 administered by constant infusion (Bonventre et al., 1988), and from challenge by a

nonenterotoxigenic strain of S. aureus containing a plasmid encoding TSST-1 introduced into
subcutaneously implanted polyethylene chambers (Best et al., 1988). Genetically engiheered

isogenic strains of S. aureus differing in the ability to produce TSST-1 have also been

utilized in rabbit studies. Using the subcutaneous infusion model, Rasheed et al. (1985)




were among the ﬁrst investigators to show the importance of TSST-1 in mediating a TSS-like
illness in vivo using genetically constructe'd~S. aureus strains. The construct was made by
transducing the TSST-1 marker from a clinical TSST-1" isolate into a TSST-1" strain.
Although the TSST-1* transductant caﬁs'ed more illness and lethality m rabbits in comparisoh
to the TSST-1 control' strain, of concern is what other DNA sequences besides the TSST-1*
marker may have been transduced into the construct. In addition, althbugh the subcutaneous
infusion model allows a controlled, localized depot éf infection, it does not closely resemble
the host situation observed in menstrual TSS. Shortly thereafter, de Azavedo et al. (1985)
constructed a pair of isogenic mutants in TSST-1 production by introducing a plasmid-borne .
TSST-1 st/ructu'ral gene (zs1) intd a naturaliy occurring TSST-1" strain. The isogenic strains
were introduced into an uterine cﬁamber that maintained the organisms in a locahzed region .
while allowing bacterial exoproteins to be released into the circulation. Using this model,

the strain that carried the #sz-plasmid indjuced a TSS-like illness in rabbits whereas the control
strain that carried the plasmid with a deletion in #s¢ had no effect. Criticisms for this
experimental design include the fact that the uterine model, although ha’ving a genital focus,
does not resemble menstrual TSS in which organisms become colonized in the vagina. Also
in the experimental design, the rabbits had to be injected daily with er)}thromycin to maintain
the #se-carrying plasmid. This requirement may have important implications with regard to
the obsefved ciinical outcome, since antibiotic administration can affect the sensitivity of
rabbits to TS‘ST-.lv (Schlievért, .1983). In a subsequent vstudy, Slo@e et al_. (1991) creat\ed
TSST-1 isogenic mutants by the method of allele replacement and introduced the strains into

the uterine chamber model. Again it was shown that the TSST-1* strain was more virulent
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than the TSST-1" isogenic mutant. The method of allele replacement mutagenesis by these
invéstigators represents an ideal method for the creation of isogenic mutants. If this study

had made use of a clinical isolate that more closely resembled a TSS str,éin in phenotypic _

characteristics in a'more clinically relevant animal model, the results would have definitively

addressed the role of TSST-1 in menstrual TSS.

A vaginal tampon model described by Melish et al. (1989) was the first relevant animal
model reported that reprbduced the human situation in menstrual TSS. Although TSST-1*
staphylococci could lead to TSS in this model, the role of TSST-1 in menstrual TSS was not
demonstrated specifically since 1s0gen1c strains were not used. To date no study has been
performed with isogenic TSST-1 mutants in a clinically relevant animal model of TSS.
1.2.2. Evidence implicating Staphylococcal Enter\‘otox_ins in the Pathogenesis of Toxic

Shock Syndrome &

In addition to TSST-1, other staphyloco@ exoproteins, in pafticular the enterotoxins,
mﬁy play a role in TSS either on their own, or in conjunction with TSST-1. In support,
60% of TSST—lf strains have been found to co-produce one of the enterotoxins (Crass and
Bergdoll, 1986a). Staphylococcal enterotoxin production has also been found in TSS isolates
that were TSST-1", indirectly implicating them as primary causal agehts (Bergdoll et al.,
1982; Garbe er al., 1985). Moreover, introduction of TSST-1"/enterotoxin* TSS-aséociated
S. aureus strains into the rabbit suBcutaneous model of toxic shock have caused a TSS-like

illness to develop (Garbe e al., 1985), suggesting that the enterotoxins can induce similiar

symptoms’as TSST-1 in vivo. In TSS patients infected with TSST-1" S. aureus strains who

could develop an antibody response; seroconversion to at least one of the enterotoxins was




foﬁnd to occur more frequently than in TSS patients infected with TSST-1* S. aureus
(Whiting et al., 1989). | | )
A. Evidence Suggesting that SEA and TSST-1 Co-Prdduction may be
Important in the Pathogenesis of Menstrual Toxic Shock Syndrome

As indiéated, the production of SEA by S. aureus may also partially contribute to TSS.
Upori analysis‘of 30 NMTSS strains for toxin production, Garbe et al. (1985) identified one
isolate that prodﬁced only SEA. Parsonnet et &l. (1986) also identified 1 of 20 NMTSS-
associated strains that produced SEA alone. In 1990, McCollister ez al. (1990) isolated a
SEA*/TSST-1 strain of S. aureus (D4508) from a patient with NMTSS. Concentrated
culture filtrates of the organism administ’ered Subcutaneously via osmotic pumps to rabbits
| induced TSS-like symptoms,' whereas culture ﬁlﬁates pretreated with antibodies against SEA
 failed to induce the same symptéms. Further evidence that SEA.c;m iﬁduce TSS-like
symptoms in vivo was shown in several studies in which purified SEA introduced into rabbits
or monkeys could cause symptoms similiar to that observed in humaﬁs with TSS, including
death (Bergdoll, 1983; Parsonnet e al., 1986; McCollister e al., 1990).

Instances in which SEA appears to be the sole ag'erit réspbn.éible for causing TSS however
are limited. Very few TSS-associated strains have been identified tﬁat produce SEA alone.
Furthermore, Crass and Bergdoll (1986a) found tﬁat of 380 TSS-associated strains examined
for TSST-1 and enterotoxin production, none were found to produce SEA alone. Although
‘SEA production on its own vmay not be that irhportant clinically, striking evidence exists to

suggest that SEA production in conjunction witﬁ TSST-1 by a S. aureus strain may be

responsible for causing the majority of menstrual TSS cases. As indicated in Table 2, the
(




combination of TSST-1 and SEA production occurs mdre frequently among MTSS isolates
than NMTSS isolates (Crass and Bergdoll, 1986a; Chang et al., 1991;. Kain et al., 1993). In
addition, among MTSS isolates, this toxin combination is observed more frequently than any
other (Crass and Bergdoll, 1986a). Analyses by multilocus enzyme electrophoresis (Chang et
al., 1991) and phage typing (Marples and Wieneke; 1993) suggest tﬁat most MTSS cases are
caused by a single clone of §. aureus which produée both TSST-1 and SEA.
B. Evidence Suggesting a Putative Role for SEB in the Pathogenesis of Toxic
Shock Syndrome in TSST-1" S. aureus Isolates 7

A ptlltative ‘role for SEB in the pathogenesis of TSS is.indicated from. the results of several
studies in which i)henotypi_c characterizations of TSS-associated strains have been performed.
Schlievert (1986) found that SEB production was 'signi.ﬁcantly associated with TSS or |
brobable TSS in isolates that did not produce TSST-1. Garbe er al. (1985) noted fhét TSST-
1 TSS-associated S. aureus strains were more likely to produce SEB than TSST-1* strains.
Crass and Bergdoll (1986b) found that 8 of 9 TSST-1" NMTSS isc;lates produced only SEB,
implicating it as the major etiologic agent causing disease in thesé caseé. Finally, Lee et al.
(1992) reported that SEB production among TSST-I‘ isolates was significantly more prevalen_t
in TSS-associated infections than non-TSS associated infections. As with SEA, injection of
SEB into ﬁonkeys can reproduce many of the symptoms that are observed in TSS, including
shock (Beisel 1972; Liu et al., 1978; Bergdoll 1983). In addition, Van Miert ef al. (1984)
found that TSST-1 and SEB could induce similiar clinical hématological and blood

biochemical changes when administered intraveneously to goats. Collectively, these results

suggest that SEB may play a role in causing TSS.




Table 2. TSST-1 and SEA Production among S. aureus isolates

Patient Group TSST-1" SEA’ TSST-1"/SEA*
(no. of isolates) (%) (%) E (%)
MTSS 83 75 712
(24)
NMTSS 59 32 24
(41)
, Non-TSS 25 25 ‘ 12
(146)
Carrier =~ 28 20 13
(139)

MTSS, Menstrual toxic shock syndrome; NMTSS, Nonmenstrual toxic shock
syndrome; Non-TSS, Non-toxic shock syndrome-associated S, aureus infection;
Carrier, No infection; TSST-1°, producing toxic shock syndrome; SEA®,
producing staphylococcal enterotoxin A ‘

*Significantly different from NMTSS, Non-TSS or Carrier strains (P <0.001,
Chi square, 2-tailed)

Data compiled from Chang et al. (1991).
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Of interest is the observation that SEB appears to be only associated with TSS strains that
are TSST-1". In fact, TSST-1 and SEB co-productipn by the séme S. aureus strain is
extremely rare (Garbe gt_ al., 1985; Crass and Bergdoll,'1986a; Crass and Bergdoll, -1986b;
Bohach et al., 1990) and has only been described in a few instances (Ewan et al., 1989;
Johnson et al., 1991; Lee et al., 1992). Genotypic studies also suggest that the presence of
both the TSST-1 (#5t) and the SEB (seb) genes within the same isolate is rare. Investigations
using oligonucléotide probes in conjunction with hybridzation failed tc') identify the presence.
of seb in TSST-1"* isolates (Bohach e al., 1989; Neill et al., 1990). However Johnston et
al. (1991) found the TSST-1 and SEB structurall genes in 11% (3/28) of their clinical isolates
using PCR analysi#. |
1.2.‘3. Evideﬁce Implicating Toxins other than TSST-1 and the Enterotoxins in the

Pathogenesis of Toxic Shock Syndrome |

Although TSST-I and the staphylococcal enterotbxins are produced in the majority of
TSS-related isolates, there still remains some that do not express TSST-1 or any of the
enterotoxins. Crass and Bergdoll (1986a) found that 9 of 386 (2.4%) S. aureus strains
isolated from patients with both menstrual and nonmenstrual TSS did not produce TSIST-l,
SEA, SEB, SEC, SED, or SEE. In addition, Gé.rbe et al. (1985) identified 3 of 10 NMTSS
TSST-1" isolates that did not produce enterotoxin. These results Asuggevst that other toxin(s)
besides TSST-1 and the enterotoxins may be responsible for causing TSS in some cases. . -
aureus produces more than thirty different extracellular proteins, and a detailed examination
of the frequency of production of every protein arhong TSS-associated S. aureus isolates has

not been carried out. In 1982, elaboration of an unknown epidermal toxin émbng TSS-
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associated strains was described (Kapral, 1982) ,‘ but evidence to suggest whether it plays a
causative role in TSS is lacking. Recently a new toxin, Staphylocqccai enterotoxin H (SEH),
produced by a TSST-1" nonmenstrual strain of S. aureus was identified (Ren et al., 1994).
This new toxin induced an acute TSS-like illness when injected intravenously into rabbits.
The percentage of TSS-asso;:iated strains producing this toxin has not yet been investigated.
Whether SEH may play a role in inducing TSS in TSST-1", nonenterotoxigenic isolates is
currently unknown. | _ |
1.2.4. Functional Consequéncgs of TSST-1, SEA and SEB Production by S. aureus

A. TSST—I, SEA and SEB as ‘SUPERANTIGENS’

TSST-1, SEA and SEB belong to a family of proteins designated as ‘superantigens’ (Whitc
et al., 1989). Two main groups of superantigens - exogenous and endogenous, have been
noted. The exogenous group of superaﬁﬁgens are proteins produced by microbes, and in
addition to the staphylococcal enterotoxins and TSST-1, include the staphylococcal
exfdliéting toxins, streptococcal pyrogenic exotoxins (SPE) A, B and C, the M protein
molecule and a soluble product secreted by Mycoplasma arthritidis called MAM. The
endogenous supefantigené are comprised of a group 6f products encoded by unlinked genetic
loci in mice, the best known being the minor lymphocyte stimulating antigens (Mls). These
type of antigens have now been found to be encoded by mammary tumor viruses (Frankel th
al., 1991). |

Superantigen is used to describe these uniqué prbteins since they can stimulate a large
number of T cells at a lower concentration than that required by a conventional. antigén.

Moreover, these antigens stimulate only T cells bearing specific V4 components of the T cell
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receptor. Each superantigen has its own uniciue V, profile (Schlievert, 1993). TSST-1
stimulates human V2 T cells (Choi et al., 1990), SEB V, 3,12,14,15,17,20 T cells (Choi et
al., 1989), and SEA V, 6.3,6.9,7.3,7.4 T cells (Zumla 1992). This unique feature of |
superantigens enables them to interact with more T cells than a conventional antigen since the
actual region contacted by the superantigen on the Vj chain of the T ceil receptor is relatively
invariant within each V; gene family (Drake and Kotzin, 1992). In addition, supefantigéns o
differ from conventional antigens in other aspects: Superantigens do not require procéssing
by the antigen jpresenting cell before binding to the MHC Class II molecule. Instead,
supefantigens interact with the MHC Class II molecule outside of the conventional peptide
binding groove, and thus superantigen presentation by T c¢11s is not MHC-restn'cted.‘
Superantigens are unique ‘molecules capable of triggering profound disturbances within the
immune system. In addition to causing massive stimulation of T cells, superantigens have
been found to induce T cell nonresponsivenéss either through functional inactivation
(anergy) (Rellahan et al., 1990; O’Hehrir et al., 1990) or clonal deletlon (MacDonald et al.,
1991; Kawabe and Ochi, 1991). Superantlgens also mediate staphylococcal enterotoxin-
dependent cell-mediated cytotoxicity, or SDCC, in which rapid killing of antigen presenting R
cells, irrelévant of their nominal specificity, is evoked (Kalland et al., 1991). The cytotoxic
activities can Be mediated by both CD4* and CD8" T cells (Dohlsten et'al., 1990) and T
cells éxpressing the gamma-delta T cell receptor (Rust et al., 1990). This latter effect also
has the potential for functional inactivations of ’f-cell mediated responses. It may‘ be
speculated that the production of these toxins by S. aureus may represent a method by which

the organism avoids recognition by T cells (Kalland ez al., 1991). Indeed, SDCC nﬁght play
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a role in ihhibiting immunoglobulin préduction by B cells, since Class IT* B cells wbuld also
be destroyed in such a cytotoxic response.” As proposed by Mourad ez al. (1993), down-
regulation of the humoral response by these superantigens may 'provide a putative explanation -
for why TSS patients do not generate TSS specific-antibodies and why recurrences of this
disease are frequent.

B. The MHC Class II Molecule is the Receptor for TSST-1, SEA and SEB

Although TSST-1 is non-cytotoxic for a variety of cell lines (Drumm et al., 1989), specific
binding to cervical epithelial (Kﬁshnaryov et al., 1984a; Kushnaryov ei al., 1984b), and
vascular endothelial (Kushnaryov et al., 1989) cells has been observed. Binding of TSST-1
to epithelial cells leads to internalization via receptor-mediated endocytosis (Kushnarybv et
al., 1984b). Once transported to the inside by epithelial cells, TSST-1 may interact with
endothelial cells to become translocated from the extravascﬁlar space across the vessel wall
into the lumen, where interaction with peripheral blood mononuclear cells may occﬁr.

Many researchers have provided evidencé to suggest that the MHC Class II molecule on
accessory cells such as antigen presenting cells (APC) is the receptor for TSST-1, SEA and
SEB (Fischer et al., 1989; Herrmann ef al., 1989; Mollick et al., 1989; Scholl et al., 1989a;
See et al., 1992a). Although all three toxins bind to the same receptor, unique binding
epitopes have‘been obsefvéd. Scholl ez al. (1989b) showed by cross-competition binding
studies that SEB and TSST-1 bind to distinct sites on both HLA-DR and HLA-DQ
transfected cell lines. Two distinct binding sites for TSST-1 and SEB on HLA-DR were also

shown by Chmtagumpala et al. (1991). Consistent w1th this, See et al. (1990) were unable

—

to inhibit labelled TSST-1 bmdmg to human peripheral blood mononuclear cells w1th excess




unlabelled SEB. In contrast, the wﬁe inveéﬁgators vs;ere able to show that excess unlabelled.
- SEA could inhibit labelled TSST-1 biﬁding to human peripheral blood mononucleai' cells,
suggesting that TSST-1 and SEA may bind to overlapping epitopés. Similiarly SEA was
shown by Frasef (1989) to compete with SEB for binding to HLA-DR. It was thus
pdstulated thaf SEA may bind to HLA-DR at a site that _ove;rlaps the binding epitopes for
TSST-1 and SEB (See ef al., 1992a).

Isotypic aﬁd allelic polymorphisms of the MHC rholecule have been shown to influence the
binding of staphylococcal toxins. TSST-1, SEA, and SEB bind preferentially to the MHC
isotypes in the order HLA—DR>DQ>DP (Scholl ez al., 1989a; Herman ez al., 1990l;
Uchiyamal et al., 1990; Irhaﬁishi et al., 1992). Preferential binding of these toxins to
specific‘HLA-DR alleles expressed on L-cells has also been demonstrated (I-Ierrﬁan etal.,
1990; Scholl et al., 1990).

In addition to the MHC Class II molecule, a second toxin binding site for superantigens on
murine macrophages may be present. In a recent repbrt by Beharka et al. (1994),
macrophages obtained from Class II deﬁcient transgenic mice were found to bind various
staphylococcal exotoxins and induce cellular activation. O_ther investigations have also
indicated that staphylococcal enterotoxins might bind to sites other than the MHC Class II
molecule (Dohlsten et al., 1991; Herrmann et al., 1991). These putative non-MHC Class II
toxin binding sites still remain to be defined.

C. Activation of Monocytes by Staphylococcal Superantigens

Interaction of staphylococcal superantigens with the MHC Class II molecule on monocytes

leads to transcription of genes for monocyte-derived cytokines such as IL-18 and TNF«
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(Trede et al., 1991). It has been found that direct contact between monocytes and T cells is

required for purified TSST-1 to stimulate TNFo and IL-18 secretion (See et al. 1992c).

Furthermore, studies by Gjorloff e al. (1991), and Fisher er al. (1990) showed that SEA

. induction of IL-1 and TNFa from monocytes required the participation of T cells.

The binding of superantigens to MHC Class II molecules on monocytes is a prerequisite
for cytokine induction, as evidenced by the fact that antibodies to Class II molecules in the
presence of staphylococcal superantigens can diminish TNFa and IL-18 production
(Grossman et é_l., 1990; Matsuyama et al., 1993). Superantigens can induce TNFa release
from monocytes independent of T cell mitogenesis since a SEA mutant toxin that was
nonmitogenic for T cells was still able to bind to Class II xﬁolecules and induce TNFa
release (Grossman ez al., 1992). In addition Fisher er al. (1990) used an intracytoplasmic
staining technique to show that intracellular TNFa 'prod.uction did occur in monocytes in the
presence of T cells after stimulation with SEA.

D. Activation of T Cells by Staphylococcal Superantigens

Interaction of the superantigen/MHC Class II complex with specific V; components of the

T cell receptor results iﬁ the activation of T cells. Upon activation, T cells proliferat_é and
secrete cytokines such as TNF, IL-2 and IFN-6. The dependency on the MHC Class II
molecule for mediating superantigen—inducéd T cell activation was suggested by the |
observation that monoclonal antibodies against the HLA-DR molecule inhibited both TSST-1
and SEA induced T cell proliferation (Fleischer and Schrezenmeier, 1988; Fischer et al., |
1989; See et al., 1992a). The secretion of a T cell specific cytokine, TNFB, has also been

found to be dependent on the MHC Class II molecule, since T cells from DR4-negative

~

24



donors, stimulated with TSST-1, were found to secrete TNF8 only in the presence of L cells
transfected with DR4 genes and not control L cells (Akzitsuka et al., 1994). Moreover this
response could be abrogated by the addition of an anti-HLA-DR monoclonal antibody.
Although T cell éctivétion by superantigens is dependent on Class II MHC, evidence suggests
that superantigens can interact with T cells in the absence of the antigen presenting cell to
induce intracellular signals through the T cell receptor. Fleischer and Schrezenmeier (1988)
showed that staphylococcal enterotoxins incubated with purified resting T cells caused a rise
in intracellular Ca>* concentrations. Lagoo et al. (1994) aiso showed that superantigens
induced cytokine gene expiession but not cytokine secretion in highly puriﬁed blood T cells
in the absénce of Class IT* cells. .It therefore appears that although sLignals are inducéd to thé -
T cell upon inieracﬁon.with superantigens, additional accessory signals inediated by
crosslinking of the T Cellirecep_tor, Class II molecule, and adhesion molecules are required
for complete T cell activation.

Both CD4* and CD8* T cells can be activated to .proliferate and secrete cytokines upon
superantigen exposure in the presence of APC (Calvano et ‘al., 1984; Fischer et al., 1990).
Activation of CD8* cells by superanﬁgéns has been associated with an inhibition of
immunoglobulin production (Poimiexter and Schlievert, 1987). Class I molecules do not
appear to be necessary for the CD8* T cell response since Carlsscin et al. (1988) found that
Daudi cells, which lack Class I molecules, are able to support CD8* T cell activation.
Likewise, although CD4* célls are activated, the presence of CD4 on T cells does not appear
to be absolutely necessary for the Class II mediated effects since transfection of CD4 niurine

- T cell hybridomas with CD4 cDNA did not affect the proliferative response of the majority
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of the hybridomas to various superémtigens (Sekaly. etal., 1991).‘ Ihege data Suggest that the
V, segment on a CD8* cell is also capable of being cross-linked to MHC Class II molecules -
by superantigens.
E. Evidence Implicating a Central Role for T Cell Mitogenesis and Cytokine
Secretion in the Pathogenesis of Superantigen-Mediated Shock | 2
Since the staphylococcal toxins believed to be résponsible for causing TSS belong to the
superantigen family of proteins, it is reasonable to hypothesize thaf these unique
superantigen-related activities might contribute to thé pathogenesis of TSS. The initial

immunological response induced by these toxins upon interaction with MHC Class II

" molecules and T cells is the expansion of T cell clones bearing specific V; molecules. In

addition to proliferation, T cells are activated to release cytokines such as TNFa, IL-18, IL-2
and IFN-r. The postulate that T cell mitogenesis followed by excessive secretion of
cytdldnes,’particularly TNFa, plays a critical role leading to lethal shock upon superantigen
sﬁmulaﬁon is Based on collected evidence from numerous smdieé. An indirect role for T
cells in TSS was suggested by Choi et al. (1990), who found that during TSS, T cell
stimulation occurs on a scale that is not observed in responses to conventional antigens.
Direct evidence for a primary role of T cells in the toxicity induced by SEB was shown by
Marrack et al. (1990). These investigators found that both T celi deficient nude nﬁce, and
mice genetically bred to express a low nurﬁber of SEB reactive V,-T cells, experienced iess

weight loss than control mice upon injection of SEB. These investigators concluded that

- SEB-induced weight loss in mice was mediated by T cells. Experiments confirming these

observations were performed by Miethke er al. (1992) using D-Galactosamine (D-gal)




sensitized mice. D-galactosamine fs a hepafotoxic-agent that sensitizes mice to the biologic
effects of superantigens as well as endofbxin by unknown mechanisms. D-Gal sensitized
SCID mice, deficient in T and B cells, did not éuccumb_ to lethal shock upon injection §vith
éEB. | Upon reconstitution with T cells, however, the mice died. The §ame investigators
performed the identical experiments with TSST-1, and also demonstrated a requirement for T
cells in TSST-1-mediated lethal shock (Meithke ef al., 1993). These experiments Il)roVide the
most direct evidénce to support a primary role for T cells in ‘m}ediating lethal shock. In a
complementary'investigation, Bonventre et al. (1993) identified a critical residue in the
TSST-1 molecule that was required for mediating the mitogenic action on T. cells..
Substitution of the histidine residue at position 135 to an alanine by site-directed mutagenesis
yielded a TSST-1 mutant (Hl35) fhat retained MHC Class II binding ability, but lost the
ability to induce T cell activation (as measured by mitogenesis and cytokine assays)
(Bonventre et al., 1993; Cullen et al., 1995). The mutant toxin failed to induce death in a
rabbit model of TSS (Bonventre. ét al., 1993) or a murine model of lethal shock (Bonventre
et al., 1995) whereas the wild-type toxin Was lethal. |

TNF has been implicated as the central mediator in the pathogenesis of TSS. TNF
introducéd intd experimental animals can induce most of the symptoms that are observed in
TSS patients, inciuding fever (Dinarello et al., 1986), hypotension, and shock (Ikejima er al.,
1988; Dinarello et al., 1989). Many studies have shown (that anti-TNF monoclonal
antibodies can confer protection against the toxic effects of‘ both S. aureus and its purified

toxins. For example, antibody against TNF was found to protect rabbits against a lethal

infusion of purified TSST-1 (Parsonnet et al., 1988); an anti-TNF antibody was found to




prevent death in baboons infused with live §. aureus (Hinshaw et al., 1992); an anti-TNF
monoclonal antibbdy was found to provide protection to mice in a dose-dependent manner
against the lethal effects of TSST-1 (Miethke Fet al., 1993); and anti-TNF antibody was found
to protect mice against the lethal effects of SEB (Miethke et al., 1992). Evidence that T

cells might be the source of the cytokine(s) mediating toxicity coines from the observétion ‘
that cyclosporin A (an agent that suppresses lymphokine secretion by T cells) treatment of D-
Gal sensitized mice conferred protection against the lethal effects of SEB (Miethke et al.,
1992) and TSST-1 (Miethke ez al., 1993). Whether the T cell requirement for toxicity is due
to the direct release of TNF from T cells, or is due to another cytokine released from T cells
that enhance TNF production from monocytes and/or T cells is not clear.

Although evidence exists to suggest that TNF is the primary mediator leading to TSS,
other cytokines, such as IL-1, may also be important. IL-1 and TNF have been found to act
synérgisticaily to induce a shock-like state in rabbits (Ikejima et al., 1988;‘ Okusawa et al.,
1988; Dinarello ez al., 1989), and each._can induce the production of the other. In addition,
TNFoa and IL-18 can induce the in vivo production of IL-6 (Shalaby et al., 1989). IL-6 may
in fact.be an important mediator of TNFa and IL-18 functions in vivo since injection of both
cytokines in mice correlated with a greater increase in serum IL-6 and mortality compared to
animals injected with either cytokine alone (Shalaby et al., 1989).

1.2..5 . Genetic Control of TSST-1, SEA and SEB Production in S. gureus
A. Reguiatofy Loci Involved in Controlling Toxin Production
Most staphylbcoccal exoproteins including TSST-1 and SEB, are produced maximally

during the post-exponential phase of growth in vitro. Other exoproteins are produced during
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the exponential phasg of growth, including coagulase, Protein A and SEA (Czop and
Bergdoll, 1974; Borst and Betley,. 1993). During the tranéition from exponential to post-
exponentiél growth, regulatory systemS alter the expression of accessory traits. One
regulatory locﬁs in S. aureus that appears to be involved in gene activation during this -
transition is the ‘accessory gene regulator’, or agr (Reései et al., 1986) [previously referred
to as exp (Morfeldt er al., 1988)]. This locus regulates a number of S. aureus exbprotein‘
genes, in that it can be both stimulatory and inhibitory for various gene products. For
example, while mutations in agr led to the undetectable pfoduction of proteins such as a-
hemolysin (Recsei et al., 1986), TSST-1 (Recsei et al., 1986) and SEB (Gaskill and Khan,
1988), others such as coagulase and Protein A wel;e increased (Recsei ét al., 1986).

Due to the differential effects on various proteins, it seems probable that agr may act
through a number of other interm;diaw regulatory steps to mediate its effect on gene _’
expression. In this regard, three other related regulatory systefns in S. aureus have been
identified. | Smeltzer et al./ (1993) identiﬁed a locus calléd xpr that was also found to be
responsible for regulating the production of a number of extracellular staphylococcal
proteins. Transposon insertion mutagenesis into xpr led to a decrease in the expression of
extracellﬁlar proteins that were similiar to the proteins found to be decreased in agr mutants.
It was proposed that xpr and agr may interact to regulate genes of pathogenic importance. A
second locus called sar, for staphylococcal accessory regulator, was also identified. Sar
appears to be involved in reghlating the expression of extracellular and cell-wall associated
protein§ (Cheung et al., 1992). - This locus appeared distinct from agr, since sar mutants |

produced fnore a-hemolysin and protease than the wild-type, in direct contrast to the agr.
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mutants. The sar locus may therefore act as a counter-regulatory system to that of agr

(Cheung et al., 1992). Evidence for a joint role for both loci in the regulation of exoproteins

was suggested by Cheung and Projan (1994), who found that optimal transbription of RNAIII

(a transcript of 'agr that is beliéved to be the agr-speciﬁc regulator of exoprotein synthesis)

was depeﬁdent on an intact sar locus; Finally, a third locus designated sae for S. aureus
exoproteih expfession, has been identified (Giraudo et al., 1994). Mutations in this locus

result in diminished or nﬁll levels of a- and B-hemolysins, IAI)NAa'seV, coagulase and Protein

A. Production o.f lipase, staphylokinase, SEA and proteases however were not affected. As

a result of the novel phenotype of these mlitants, this locus appears to be distinct from that of .
agr, xpr or sar.

TSST-1 is under control of the agr locus. Agr exerts its effect on TSST-1 production at
the transcriptional level, since agr mutants have less TSST-1 mRNA in comparison to wild-
type cells (Rescei et al., 1986). SEB is also under contr61 of the agr, #nd regulﬁtion appears
to be at the transcriptional level (Gaskill and Khan, 1988). In addition to agr,.'the xpr locus
may also play a role in regulating SEB production, since xpr .mutants were found to pfoduqe
undetectable levels of SEB (Smeltzer ef al., 1993). In contrast to TSST-1 and SEB, SEA is
not under control of the agr (Tremaine et al., 1993). |

B. Genetic Analysis of TSST-1 Production

TSST-1 is a 22 kD exoprotein produced .by some strains of S. aureus. Initial purification
and biochemiqal analyses of the toxin were carried out by Bergdoll ez al. (1981), Schlieveﬁ
et al. (1981), and Blomster-Hautamaa et al. (1986b). The TSST-1 structural gene was

cloned into E. Coli on a 10.6 kb chromosomal fragment in the plasmid pRN6100 from an
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alpha-hemolysin negative derivative of the S. aureus strain 3-14 (Kreiswirth et al., 1983)
The nucleotide and partial amino acid sequence of TSST—l was determmed by Blomster-
Hautamaa et al. (1986a). The TSST—l structural gene (#s¢) consists of 708 nucleotides. The
toxin has a 40 amino acid signal peptide_ that upon cleavage yields a 194 amino acid mature
‘toxin molecule.

Variability in TSST-1 production observed ameng S. aureus strains is determined by the
presence or absence of st, since the concordance between TSST-1 production and detection
of the chromosomal gene with oligonucleotide probes is >99% (Bonventre et al., 1989).

The TSST-l deterrmnant is not plasmid linked (Kreiswirth et al., 1984). Initial studles found
that S. aureus strains isolated from patients with TSS were more frequently lysogenized by
temperate bacteriephage than non-TSS-associated S. aureus strains. This ohservation led to
the suggestion that the TSST-1 determinant may be carried by a bacteriophage (Schutzer et
al., 1983). This theory was refuted by Kreiswirth et al. (1983), when transfer of the TSST-
1 determinant by lysogenic conversion could not be demonstrated. DNA from TSS‘T-l+
isolates hybridized to probes derived from sequences ﬂanking the TSST-1 gene, whereas
DNA from TSST-1" isolates did not. This suggested that the TSST-1 gene was located
within a larger .segment of DNA present only among TSST-1* isolates. Subsequently,
Kreiswirth ez al. (1989) reported that the TSST-1 gene is located on a unique genetic element
of ~4-7 kb in size. Digesting whole cell DNA with Clal (a restriction enzyme that does not
cleave within the TSST-1 genetic element) followed by hybridization with a TSST-1 specific
gene probe revealed Clal fragments of various sizes. Th1s indicated that the TSST-1 genetlc

element may be mob11e Consistent wrth this was the observation that protoplast fus1on and
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transformation mapping had placed the TSST-1 gene in at least two places - very close to the
tryptophan (¢rp) operon in some strains, and very close to the tyrosine B (tyrB) locus in -
another strain (Chu et al., 1988). The #rp operon appeared to .be the p'refgrred location Ifor
the TSST-1 genetic element, since the vast majority of TSST-1* &. aﬁreus.strains were
tryptophan auxotrophs (Chu er al., 1985; Kreiswirth et al., 198I9). The observation that the
majority of #rp” isolates (51 out of 58) shared common phenotypic characteristics and a
common pattern by Southern hybridizatiqn with a tst probe suggest that these ¢rp” isolates are
clonal in n.ature (Kreiswirth et al., 1989). Multilocus enzyme electrophoresis (MLEE)
analyses indicated that a single clone of S. aureus (ET41) was responsible for the majority of
femalé urogenital TSS cases (Musser et al., 1990). MLEE mﬂysis also suggests that since
the TSST-1 gene occurred in a number of various clonal lineages representing diverse species
of §. aureﬁs, the gene is evolutionarily old, énd hence, has not been recently evolved or
acquired by S.. aureus (Musser et al., 1990).

To date, the TSST-1 geneﬁc element is referred .to as Heterologous Insertion 555 (Chu ez
al., 1988). This term is used to indicate the presence of an extra segment of chrdmosomal
DNA in an organism associated with a specific trait (Kreiswirth et al., 1984). The |
observation that the TSST-1 determina;nt‘ was not able to be transferred via transduction, in
conjunction with 4-7 kb being the estimated size of the TSST-1 genetic element (a size that is

smaller than the genome of any staphylococcal phage) provides evidence to support that the

~ TSST-1 determinant is not mediated by phage. In 1989, the original investigators who

studied the molecular biology of the TSST-1 determinant proposed that the TSST-1 génetic

‘element is a staphylococcal transposon (Kreiswirth er al., 1989). To date however, no
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experiments to demonstrate that the TSST-1 genetic elemént can undergo successive
trahsposition to nonhomologous targets have been reported. The exact nature of the TSST-1
genetic element thus remains unclear. |
C. Genetic Analysis of SEA Production

Staphylococcal enterotoxin A is the toxin that is most frequently associated with |
staphylococcal food poisoning outbreaks caused by the ingestion of pfeformed toxin in
contaminated food sources (Minor and Marth, 1971). In vitro, S. aureus produces very
small amounts of SEA, usually not exceeding 5 - 10 ug/ml of medium (Iandolo and Dyer,
1981). In 1978, the SEA structural gene (sea) was proposed to reside on the chromosome
since SEA production was not associafed with detectable plasmid DNA in a number of
isolates (Shafer and Iandolo, 1978b). Chromosomal mappirig experiments revealed a

preferred location for sea, since 24 of 29 strains had sea located on the chromosome between
R

-

the pur-110 and ilv-129 markers (Pattee and Glatz, 1980; Mallonee et al., 1982)..
Subsequentiy, sea was cloned on a 2.5 kb HindIII fragment and expressed in E. coli (Betley
et al., 1984). Further mapping studies by Betley er al. (1984) verified that although sea was
located at the pur—ilv site in some strains, other chromosomal locations dould be found. The B
SEA determinant was thus proposed to be mobile, and analysis by Southern blotting found it
to be associated with a DNA segment of 8-12 kb in size. Shortly thergafter, Betley and
Mekalanos (1985) reported that sea was carried By a family of related phages that differed by
restriction fragment length polymorphisms (RFLPS) sunouﬁding the gehe. The variability in

the sequences of the phages led to differences in the upstream promoter regions of sea,

which played a role in dictating the amount of SEA produced by each strain (Borst and
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Betley, 1994). The phages that carry a functional SEA gene may be either viable or
defective (Betley and Mekalanos, 1985). In addition, related phages that do not carry sea
have been found (Betley ef al., 1984; Betley and Mekalanos, 1985). There was also a report
of a phage that carried a SEA-like gene, called sezA™* (Soltis et'al..,. 1990). Although sez4*
had a high degree of nucleotide identity with sea, there was no translation into an
enterotoxin-like protein due to the lack of a translation initiation cbdon; Recently, sea has
been found associated with triple converting phages (Colefnan et al., 1989). These novel
serotype F staphylococcal phages mediated the simultaneous triple Iysogenic conversidn for
B-lysin, st#pﬁyloldnase and enterotoxin A. The structural gen;s for staphylokinase and sea
were found closely aned in the‘ phage geﬁome. Insertional inactivation of the B-lysin
determinant occurs upon lysogenization of the triple converting phage, yielding a 8-lysin’,
stéphylokinase*, enterotoxin A* strain.

In 1988, the nucleotide se/quence of sea was reported (Betley and Mekalanos, 1988).
The gene is 771 bp and encodes a SEA precursor of 257 amino acids, that upon processing
yields the mature form of SEA with a molecular mass of 27,100 kD.

D. Genetic Analysis of SEB Production |

Similiar to TSST-1 and SEA, SEB is another example of a variable genetié trait in S.
aureus. SEB is produced more abundantly in vitré than SEA, usually exceeding 100 ug/ml |
of medium (Iandolo, 1990). There is wide vaﬁation with respeci to ;he -ar;lount of SEB
produced by vaﬁdus S. aureus strains. ‘The deduced nucleotide sequences of seb from a high
SEB producer and from a low SEB producer wefe similiar, negating the possiblity that

nucleotide sequence differences in the gene or promoter region were responsible for the
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observed variability (Compagnone-Post et al., 1991). One possibility is that variations in
SEB levelé between strains arise from variétions in cellular proteins involved in
transcriptionall activation. In this regard, the cloned SEB gene from a high anq low
producer, when introduced on a plasmid into the same strein, were found to produce
comparable amounts of both SEB and SEB mRNA (Compagnone-Post ef al., 1991). Thus
“unknown host factors may play a role in regulating SEB production. One such host factor
may be the delta-lysin RNA. High SEB producers were shown to have in general more
delta-lysin mRNA than low SEB producers (Compagnone-Post ez al., 1991).

Initial studies attempting to analyse the SEB determinaﬁt in S. aureus focussed on the
| methicillin resistant strain DU4916. Studies with DU4916 led to the suggestion that SEB
production was plasmid mediated in this strain (Dornbusch and Hollander, 1973).
Subsequently Shafer and Iandolo (1979) found that seb was chromosomal in two methicillin
resiste.nt plasmid-negative strains. It was then concluded ﬁat seb could be located either on a
plasmid or the chromosorﬁe. Further studies by Dyer and Iandolo (1981) led to the
suggestion that the plasmid believed to be associated with SEB production (called pSN2) may
not contain seb, but may be involved in the regulation of SEB synthesis. Shortly thereafter,
Khan and Novick (1982) refuted a regulatory role for pSN2 in SEB production. Their |
results were based on experiments in which cured derivatives of DU4916 were still found to
produce SEB. DNA-DNA hybridization experiments verified that pSN2 had not integrated
into the chromosome of the derivatives. Next, the nucleotide sequence of pSN2 was
determined, and found to encode a polypeptide of ~20 kD. This was different in size than

the 28 kD protein that corresponds to SEB. Through their studies, Khan and Novick (1982)
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thus tentatively labelled the SEB gene in DU4916 as chromosomal.
| The most recent report to examine the genetics of SEB production appeared in 1988.

Johns and Khan (1988) provided evidence to suggest that seb is associated with a genetic
element of at least 26.8 kb in size. SEB* isolates were shown to have identical sized
restryiction‘fragments with homology to a probe putatively identified as encompassing the -
right hand junétion of the SEB genetic element and common chromosbmal DNA, whereas
SEB' isolates had ‘hetérogenous sized fragments to the probe. This prompted the investigators
to conclude that the 26.8 kb region surrounding seb (termed the SEB genétic element) is
found in one chromosomal location in these strains. As observed for the genetics of SEA
production, some SEB- strains, although lacking seb, had sequences that were h’émélogous to
the SEB genetic element. Whether this represented an incomplete or rélated element was not

"established. Johns and Khan (1988) théorized that the SEB genetic elefnenf could be a
bacteriophage. The possibility that it wés a common transposon was fuled out since
staphylococcal transposons as large as 26.8 kb hav_e not been described. The size of the SEB
genetic element is similiar to that of other phages, including the phage that carries seq.
Furthermore, the location of seb at approximately 1.5 kb upstream of one end of the element
is consistent with the location of other toxin genes carried 'by other phages (Betley and '

- Mekalanos, 1985; Johnson ét al., 1986). Attempts to induce putative phage carrying the‘

SEB structural gene however have been unsuccessful. This does not exclude the possibility

- that SEB may be phage-mediated, since defective phage that are unable to produce infectious

particles upon induction may be present.

Alternatively Johns and Khan (1988) hypothesized that seb could be part of a large plasmid
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that had integrated into the chromosome.b They noted t_hat Altboum.etv al. (1985) had
described a 56.2 kb plasmid, called pZA10, that frequently integrated and excised from the
chromosome with concomitant rearrangements in DNA sequence. Upon transfer of pZA10
into SEB' strains, several transformants became SEB*. Further support for plasmid location
of seb came from the observation that the G-C content of seb is lower than the majority of S.
aureus chromosomal genes, but similiar to that of other S. aureus plasmid genes (Jones and
Khan, 1986). To date, no further work has been reported in this regard, and thus the exact
nature of the SEB genetic element and its chromosomal location still remain elusive.

1.3. Focus of Thesis Proposal

Staphylococcu.'s‘ aureus is a complex pathogen that produces many eitracellular proteins
including TSST—I, SEA and SEB, all of which have .been implicated in causing TSS. TSST-
1 is believed to be the primary toxin involved in causing the disease, since much evidence is
present to support an etiologic role. Unfortunately howeve;, key ekperiments addressing its
bidlogical role in menstrual TSS have not yet been performed. These experiments consist of
using isogénic mutants jn TSST-llproduct.ion in a relevant animal model. The primary
objective of this research wa§ to determine if a role for TSST-1 in menstrual TSS coﬁld be
established by performing the above experiment. Upon establishment of a role for TSST-1 in
menstrual TSS, interaction of TSST-1 with other staphylococcal exoproteins, specifically
SEA and SEB, on both a functional and molecular level was warranted. The interactioﬁ of
TSST-1 with these specific toxins are believed to have important clinical significance due to
two very important observations that have been made among TSS-associated S. aureus

isolates. First is the observation that MTSS isolates of S. aureus co-produce TSST-1 and
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SEA more frequently than NMTSS, non-TSS or carrier isolates (Chang et al., 1991).'
Second is the observation that production of TSST-1 and SEB By S. aureus is mutually
exclusive or that co-production of these toxins is extremély rare (Garbe et al., 1985; Crass
and Bergdoll, 1986a; Crass and Bergdoll, 1986b; Ewan et _al., 1989; Bohach ez al., 1990;
Johnson et al., 1991; Lee et al., 1992). |

Co-production of TSST-1 and SEA by S. aureus is postulated to have important functional
consequences in vivo due to the designation of both of these toxins as superantigens. The co-
‘ expression of twci/such proteins by a S. aureus strain might lead to a more virulent strain
than production of a single ‘superantigenic’ toxin. If true, this might provide a putative
explanation for why a TSST-1*/SEA* clone of S. aureus is.frequently associated with
MTSS. What role SEA may play in conjunction with TSST-1 specifically in MTSS however
is unclear. | | |

In addition to TSST-1, SEB has also been suggested to play a role in TSS. Therefore, the
phenotypic observation that ._TSST-I and SEB production among S. aureus strains appears
mutually exclusive has important clinical implications, and a novel regulatory system
involved in mediating th¢ control of TSST-1 and SEB expression may exist. Although it is
generally accepted that this toxin combination rarely exists at the phenotypic level,
controversy still exists at the genotypic level over whether tst and seb can be found within

the same isolate. In light of this controversy, an examination of S. aureus isolates for the

presence of the TSST-1 and SEB genes and determination of the molecular mechanism(s)

involved in regulating this toxin phenotype, was warranted.




In view of the above, the following Questions provided the focus for the thesis proposal:

1.

-Is there conclusive ev1dence that TSST-1 plays a causative role in the pathogenesis of
* Menstrual TSS?

Does co-productlon of TSST-I and SEA by a S. aureus strain mediate increased
virulence?

Is the "mutually exclusive" production of TSST-1 and SEB due to the absence of
structural genes in the chromosome?

What are some possible mechanisms that may explain the "mutual exclus1v1ty of
TSST-1 and SEB co—produchon"
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Chapter 2. Materials and Methods

2.1. Bacterial growth media and antibiotics

Escherichia coli strains were propogated on Luria-Bertani (LB) media (Sambrook et al.,
1989) containing antibiotics where appropriate (ampicilliri 50 pg/ml; ampicillin + methicillin
80 and 20 ug/ml respectively; efythrbmycin [Em] 100 ug/ml). Staphylococcus aureus strains
were propogated on Tryptic Soy Agar (TSA), Tryptic Soy Broth (TSB) or Brain Heart
Infusion media (BHI) (Difco, Detroit, MI) containing antibioﬁcs where apprépriate (Em 10
yg/;nl; chloramphenicol [Cm] 10 ug/ml).
2.2. Bacterial strains and plasmids

The Staphylococcus aureus control or reference strains and clinical isolates used in this
study are listed in Tables 3 and 4 respéctively. Plasmids used in this study are listed in
Table 5. |

-2.3. Phenotypic Analyses of S. aureus
2.3.1.  Toxin Production
A. Immunoblotting

S. aureus isolates were grown overnight in either BHI or TSB containing antibiotics where
appropriate. The post-exponential phase cultures were centrifuged: (1,200 x g; 10 min) and
the supemétant was filter-sterilized. Proteins in the culture supernatants were concentrated
by either lybphilization or ultrafiltration through a Centricon-10 or Micrbcon—3_ concentrator

(10,000 and 3,000 molecular weight cut-offs respectively; Amicon, Beverly, MA).

\
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Table 4 Staphylococcus aureus Clinical Isolates Used in this Study

Cinical Phenotypic Results Genotypic Results Electrophoretic Clinical

Isolates TSST-1+ SEB+ tst+ seb+ Type (ET) Characteristics
7051 + - + + s Carrier
7054 - + - + 6 Carrier
7128 - + nd + 6 Carrier
7140 + - + + 21 Carrier
7142 - + - + 6 Carrier

- 7145 - + - + 6 Carrier.
7163 - + - + 6 Carrier
7294 + . + + 21 TSSNM
7333 . - + - + 5 TSSNM
7335 - + nd + 22 TSSNM
7370 - + - + 6 Carrier
7371 - + - + 6 Carrier
7372 - + - + 6 Carrier
7385 - + - + 6 TSSNM
7402 - + - + 6 Non-TSS
7405 - + - + 6 Non-TSS:
7407 - + - + 5 Non-TSS
7423 - + - + 6 Non-TSS
7429 - + - +. 6 Non-TSS
7431 - + - + 6 Non-TSS
7513 - + - + 6 TSSNM
7599 : - + nd + 6 TSSNM
7616 + - + + 21 Carrier
7660 - - - nd 10 Carrer
7690 - - nd - 49 * Non-TSS
7692 - + - + 6 Non-TSS
7694 - + - + 50 Non-TSS
7695 - + - + 51 Non-TSS
7785 - + - + 48 TSSM
7835 - + - + 5 Non-TSS
7836 - + - + 50 TSSNM
8254 - + - + 59 Carrier
8270 - +. - + + 21 Carrier
8292 - + - + 50 TSSNM
8297 L. - - nd 8 Carrier
8315 - + - + 6 Carrier
8385 - + - + 62 Non-TSS
8395 - - + - + 63 Non-TSS
8426 ‘ - + - + 6 Non-TSS
VI-5 + - + + nd TSSNM

Abbreviations: TSST-1+, producing toxic shock syndrome toxin-1; SEB+, producing
staphylococcal enterotoxin B; £st”, containing TSST-1 structural gene; seb’, containing SEB
structural gene; TSSNM, nonmenstrual toxic shock syndrome, TSSM, menstrual toxic shock
syndrome; Non-TSS, non-toxic shock syndrome-associated S. aureus infection; Carrier, no
infection; nd, not determined. ET analysis was performed by J. M. Musser in the laboratory of
R. K. Selander (Pennsylvania State University)
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Lyophilized samples were suspended in distilled water. Equal amounts of total protein (Bio-
Rad Protein Assay; Bio-Rad Laboratories Ltd., Missisauga, Ontario) were loéded onto a
14% SDS-polyacrylamide gel (SDS-PAGE) prepared by standard procedures (Sambropk et
al., 1989). After electrophoretic separation of the samples, proteins were transferred to a
nitrocellulose membrane with the Semi-Dry Electroblotter A (Ancos Dimension Laboratories
Inc., Mississaugé, Ontario, Canada; 30-45 min, 150 mA, room temperature) using transblot
buffer (25 mM TRIS-HCI, 192 mM glycine, 20% methanol; pH 8.3). The membrane was
incubated overnight in a 1:100 dilution of polyclonal rabbit anti-serum raised against purified
TSST-1 from S. aureus MNS8 (Rosten et al., 1989) or 1 ug/ml of rabbit anti-serum to SEB
(Toxin Technology, Sarasota, FLA) in 5% skim milk (Difco) in a volume sﬁfﬁcient to cover
the membrane (30-50 ml). Following three 2-min washes with TRIS-buffered saline (1.21
g/l TRIS-HCI, 9 g/l NaCl; pH 7.4) containing 1% Tween-20 ('I‘BS—T) filters were incubated
with a 1:1,000 dilution of biotinylated goat-anti-rabbit immunoglobulin G (Gibco/BRL) in
TRIS-buffered saline containing 0.5% bovine serum albumin (TBS-BSA) for approximately 2
h. After washing with TBS-T, the filter was incubated with a 1; 1,000 dilution of
streptavidin-horseradish peroxidase conjugate (Gibco/BRL) in TBS-BSA for 30 min.
Following a final wash step with TBS-T, colour development was achieved with 4-
&bronaphthol as described by the manufacturer (Gibco/BRL). |
B. .Immunoassay
.Production of TSST-1 By S. aureus isolates was quantitated by a non-competitive enzyme-

linked immunosorbent assay (ELISA) procedure similiar to the method previously described

(Rosten ez al., 1987) with one modification. Biotinylated-TSST-1 was used as the capture




antibody in place of anti—TSST—l conjugated to alkaline phosphatase. Biotinylation of TSS’f- H
. 1' was accomplished using the Pfotein Biotinylation System. (Gibco/BRL) following the
manufacturer’s instructions. After addition of biotinylated anti-TSST-1 [diluted 1:2,000 in
PBS containing 0.05% Tween-20 (PBS-T)] to the wells (0.1 ml), the ELISA plate was |
| incubated for 90 min at 37°C. This Was followed by three 2-min washes with PBS-T.
Streptavidin-alkaline phosphatase (Gibco/BRL; diluted 1:2,000 in PBS-T) was added (0.1
mUwéll) and plates were incubated for 20 min at' 37"C.- Detection was performed as
described previously (Rosten et al., 1987) usirig p-nitophenyl phosphate as the substrate
(Sigma Chemicai Co., St. Louis, MO). The sensitivity limit of the ELISA was 0.5 ng/ml of
TSST-1. |

SEA production by S. aureus was determined by a non-competitive ELISA proéedure.
Affinity purified anti-SEA (Toxin Technology) (2 ug/ml) 1n 0.05 M bicarbonate-carbonate
buffer (pH 9.6), was coated onto microtiter plates (0.1 ml/well) (Immulonl, Dynatech
.Laboratories, Chantilly, VA) overnight at room temperature. Unbound _antibodies were

T ' . .

removed by three 2-min washes with PBS-T. A SEA standard (Toxin Technology), serially
diluted from 128 to 0.5 ng/ml in PBS-T or BHI (when appropriate) or éultufe filtrates
pretreated with normal rabbit serum (10% [vol/volj final concentration) to eliminate protein
A (Rosten et al., 1987), were added in 0.1 ml volumes to the wells. After incubation af |
37°C for 1.5 h, wells were washed with PBS%T, and 0.1 ml of‘ alkaline phosphatase
conjugated anti-SEA diluted 1/250 in PBST (prepared by the method of Nakamura ez al.,

1986) was added to each well followed by incubation for 1.5 h at 37°C. Finally wells were

washed with PBS-T and incubated with 0.1 ml of a 1 mg/ml solution of p—nitrophenyl




phosphate (Sigma) followed by measurement of the O.D. at 410 nm using a Dynatech-
MRS5000 microplate reader (Dyhatech Laboratories). - The sensitivity limit of the
immunoassay was 1 ng/ml of SEA. | -

SEB production by S. aureus isolates was determined by a non-competitive ELISA
procedure as described by Lee et al. (1992). The sensitivity limit of the SEB immunoassay
was 0.5 ng/ml of SEB. | |

The total amount of protein found in the culture filtrates of strains was quantitated using
the Bio-Rad Protein Assay (Bio-Rad Laboratories). |

2.4. Molecular Biology Techniques
2.4.1. DNA Manipulation

DNA modifying enzymes (restriction enzymes, ligase, Klenow, alkaline phosphatasc) were
purchased from New England Biolabs (Mississauga, Ontaﬁc, Canada), Gibco/BRL Life
Technologies Inc. (Gaiihersburg, MD) or Boehringer Mannheim (Laval, Quebec, Canada)
and used according to the manufacturer’s instructions.

2.4.2. Tsolation of Plasmid DNA -

Plasmid DNA was isolated from Escherichia coli via lysis by alkali using standard
procedures (Sambrook ez al., 1989). Isolation of plasmid DNA from Staphylococcus aureus
was performéd by the alkali lysis procedure modified by the use of lysostaphin as described
by Novick (1991). | |
2.4.3. 'Transfer cf DNA

Plasmids were transformed into competent CaCl,-treated cells of E. coli IM109 (Yanisch-

Perron et al., 1985) by standard procedures as described by Sambrook ez al. (1989) or into
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célls of XL-1 Blue (Bullock et al.., 1987) following the protocol of Stratagene (1992).
Introduction of plasmid DNA into S. aureus RN4220 (restriction-deficient mutant capable of o
accepting shuttle plasmids propogated in E. coli) (Kreiswirth et al., 1983) was accomplished
by electroporation (Bio-Rad Laboratories Ltd.) following the method of Augustin and Gotz
(1990). Introduction of plasmid'DNA inté S. aureus RN3984 was performed via
transduction with phage 80a (Novick, 1963); Phage 80a was maintained by propagation on
S. aureus RN450.
2.4.4. Transduction

Phage 80« transducing lysates were pfepared on donor strains using the agar layer‘ method
described by Swanstrom and Adams (1951). A swab of an overnight culture of donor cells |
was suspended into 0.2 ml of phage buffer (ImM MgS(,, 4mM CaClz, 50 mM TRIS-HC1

(pH 7.8), 5.9 g/l NaCl, 1.0 g/l gelatin) (Novick, 1991) and inoculated with ~ 107 PFU of

“phage 80a. Cultures were gently mixed and the phage was allowed to absorb for 5 min at |

room temperafure. Tryptic Soy Broth Top Agar (TSBTA; TSB containing 0.7% agar) (2.5
ml) was added and the mixfure poured oﬁto TSA plates containing SmM Caél,. .After
overnight incubation, 2.5-5.0 ml of phége buffer was added to each plate and the agar layer
scraped into centrifuge tubes. Tubes were shaken vigorously for several minutes and
centrifuged at 10,000 X g for 10 min at 4°C. Supernatants were ﬁlterasterilized.
Transduction was performédesséntially as described by Kasatiya and Baldwin (1967) with |
the modification of a 20 min incubation at 37°C before addition of 0.02M sodium citrate as
described by Schroeder and Pattee (1984). Transductants were selected on BHI agar

containing 10 pg/ml erythromycin and 5 pg/ml sodium citrate.
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2.4.5. Preparation of chromosomal DNA
DNA was prépared from overnight cultures of S. aureus grown at 37°C. The cells were

washed by centrifugation in TEE buffer (1 M TRIS-HCI (pH 7.6) containing 0.1 M EDTA
and 10 mM EGTA), resuspended in TEE .buffer (450 ul/ml of culture) containing lysostaphin
(10 units/ml; Sigma) and RNaseA (50 ug/ml; Boehringér Manheim), and incubated at 37°C o
for 1 h. Cells were lysed by the addition of 30 ul of 10% SDS and 0.1 mg/ml prbtei'nase K
(Boehririger Mannheim), followed by incubation ét 65°C for 1 h. Sodium chloride was added
to 500 mM (ﬁnél concentration) followed by 80 ul per ml of volume of a 10% solution bof
CTAB (hexadecyl trimethylammonium bromide; Sigma) in 0.7 M NaCl. The sample was

incubated at 65°C for 10 min and then extracted with phenol-chloroform (Sambrook et al.,
1989). The nucleic acids were precipitated with ethanol as previously d¢scribed (Sambrook
etal., 1989). The DNA was dissolved in TE buffer (10 mM TRIS-HCI (pH 7.6), containing
1 mM EDTA) and stored at 4°C until use. |
2.4.6. Preparation of DNA probes

pRN6550 carrying st (Kreiswirth et al., 1987) (provided by R. P. Novick and B. N

Kreiswirth, Public Health Research Institufe, -New York), pSK155 carrying seb (Ranelli et
al., 1985) (prdvid_ed by S. A. Khan, University of Pittsburg), pMIB38 carrying sea (Betley
and Mgkalanos, 1988) (provided by R. P. Novick) and PRN6441 (Villafane ef al., 1987)
(provided by R. P. Novick) were digested with the appropriate restriction endonucleases.
The DNA fragments to be used as probes were isolated from a lowfmelting agaroSe gel
(Sigma) with the use of Gelase (Epicentre Technologies, Madison, WI), following the

manufacturer’s instructions. The DNA fragments were labelled by the random primed



incorporation 6f digoxigenin-labeled dUTP (Boehringer Mannh_eim) as outlined by thé
supplier. o
2.4.7. Southern hybridization analysis

Chromosomal DNA from the bacterial isolates was digested with restriction endonucleases
Clal, HindIII or Kpnl under conditions recommended by the supplier. DNA was
electrophoresed through a 1% agarose gel in TRIS-acetate—EDTA buffer (40 mM TRIS-
acetate, 2 mM EDTA). Digoxigenin-labelled molecular size standards (Boehringer
Mannheim) were used as the size controls.

DNA fragments were transferred to nyloﬁ membranes (Boehringer Mannheim) undér
alkaline condiﬁons (0.4 M NaOH) as described by Sambrook et al. (1989). The
hybridization conditions were: 20-50 ng/ml digoxigenin-labellel‘l probe in a solution of 50%
formamide, 5X SSC (‘IX SSC= 0.15 M Na(l, 0.015 M sodium citrate, pH 7.0), 2%
bldcking reagent (Boehringer Mannheim), 0.1% N-lauroylsarcosine (wt/vol), and 0.02% SDS
(wt/vol) at 42°C overnight. Washing (0.1X SSC, 0.1% SDS [wt/vol]) was done ét 68°C.
Detection by luminescence was accomplished by the addition of a high-affinity alkaline
phosphatase-conjugated anti-digoxigenin antibody, followed by the substrate AMPPD
(disodium salt) under conditions described by Boehringer Mannheim. Probes were removed
from the nylon blots with two 20-min wéshes at 37°C in 0.2 M NaOH containing 0.1% SDS -
(wt/volj, followed by two 5-min washes in 2X SSC at room temperature. Removal of the
pfobe was verified by lack of a hybridization signal éfter the wash step.

2.4.8. Polymerase chain reaction (PCR) anal)‘rsis'

Sequences for the oligonucleotide primers designated SEB1 and SEB2 targeting sequences . |
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located at positions 310-329 and 634-657 respectively of the SEB structural gene were
prepared at the Nucleic Acid and Protein Service Unit (University of British Columbia).
These primers were designed by Johnson et al. (1991) and give an amplification product of
478 bp in SEB* isolates. PCR was done essentially as described by Johnson et al. (1991),
except that 60 ﬂg of nucleic acid was used as template for the reaction.

Sequences for the oligonucleotide primers designated MLD-l and MLD-2 were chosen
with the use of ‘Primer betective’ software. The oligonucleotide sequence for MLD-1 was
5’- CTAAACCAGATGAGTTGCACAAATCG -3, and the sequence for MLD-2 was 5’-
AATTCCCTAACTTAGTGTCC -3’. These pﬁrﬁers target SEB structural' gene sequences
located at positions 17-39 and 162-181 respectivély, with an expected PCR product of 165 bp
in SEB* isolates. The PCR was performed in a 50 ul reaction mixtufe using 60 ng of
nucleic acid as témplate and 0.2 uM of eabh primer under the following conditions:
denaturation for 30 sec at 95°C, annealing of primers for 30 sec at 55°C, primer extension
for 1 min at 725C.’ This was repeated for 40 cycles. PCR producfs were sepai'ated ona
2.5% agarose gel in TRIS-acetate-EDTA buffef.

2.5. Construction of Isogenic Mutants
2.5.1. 8. aureus RN3984 - Wildtype isolate used for isogenic mutant
construction |
RN3984 is a TSST-i—producing strain of S. aureus isolated from the vagina of a patient |

with menstrual TSS (Barbour, 1981). It has been also referred to as the Harrisburg strain

(Schlievert ez al., 1979). It is beta-hemolytic, tryptophan-negative, coagulase positive, and

belongs to phage group 1 (major types 29/52A/79) (Barbour, 1981; Schlievert et al., 1979;




Kreiswirth et al., 1989). It produces staphylococcal enterotoxin A but not staphylococcal
enterétoxins B, C, D or E as tested by ifnmunoblpt analysis described previously in this
section with the addition of 1 ug/ml of rabbit anti-serum to SEA, SEB, SEC,;, SED or SEE
respectively (Toxin Technology). |
2.5.2. Inactivation of tst in S. aureus RN3984 |

The TSST-1 structural gene of RN3984 was inactivated by allele réplacement by R. P.
Novick and B. N. Kreiswirth as previously described (Sloane ef al., 1991).. In brief, the st
shuttle plasmid fRN6684 [tst::Tc"; temperature se;nsitive origin of replication (t°)] was
introduced into RN3984 at the permissive temperature for repﬁcaﬁon. Dilutions of a broth
culture were plated onto TSB containing Tc and incubated at 43°C. After integration of the
plasmid into #st by a single crossover évent, transduction of the co-integrate into wild-type
RN3984 foﬂowed by Tc* screening of the transductants was performed. Trgnsductants were
scored for Em*® to identify recombinants where piasmid exéision had occurred and caused
allele replacement of sz by #st::Tc’. The Tc" fragment was ~2.9 kb. One transductant,
RN7043, was kept for further characterizatién.
2.5 .3.. Inactivation of sea in S. aureus RN3984

A. Construction of plasmids

A 624 bp BamHI-HindIII fragment (containing seq) was excised from pMIB38 and ligated
to BamHI-HindIII digested pUC19 (2.7 kb) to create pMLD6872 (3.3 kb) containing a
unique Clal site within sea. Inactivation of sea in pMLD6872 was accomplished by insert\ing

a 1.4 kb Tagql fragment encoding the erythromycin resistance determinant (Em") of the S.

aureus plasmid pRN6442 (Villafane et al., 1987) into the unique Clal site creating




pMLD6873 (4.7 kb). All attempts to introduce pMLD6873 as a suicide plasmid into
RN3984 by electroporation were unsuccessful. Next Ecoi{I digested i)MLD6873 waS ligated
to EcoRI digested pRN6441 (~3.8 kb) (Villafane et al., 1987) to create pMLD6873C-1
(~ 8.5 kb) (a shuttle plasmid that can replicate m both §. aureus and E. coli containing a
temperature sensitive origin of S. aureus replication). Refer to Figure 1 for an overview of
plasmid' construction.
B. Introduction of plasmid pMLD6873C-1 into
.RN3984 and isolation of SEA" transductants
pMLD6873C-1 was introduced into S. qureus RN4220 by electroporation and
transformants Selected for resistance to Em. ﬁext,‘ pMLD6873C-1 was transferred frém
RN4220 to RN3984 (TSST-1*/SEA™) by transduction with phage 80a. After incubation at
30-32°C, (the permissive temperature for plasmid replication) transductants were selected by
resistance to Em. Several Em" transductants of RN3984 were selected and after 8 h growth
at 32°C in TSB containing Em, the transductants were grown overnight at 43°C (the non-
permissive temperature for plasmid replication). . Overnight cultures were plated (0.1 ml)
onto solid media (TSA with Em) and grown overnight at 43°C. The péssage of cells from
solid to ﬁquid media at 43°C was performed for three consecutive cycles. EI“H‘ colonies were
analysed for SEA production by immunoassay as previously described in section 2.3.1. At
this stage, the genomic DNA of several SEA™ transductants were digested with HindIII and
anaiysed by Southern hybﬁdimﬁon anaiysis with a 624 bp BamHI-HindIII sea probe (Betley
and Mekalanos, 1988). The results indicated that in these transductants, pMLD6873C-1 had

integrated into the sea chromosomal locus since the expected HindIII fragment that exceeded
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Figure 1. Plasmid constructs generated to assist in the i_nactivation of sea
in RN3984 by the method of plasmid integration. . _
Em, erythromcyin; H, HindIII;, H*, HindIII site not definitely known
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the HindIIi fragment observed with RN3984 by 1.4 kb was not observed (the size of the Em"
marker used to inactivate sea in pMLD6873). Instead, three HindIII fragments that
hybridized to the probe were found in the SEA" transductants. Since pMLD6873C-1 contains
~ two HindIII sites (see Figure 1) this would be consistent with recombinatiOn.of the plasmid
into the sea locus via a single crossover event. To increase the likelihood of obtaining a
SEA" mutant derived by allele replacément in which only the inactivated sea and not the
plasmid backbone had recombined into the chromosome, one SEA*/Em* transductant was
chosen and the Em" marker again transdﬁced into wild-type RN3984 with phage 80a. This
facilitates plasmid excision and allele replacement at a high frequency (McDevitt et al.,
1992). Sixty of sixty-four Em" transductants screened after this step were SEA". Several
transductants analysed by Southern hybridization analysis using the sea probe revealed results
that were again consistent with integration of pMLD6873C-1 into séa. Attempts to rembve
the plasmid bdckbone of one transductant by growing without antibiotic selection at the non-
permissive température for a number of generations as previously described (Foster et al.,
1990) were unsuccessful. One SEA/Em'’ mutant, designated INT#I, was chosen for further
characterization. |

- C. Verification of thé stability of the SEA" phenotype of INT#1 after in

vivo growth |

| Thirty BALB/c mice were inoculated intraperitoneally (li.lp.) with ~10°-107 CFU of
washed RN3984 (TSST-1*/SEA*) or INT#1 (TSST-I*/SEA‘) suspended in sterile phosphate—} '
buffered saline (PBS) (15 per group). For the following 5 days, bacteria were collected from

three mice in each group by injection of 5 ml of sterile PBS i.p., followed by reaspiration.
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The collected aspirate was centrifuged at 1,200 X g for 10 min aﬁd the pellet was
resuspended in 0.5 ml of sterile PBS. Sambles of the recovered bacteria were plated onto
Mannitol salt agar (Difcb) and incubated overnight at 37°C. Cells from several. isolated
colonies on mannitol plates (chosen by the presence of a yellow halo surrounding the colon’y). N
were grown overnight in TSB and the culture supernatant was analysed for SEA by
immunoassay. . |
2.6. Creation of a TSST-1 and SEB. Producing Strain of S, aureus
2.6.1. Construction of plasmids

A. pJW1 (tst containing plasmid)

C;)nstruction of pJW1 was performed by Julian Wc;od (University of Victoria, Co-op
Student). In brief, the 'cloned TSST-1 sfructural gene resided in the pBR322-based plasmid
pRN6550 (Kreiswirth et al., 1987). A 1.6 kb BglI fragment contaiﬁing tst was excised frorﬁ
pRN6550 and‘ ligated to Hincll digested pBluescript (Short ef al., 1988). Next, tst was
excised on a 1.62 kb HindIII-Xhol fragment and ligated to th¢ Smal digested B. subtilis
plasmid pHPS9 (Haima er al., 1990) to create pJW1. pJW1 is a shuttle vector that can
replicate in both S. aureus and E. coli, and contains aﬁtibiotic resistant genes for
chloramphenicol and erythromycin. |

B. pMLD6876-1 (seb contahﬁng plasmid)

The cloned SEB structural gene resided in the plasmid pSK155 (Ranelli et al., 1985). seb
was excised on a 1.8 kb Kpnl-Clal fragment and ligated to Hincll digested pUC19 to create
pMLD6876. A shuttle vector derivative of pMLD6‘876 was next constructed by ligating

pMLD6876 with pRN6441 (Villafane er al.,' 1987) to create pMLD6876—1. pMLD6876-1.
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contains a gene éricoding resistance to erythroinycin.
2.6.2. Introduction of pJW1 and pMLD6876-1 int_o S. aureus

pMLD6876-1 was introduced into S. aureus RN4220 by electroporation. Colonies were
selected for resistance to Em. SEB.prvoduction was verified by immunoblot analysis in the
Em* transformants. Next, pJW1 was introduced into RN4220(pMLD6876-1) by
electroporation. Colonies were selected for resistance to Em and Cm. Production of TSST-

1 and SEB by Em"/Cm* transformants was determined by immunoblot analysis.

2.7. In Vitro Effects of TSST-1, SEA and the Culture Filtrates of Isogenic Strains on

Human Peripheral Blood Mononuclear Cells and Rabbit Splenocytes :

2.7.1. Purification of TSST-1 and SEA

TSST-1 was puriﬁed from culture supernatants of S. aureus MN8 by Winnie Kum
(University of British Columbia) by preparative isoelectric .focusing and chromatofocusing as
préviously described (Kufn et al., 1993). This procedure results in a pure TSST-1- .
preparation, as verified by silver staining after SDS-PAGE, by immunoblotting 'with
polyclonal rabbit antiserum raised against the crude culture supernatant of S. aureus MN8,
and by autoradiography after iodination and SDS-PAGE (Kum et al., 1993).

. SEA was purchased from Toxin Technology and further purified by Winnie Kum by
chrOmﬁtofOcusing using a pH 6 to 8 gradient polybuffer exchanger (PBE 94; Pharmacia Fine
Chemicéls). SEA (2 mg) was reconstituted in 5 ml of TRIS-acetate buffer (25 mM, pH 8.3)
and applied fo a column X 15;30, 1.5 by 30 cm; Phafmacia) containing 80 ml of PBE 94
equilibrated with TRIS-acetate buffer. Elution of SEA was accomplished with polybuffer 96-.

acetate (pH 6.0; Pharmacia) at a flow rate of 36 ml/h. Fractions were assayed for SEA by
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immunoassay, and thdse containing SEA were pooled, dialysed against several change; of
deionized water for 72 h at 4°C, and lyophilized. Purity of the SEA breparation was verified
by the observation of a single band at ~28 kD after separation on SDS-PAGE followed by
silver staining. |
2.7.2. Purification of Human Peripheral Blood Mononuclear Cells

Fresh human peripheral blood mononuclear cells (PBMC) were obtained from healthy
vblu‘nt'eers by the method previousl\y deécribed (See et al., 1992c). In brief, cells were
obtained by centrifugation of platelet-pheresis bﬁffy coats over Histopaque 1.077 (Sigma).
Mononuclear cells at the interface were washed with Hank’s balanced salt solution before
being separated into T- and non-T cell populations by rosetting with sheep erythrocytés as
~ described previously (Madsen and Johnson, 1979). Non-rosetted cells were separated‘ into
monocyte and B lymphocyte fractions by density gradient pentrifugation over Percoll
(Pharmacia Fine Chemicals, Dormal Queb.ec, Canada)".- ‘RPMI 1640 and 10% heat
inactivated (56°C, 30 min) fetal calf serum (FCS) (Gibco/BRL) (~ 16 ml) was added to the
non-T cell fraction and mixed with Percoll to give a final specific gravity of 1.062 g/ml. |
One ml of RPMI plus 10% FCS was layered on the top of each suspension and centrifuged at
800 X' g for 15 min. The mpnocyte-containing interface was collected and cells were washgd
| three times witl; Hank’s. This procedure results in a | =>90% pure' monocyte preparation as |
aséessed by nonspecific esterase staining of cytospin preparations (See et al., 1992c). For
isolation of purified human T lymphocytes, E-rosetted cells were treated with ammonium
chloride to remove sheep erythrocytes, and washed three times with Hank’s. At this stage, T

cells are >80% CD2* by flow cytometric analysis as determined previously in our
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laboratory by Rayruond See.
2.7.3. Preparation of Rabbit Splenocytes

Rabbit spleens from female New Zealand White rabbits were removed asceptically, and
single cell suspensions were obtained by pressing the spleen through a stainless steel grid into’
RPMI 1640 medium. Red blood cells were removed from the cell suspension by lysis with
0.85% NI-LClé similiar to the method previously described (Mishell et. al., 1980). Cells
were washed in RPMI 1640 and resuspended to the appropriate concentration in RPMI 1640
supplemented with 10% heat inactivated FCS,_ 2mM L-glutamine, 25 mM Hepes buffer (pH
7.2) and 10 pg/ml polymyxin B sulfate. |
2.7. 4 Preparation of Culture Filtraies from Isogenic Strains \

Culture filtrates from isogenic strains were prepared by growing as mdrcated for the in
vivo model inocula preparation (BHI, post—exponentlal phase) (see Section 2. 8 2) followed by
centrifugation at 2,500 X g for 10 min. Culture filtrates were ﬁlter-stenhzed and stored at
-20°C. |
2.7.5. Immunoassay Detection of Cytoklne Production by Human PBMC or Rabbit

Splenocytes Stimulated with Toxin or Culture Filtrate |

T cells and monocytes (1:1 ratio; 2 X 10° cells/well) in supplemented RPMI l640
(described in section 2.7.3) were cultured in 1.0 ml volumes in conjunction with various
concentrations of TSST-1, SEA or TSST-1 plus SEA in 24-well culture plates (Becton-

Dickinson). After 19.5 h at 37°C, 5% C02, supernatants were harvested and contammatmg

cells removed by centrifugation at 800 X g for 5 min. Supernatants were stored at -70°C.
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A. Human TNF«

TNFa present in the culture supernatants was assayed by ELISA as previously de‘scr.ibed

(See et al., 1992c). The sensitivity limit of the TNFa ELISA was 250 pg/ml.
'B. Human IL-18 - | | |

IL-18 in the culture supernatants was aSsayed by ELISA as previously described (See and

Chow, 1992). The sensitivity limit of the IL-18 ELISA was 500 pg/ml.
C. Human IL-6 |

Levels of IL-6 in culture supernatants was determined by ELISA. Goat anti-human IL-6
R+D Systeins, Minneapolis, MN; 0.08 ml at 2 'yg/ml in 0.'05 M bidarbonate—carbohate
buffer, pH 9.6) was used to coat ﬂat_—bottomed 96-well microtiter plates (Immulonl, |
Dynatech Laboratories, Inc.) overnight at room temperature. Unbound antibodies wdre
removed by three 2-min washes with PBS containing 0.1% Tween 20 (PBS-TW).' A humanv
IL-6 standard (R + D Systems) serially diluted from 2500 to 0.2 pg/ml in PBS containing
3% BSA (PBS-BSA), or test sample, was added in duplicate 0.08 ml vdlumes to the wells - |
and plates were incubated for 90 min at 37°C. After washing with PBS-TW, 0.08 ml of
biotinylated 'goat anti-human IL-6 (R + D Systems) diluted 1/8,-000 in PBS-BSA was added
to wells and incubated for 1.5 h. Plates were then washed and wells incubated with 0.08 ml
of streptavidin-alkaline phosphatase (Gibco/BRL) diluted 1/ 8,000 in PBS-BSA for 20 min at
37°C. Wells were washed five times with 0.2 ml of 50 mM TRIS-buffered saline (pH 7.5)
and an ELISA amplification system (Gibco/BRL) was used as previously described (See ét

al., 1992c) to increase the sensitivity of the assay. Optical density at 490 nm was measured

in a Titertek Multiscan spectrophotometer (Flow Laboratories, Mississauga, Ontario,




Canada). The sensitivity limit of the IL-6 assay was 625 pg/ml. In each case the
background values (PBMC in media alone) were subtracted from the observed values..
D. Rabbit TNFe | |

Rabbit splenocytes (2 X 105 c