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Induction by Toxic-Shock-Syndrome Toxin-1 of a Circulating Tumor Necrosis 

Factor-Like Substance in Rabbits and of Immunoreactive Tumor Necrosis Factor 

and Interleukin-1 from Human Mononuclear Cells

Takashi Ikejima, Seijiro Okusawa, From the Department o f  Medicine, New England Medical

Jos W. M. van der Meer, and Charles A. Dinarello Center Hospitals and Tufts University School o f  Medicine,

Boston, Massachusetts

A shock-like syndrome was induced in rabbits by administering toxic-shock-syndrome 

toxin-1 (TSST-1); tum or necrosis factor (TNF)-like activity was detected in sera o f  rabbits

3.5 h after injection, as measured by cytotoxic effects on the tumorigenic L929 murine 

fibroblast cell line. Appearance o f this activity in sera coincided with onset o f  significant 

shock-related hemodynamic changes. TSST-1 stimulated release o f TNF-like material from 

rabbit m ononuclear cells in culture. H um an m ononuclear cells also secreted a cytotoxic 

substance shown to be T N F by radioimmunoassay. Maximal TN F secretion was higher 

in hum an m ononuclear cells stimulated with TSST-1 than in those stimulated with bac ­

terial lipopolysaccharide. Lipopolysaccharide, however, was a more potent inducer of 

interleukin-1 a  and interleukin-1 (3 from the same cells than was TSST-1. Because T N F and 

interleukin-1 act synergistically during induction o f  a shock-like state, these results sug ­

gest that part o f  the TSST-l-induced shock is due to production of interleukin-1 and TNF.

Toxic sh o ck  sy n d ro m e  is o f te n  a  l i fe - th rea ten in g  d is ­

ease  fo r  h u m a n s .  T h e  s y n d ro m e  h as  b e e n  a t t r ib u te d  

to  ce r ta in  s tra ins  o f  Staphylococcus aureus [1, 2] th a t  

co lo n iz e  th e  v a g in a  o r  in fec t w o u n d s .  D e sp ite  a  d r a ­

m a t ic  a n d  s u d d e n  o n se t  o f  fever, h y p o te n s io n ,  a n d  

g a s t ro in te s t in a l  d is tu rb a n c e s ,  b a c te re m ia  h as  rare ly  

b een  d e m o n s t ra te d .  T h e re fo re  th e  c o n s te l la t io n  o f  

signs a n d  s y m p to m s  o f  th e  s y n d ro m e  is likely  to  be 

d u e  to  to x em ia .

T h e  p o ly p e p t id e  ex o to x in  to x ic - s h o c k - s y n d ro m e  

toxin-1 (TSST-1) causes m a n y  o f  th e  acu te  m a n ife s ta ­

t io n s  o f  tox ic  sh o c k  sy n d ro m e , in c lu d in g  fever, hy ­

p o te n s io n ,  a n d  d ia r rh e a ,  in  an im a ls .  T h e  precise  

m e c h a n is m  o f  th e  to x in ’s a b i l i ty  to  in d u c e  th e  sy n ­

d ro m e  rem ains  to  be e luc ida ted , b u t  TSST-1 is c learly  

a n  in d u c e r  o f  th e  cy to k in e  in te r leuk in -1  (IL-1), a n d  

in tu r n  IL-1 causes  som e, b u t  n o t  all, o f  th e  ob se rved  

c lin ica l a n d  l a b o ra to ry  re sp o n ses  a s so c ia te d  w ith  

tox ic  sh o c k  s y n d ro m e  [3, 4].

H ow ever, a n o th e r  p o te n t  IL-1 in d u ce r ,  e n d o to x in  

o r  l ipopo lysaccharide  (L P S ), a lso  s tim ula tes  a  d iffe r ­

en t  cytokine, tu m o r  necrosis fac to r  (T N F ) [5-8]. T N F
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is a n  e n d o g e n o u s  p y ro g en  [9], a n d  T N F  shares  w ith  

IL-1 m an y  b io log ic  func tions . R e c o m b in a n t  IL-1 a n d  

T N F  increase  h e p a t ic  a c u te -p h a se  p ro te in  syn thes is

[10], dec rease  h e p a t ic  a lb u m in  syn th es is  [10, 11], in ­

duce  synovial co llagenase  a n d  p ro s ta g la n d in  E2 [12], 

c au se  re lease  o f  p ro c o a g u la n t  ac tiv i ty  f ro m  v asc u ­

la r  e n d o th e l iu m  [13], a n d  in h ib i t  l ip o p ro te in  l ipase  

syn thesis  [14, 15]. We recen tly  d e m o n s tra te d  th a t  in ­

je c t io n  o f  re c o m b in a n t  h u m a n  IL-1 (3 o r  re co m b in an t  

h u m a n  T N F  decreases  system ic  a r te r ia l  p ressu re  in  

th e  ra b b i t  a n d  t h a t  c o m b in e d  a d m in is t r a t io n  o f  IL -

1 a n d  T N F  is m o re  p o te n t  t h a n  e i th e r  cy to k in e  a lo n e  

in  in d u c t io n  o f  a  sh o ck - l ik e  s ta te  [16].

H e re  we d e m o n s t r a te  th a t  TSST-1 in d u ces  sh o c k  

in  th e  rab b it ,  as c h a rac te r iz ed  by d ec reased  m e a n  a r ­

te r ia l pressure, system ic  v ascu la r  resistance, a n d  c e n ­

tra l  venous pressure  (C V P). D e a th  occurs  su b seq u en t  

to  th ese  h e m o d y n a m ic  chan ges .  We d e tec ted  a  c ir ­

cu la ting  T N F-like  activ ity  d u r in g  the  T S S T -l- in d u ced  

s h o c k  in ra b b its .  We a lso  q u a n t i f ie d  T N F -lik e  ac tiv ­

i ty  in  v itro  a f te r  s t im u la t io n  o f  r a b b i t  m o n o n u c le a r  

cells (M N C s)  w ith  TSST-1. U s in g  b o th  th e  b io a ssa y  

a n d  a  spec if ic  R IA , we e x a m in e d  T S S T - l- in d u c e d  

p r o d u c t io n  o f  T N F  in  v itro  f ro m  M N C s  o f  h u m a n  

su b jec ts .  T h e se  d a ta  in d ic a te  c y to k in e -m e d ia te d  

h e m o d y n a m ic  c h a n g es  in  tox ic  sh o c k  sy n d ro m e .

Materials and Methods

Rabbit model fo r  hemodynamic changes. Fe ­

m a le  N ew  Z e a la n d  w h ite  r a b b i ts  (w eigh ing  ^ 5  kg)
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were a n e s th e t iz e d  w ith  a  s ing le  in je c t io n  o f  4 m g  o f  

x y la z in e /k g  a n d  10 m g  o f  k e ta m in e /k g .  T h is  c o m ­

b in a t io n  o f  n o n b a r b i tu a te s  has  b een  u sed  in p rev i ­

o u s  s tu d ies  in  m o d e ls  o f  sep tic  sh o c k  w here  ex p e r i ­

mentally induced changes in hem odynam ic  param eters 

were show n to  be u n a ffec ted  by these  anesthetics  [16]. 

C a th e te r s  were p laced  in th e  le ft  c a ro t id  a r te ry  (P E  

50), the  p u lm o n a ry  a r te ry  (no. 3 F rench  Sw an-G anz), 

a n d  th e  s u p e r io r  v en a  cava (P E  50) fo r  c o n t in u o u s  

reco rd ing  o f  a r te ria l  p ressure  a n d  C V P  a n d  m e asu re ­

m e n t  o f  c a rd ia c  o u tp u t  every  10 m in .

A f te r  in se r t io n  o f  th e  ca th e te rs ,  h e m o d y n a m ic  

c h a n g es  were m o n i to re d  fo r  60 m in  to  d e te rm in e  

b ase lin e  levels. D u r in g  th e  ex p e r im en ts ,  b lo o d  s a m ­

ples rem oved  f ro m  the  ca ro t id  ca th e te r  were rep laced  

by th e  sa m e  v o lu m e  o f  saline. T h e  to ta l  f lu id  (sa ­

line) adm in is te red  d u r in g  th e  s tu d y  was 6 m L / k g  per

h. C a rd ia c  o u tp u t  was m e a su re d  by th e  th e r m o d i lu ­

t io n  m e th o d .  System ic  v a sc u la r  re s is tance  w as c a l ­

c u la te d  as follows: (m e a n  a r te r ia l  p ressu re  -  C V P )  

x  8 0 /c a rd ia c  o u tp u t  (in d y n e  x  s /c m 5).

TSST-1 was in jec ted  in to  th e  s u p e r io r  v en a  cava 

as a  b o lu s  over a  30-s p e r io d .  B lo o d  was w ith d ra w n  

f ro m  th e  c a ro t id  a r te ry  c a th e te r  fo r  w h ite  b lo o d  cell 

c o u n ts .

A t  3 -4  h a f te r  th e  in je c t io n  o f  TSST-1 a t  2 o r  5
•  4

| i g /k g ,  th e  h e a r t ,  s u b m a n d ib u la r  g la n d ,  su b l in g u a l  

g land , esophagus, s tom ach , liver, pancreas, je ju n u m , 

ileum , co lon , rec tum , a o r ta ,  in fe r io r  vena  cava, skin, 

ovary, th y m u s , a n d  eyes were e x a m in e d  fo r  gross 

changes. However, gross changes  were observed  on ly  

in  th e  lungs.

S tatistical analyses were d o n e  by app ly ing  one-way 

ana ly s is  o f  variance , w here  th e  post-TSST-1 values 

o f  a n  e x p e r im e n ta l  g ro u p  a t  a  p a r t ic u la r  t im e  were 

c o m p a re d  w ith  th e  values o f  the  sam e g ro u p  im m ed i ­

a te ly  b e fo re  in jec t io n . T h e  values o f  v a r io u s  h e m o ­

d y n a m ic  p a ra m e te r s  in  five ra b b i ts  g iven  sa line  d u r ­

ing  th e  3.5-h p e r io d  were n o t  d iffe ren t (P<  .05) f ro m  

th e  values a t  zero -tim e.

TSST-1. TSST-1 was p u rc h a se d  f ro m  Toxin Tech ­

n o lo g y  (M a d iso n ,  W is). I t  was h o m o g e n e o u s  o n  

S D S -P A G E . TSST-1 a t  100 n g /m L  dissolved in e n d o ­

tox in -free , u l tra f i l te re d  w a te r  c o n ta in e d  <20 pg  o f  

e n d o to x in /m L ,  as m e a s u re d  by th e  L im u lu s  a m o e -  

b ocy te  lysa te  tes t  (A ssoc ia te s  o f  C a p e  C o d ,  W o o d s  

H ole , M ass) .  T h is  L im u lu s  lysate  h as  a  sens it iv ity  

o f  20 pg  o f  Escherichia coli L P S / m L  (S ig m a C h e m ­

ical C o m p a n y ,  St. L ou is).

Bioassay fo r  TNF-like activity. T N F -lik e  ac tiv ­

i ty  w as d e tec ted  by  T N F ’s cy to tox ic  e ffec t a g a in s t

th e  tu m o r ig e n ic  m u r in e  f ib ro b la s t  L 929  (A T C C  

C CL1; A m eric an  Type C u ltu re  C ollec tion , Rockville, 

M d )  [17]. L 929  cells were c u l tu re d  in  f la t -b o t to m ,  

96-well m ic ro ti te r  p la tes  (B ec ton  D ick in so n  Co., O x ­

n a rd ,  C a lif )  a t  a  d en s i ty  o f  5.5 x  104 cells p e r  well 

in  R P M I  1640 c u l tu re  m e d iu m  (M . A . B io p ro d u c ts ,  

W alkersville , M d )  c o n ta in in g  5 °7o fe ta l c a l f  s e ru m  

(H y c lo n e  L a b o ra to ry ,  L o g a n , U ta h ) ,  2 m M  L-gluta- 

m ine, 100 U  o f  p e n ic i l l in /m L , a n d  100 pig o f  s trep - 

to m y c in /m L .  A f te r  in c u b a t io n  fo r  18 h, cu l tu re  

m e d iu m  was rem oved, a n d  re c o m b in a n t  h u m a n  T N F  

(p rov ided  by G en en tech , S o u th  S an  F rancisco , C alif)  

as th e  s ta n d a rd  o r  sam p les  a n d  a c t in o m y c in  D  (2 \ig 

p e r  well; S ig m a)  were a d d e d .  T h e  cells were c u l tu re d  

fo r  a n  a d d i t io n a l  20 h. T h e  c u l tu re  m e d iu m  was re ­

m oved , a n d  th e  cells were s ta in e d  w ith  0.1%  crysta l  

v iolet in 100%  m e th a n o l  fo r  20 m in . O D 600 was m e a ­

su red  w ith  a n  M R  M ic ro e lisa  A u to  Reader®  (Dy- 

na tech , A lex an d ria , Va). C y to tox ic ity  was ca lcu la ted  

as follows: percen t cytotoxicity  =  (1 — [ 4̂ o f  sam pleZ4 

o f  c o n tro l] )  x  100.

Rabbit antisera to human TNF and human IL-1 

and specific RIAs. Im m u n iz a t io n  o f  ra b b i ts  w ith  

r e c o m b in a n t  h u m a n  T N F , r e c o m b in a n t  h u m a n  IL - 

l a ,  a n d  re co m b in an t  h u m a n  IL-1 (3 was accom plished  

in  c o m p le te  F r e u n d ’s a d ju v a n t .  M o n th ly  b o o s te rs  

were given in F re u n d ’s in com ple te  ad ju v an t .  M e th o d s  

fo r  R IA  fo r  h u m a n  T N F  were recen tly  e s ta b l ish ed  

by using  th is  a n t is e ru m  a n d  125I- labeled  re c o m b in a n t  

h u m a n  T N F  [18]. T h e  R IA s  fo r  I L - l a  a n d  IL -13 d o  

n o t  d e tec t  IL-1 (3 o r  I L - l a ,  respectively. D e ta ils  c o n ­

c e rn in g  th e  R IA s  fo r  I L - l a  a n d  IL-1 (3 have b e e n  

rep o rted  recently  [19,20]. Total ( su p e rn a ta n t  a n d  cell- 

a s so c ia te d )  T N F , I L - l a ,  a n d  IL-1 (3 f ro m  h u m a n  

M N C s  were q u a n t i f ie d  by  th e ir  respective  a n d  sp e ­

c ific  R IA .

Preparation o f  rabbit and human MNCs. H ealthy  

h u m a n  m a le  v o lu n te e rs  o r  N ew  Z e a la n d  w h ite  fe ­

m a le  ra b b i ts  were b led  in to  h e p a r in iz e d  (10 U /m L )  

syringes, a n d  the  M N C  frac tio n  was p repa red  by cen ­

t r i fu g a t io n  over F icoll-Paque®  (P h a rm a c ia ,  P isca ta -  

way, N J ;  a n d  W in th ro p  L a b o ra to r ie s ,  N ew  York). 

M N C s  were su sp e n d e d  a t  5 x  106 c e l l s /m L  in 

endotox in-free , u ltrafilte red  R P M I  1640 m ed iu m  [21] 

c o n ta in in g  h e a t- in a c t iv a te d  a u to lo g o u s  h u m a n  o r  

r a b b i t  s e ru m  (2 % ).  O n e  m illil ite r  o f  th e  M N C  su s ­

p e n s io n  was m ix ed  w ith  a n  e q u a l  v o lu m e  o f  T SST-1 

o r  L P S  a t  d i f fe re n t  d i lu t io n s  in  se ru m -free ,  

u l t ra f i l te re d  R P M I  1640 m e d iu m  in 24-well c u l tu re  

p la te s  a n d  th e n  in c u b a te d  a t  37 C  in a n  a tm o s p h e re  

o f  9 5 %  ro o m  a ir  a n d  5 %  C 0 2 fo r  24 h. C u l tu re  su-
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Figure 1. TSST-l-induced hemody ­
namic changes in rabbits after (A) a 
control bolus injection o f  3 mL of
0.9% NaCl into five rabbits, (B) a bo ­
lus injection (2 pig/kg) o f  TSST-1 into 
three rabbits, and (C) a bolus injection 
(5 ng /kg) o f  TSST-1 into three rabbits. 
Data are mean percent changes from 
the zero-time value for mean arterial 
pressure ( • ) ,  cardiac ou tput (O), and 
systemic vascular resistance (A) and 
mean change from the zero-time value 
for CVP (■) .

p e rn a ta n ts  o r  lysates were p rep ared . Lysates were o b ­

ta in e d  by  th ree  f re e z e -a n d - th a w  cycles.

Data analysis. D a ta  o b ta in e d  o n  p ro d u c t io n  o f  

th e  th ree  cy to k in es  by  M N C s  f ro m  several h u m a n  

v o lu n tee rs  were a n a ly z e d  u s in g  th e  S ch e ffé  F  test. 

T h is  test c o m p a re s  v a r ian ce  b e tw een  tw o  g ro u p s ; fo r  

exam ple , th e  m e a n  IL-1 P p ro d u c t io n  in d u c e d  by a  

given s t im u lan t ,  such  as TSST-1, in  several vo lun teers  

c o m p a re d  w ith  th e  p ro d u c t io n  in d u c e d  by L P S .

Results

TSST-1 induction o f  hypotension. C o n t ro l  r a b ­

b its  in jec ted  w ith  sa line  re m a in e d  h e m o d y n a m ic a l ly

s tab le  fo r  180 m in : M e a n  ±  S D  a r te r ia l  p re ssu re  fo r  

five ra b b i ts  w as 66 ±  3.0 m m  H g  30 m in  b e fo re  in ­

j e c t io n ,  63.8 ±  3.3 m m  H g  a t  0 m in  ( im m e d ia te ly  

a f te r  sa line  in je c t io n ) ,  64.6 ±  3.6 m m  H g  a t  60 m in , 

69 ±  4.2 m m  H g  a t  120 m in ,  a n d  67 ±  4.6 m m  H g  

a t  180 m in  (f igu re  1 A ). O th e r  h e m o d y n a m ic  p a r a m ­

e ters  (c a rd iac  o u tp u t ,  sys tem ic  v a sc u la r  resistance, 

a n d  C V P )  were n o t  s ig n if ic an tly  c h a n g e d  (by a n a ly ­

sis o f  va r ian ce)  th r o u g h o u t  th e  e x p e r im e n ta l  p e r io d . 

H ow ever, a  b o lu s  in je c t io n  o f  TSST-1 a t  2 p ig /kg  in ­

d u c e d  co n s id e rab le  c h a n g e  in  h e m o d y n a m ic  p a r a m ­

eters (figure IB). M e a n  a r te r ia l  p ressure  b e g a n  to  fall 

w i th in  140 m in  a n d  c o n t in u o u s ly  d ec l in ed  to  42.3 

±  12.7 m m  H g  a t  210 m in  (2 8 .4 % ). T h e  dec rease
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in  m e a n  a r te r ia l  p ressu re  was s ta tis t ica lly  s ig n if ican t 

a t  190 m in  (P<  .05). H ow ever, th e  h y p o te n s io n  was 

n o t  s ta tis t ica l ly  s ig n if ic an t  b e fo re  190 m in .

In je c t io n  o f  5 \ig o f  T S S T - l /k g  in d u c e d  a  m o re  

p ro n o u n c e d  h y p o te n s io n  in  ra b b its  ( f igu re  1C). T h e  

fall in  m e a n  a r te r ia l  p ressu re  b e g a n  ea r l ie r  (w ith in  

80 m in )  in th ese  ra b b its  t h a n  in ra b b i ts  t re a te d  w ith

2 |ig  o f  T S S T - l /k g .  A t  140 m in , th e  m e a n  a r te r ia l  

p ressu re  reach ed  43.0 ±  10.7 m m  H g , a n d  th e  d e ­

crease in m ean  arte ria l pressure in the  TSST-1-treated 

g ro u p  was s ig n if ic an tly  g rea te r  t h a n  th e  c h a n g e  in 

th e  con tro l g ro u p  in jected  w ith  saline (P<  .05). F ro m  

140 to  180 m in , th e  m e a n  a r te r ia l  p ressu re  re m a in e d  

be tw een  43 a n d  45 m m  H g . H ow ever, th e  d iffe rence  

in m e a n  a r te ria l  p ressure  betw een  the  TSST-1-treated  

g ro u p  a n d  th e  c o n tro l  g ro u p  was m o re  s ig n if ic an t  

a t 180 m in  ( P <  .01) th a n  a t  140 m in  (P<  .05). A f te r  

180 m in , b lo o d  p ressu re  p rogressively  fell, a n d  the  

ra b b i ts  d ied . System ic  v a scu la r  res is tance  a lso  

show ed  a  d ra m a t ic  decrease, in  a c c o rd a n c e  w ith  th e  

m a rk e d  fall in  m e a n  a r te r ia l  p ressure . By ana lys is  

o f  variance , c o m p a re d  w ith  th e  va lue  a t  0 m in  ( im ­

m ed ia te ly  a f te r  th e  in je c t io n  o f  TSST-1), th e  sig ­

n if ic a n ce  o f  th e  fall in system ic  v a scu la r  res is tance  

was as follows: f ro m  110 to  120 m in , P < .05; f ro m  

130 to  210 m in , P < .01. C V P  a lso  fell, w hereas  

ca rd iac  o u tp u t  increased , a n d  these  ch an g es  show ed 

s im ila r  levels o f  s ig n if ican ce  d u r in g  th ese  tim es.

D u r in g  th is  tim e, w h ite  b lo o d  cell c o u n ts  fell s ig ­

n i f ic a n t ly  in  th e  T S S T - l- in je c te d  ra b b i ts  (f igu re  2), 

s im ila r  to  th e  fall in m e a n  a r te r ia l  pressure , system ic  

v ascu la r  resistance, o r  C V P. W h ite  b lo o d  cell c o u n ts  

o f  ra b b i ts  receiv ing  sa line  rose  w ith  tim e. T h e se  in ­

c reases m ay  be cau sed  by th e  p re e x p e r im e n t  c a th e ­

te r  p la c e m e n ts  o r  o th e r  s tressfu l a sp ec ts  o f  th e  p r o ­

cedure .

O n  gross o b se rv a t io n ,  th e  lungs f ro m  c o n tro l  r a b ­

b i ts  rece iv ing  sa line  a p p e a re d  p in k ,  w ith  o c c a s io n a l  

a rea s  o f  su b p le u ra l  b lo o d  (1 .5-2  m m  in d iam e te r) .  

In  c o n tra s t ,  th e  lungs  o f  ra b b its  receiv ing  TSST-1 a t  

5.0 n g / k g  show ed  d if fu se  su r fa c e  h e m o r rh a g e  a n d  

a  liver-like a p p e a ra n c e  a n d  co n s is ten cy  o n  in sp e c ­

t io n  a n d  p a lp a t io n .  In  ra b b i ts  in je c ted  w ith  2 \ig o f  

T S S T -l/k g ,  th e  lungs a p p e a re d  less a ffec ted  in color, 

a n d  m a rk e d  h e m o r rh a g e s  were n o t  ob se rv ed .

Detection o f  TNF-like activity in serum o f  rab­

bits injected with TSST-1. R a b b i t  s e ru m  co llec ted

3.5 h a f te r  in je c t io n  o f  2 jag o f  T S S T - l /k g  was c y to ­

tox ic  fo r  L 929  cells (f igu re  3). T h e  cy to to x ic ity  we 

o b se rv ed  was n o t  d u e  to  th e  h igh  c o n c e n t r a t io n  o f  

ra b b i t  s e ru m  in th e  assay, b e c a u se  c o n tro l  p re in jec -

Time (Hours)

Figure 2. Effect o f  TSST-1 on circulating white blood 
cells in rabbits for which data are shown in figure 1A (sa ­
line control; □ ) ,  IB (TSST-1 at 2 ng/kg; ♦) ,  and 1C (TSST- 
1 at 5 ng /kg ; D ) .  Data are mean ± SE (bars) percent 
changes in numbers o f  white blood cells.

t io n  s e ru m  in d u c e d  less cy to to x ic ity  th a n  th e  sa m e  

c o n c e n t ra t io n  o f  th e  s e ru m  f ro m  T S S T - l- in je c te d  

rab b its .  P o o le d  n o rm a l  r a b b i t  s e ru m  (10% ) a lso  d id  

n o t  c h a n g e  th e  sens it iv ity  o f  L 929 cells to  v a r io u s  

c o n c e n t ra t io n s  o f  r e c o m b in a n t  h u m a n  T N F  (d a ta  

n o t  show n).

Detection o f  TNF-like activity in TSST-l-stimu- 

lated rabbit and human M N C  supernatants. TSST-1 

in d u c e d  sec re tio n  o f  T N F -lik e  ac tiv ity  f ro m  ra b b i t  

M N C s  ( tab le  1). A d d i t io n  o f  1% o f  th ese  cell c u l ­

tu re  s u p e rn a ta n ts  resu lted  in  s ig n if ic a n t  cy to to x ic ­

i ty  a g a in s t  L 929  cells c o m p a re d  w ith  u n s t im u la te d  

cell co n tro ls .  H u m a n  M N C s  s t im u la te d  w ith  TSST- 

1 a t  100 o r  10 n g / m L  re leased  a  cy to tox ic  s u b s ta n c e  

o r  su b s tan ces  in to  th e  cu ltu re  s u p e rn a ta n t  (f igure  4). 

A d d i t io n  o f  r a b b i t  a n t i s e ru m  to  h u m a n  T N F  

m a rk e d ly  re d u c e d  th e  cy to to x ic ity  o f  th e  M N C  s u ­

p e rn a ta n ts ,  a l th o u g h  2 0 % - 3 0 %  o f  th e  ac tiv ity  re ­

m a in ed  unneu tra lized . C arryover o f  TSST-1 f ro m  the  

firs t M N C  c u l tu re  to  th e  se c o n d  c u l tu re  (L 929) h a d  

n o  e ffec t o n  th e  cy to to x ic ity  a g a in s t  L 929  cells b e ­

c au se  c u l tu re  m e d iu m  c o n ta in in g  TSST-1 w i th o u t  

M N C s  d id  n o t  in d u c e  cytotoxicity . L P S  a t  a  c o n c e n ­

t ra t io n  o f  100 o r  10 n g /m L  induced  a m o u n ts  o f  T N F - 

like ac tiv ity  s im ila r  to  th a t  in d u c e d  by TSST-1.

Detection o f  human TNFy IL -la , and IL -ip  by 

RIA in TSST-l-stimulated MNCs. TSST-1 in d u ced  

T N F  p ro d u c t io n  in M N C  cu ltu re s  f ro m  five h u m a n  

m a le  d o n o r s  in  a  d o s e -d e p e n d e n t  m a n n e r  as m e a ­

su red  by R IA  (f igu re  5). V ariab il i ty  in  th e  a m o u n t
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Concentration of rhu TNF (ng/ml)

Table 1. Percent cytotoxicity of supernatants from rab 
bit M NCs stimulated with TSST-1.

D ilu tion  o f  M N C  cu ltu re  su p e r ­

n a ta n ts  in L929 cell cu ltu re  (% )

ra b b i t  M N C s 50 25 10 1

C o n tro l  (no  a d d i t io n )  

TSST-1

0 0 2.2 0.1

1.25 | i g /m L 83.2 88.1 76.1 39.1

0.63 n g / m L 84.2 90.6 81.1 33.6

N O T E .  R e c o m b in a n t  h u m a n  T N F  at c o n c e n tra t io n s  o f  2, 

1, an d  0.25 n g /m L  induced  7 7 .2 % , 4 1 .4 % , a n d  23 .6%  cy to to x ­

icity, respectively , fo r  L929 cells.

Concentration of Rabbit Serum (%)

Figure 3. Cytotoxic activity in sera from rabbits obtained 
3.5 h after injection of 2 fig of TSST-l/kg ( □ ;  see figure 
IB). L929 cells were incubated overnight with dilutions 
o f  the serum in the presence of actinomycin D. As a posi ­
tive control, recombinant hum an (rhu) T N F was used; cy­
totoxicity with this factor is shown {top). As a negative 
control, serum from the same rabbit, taken before injec­
tion o f  TSST-1, was tested (♦).  Two different experiments 
are shown (middle and bottom).

o f  T N F  (cell a sso c ia te d  p lus  ex trace llu la r)  p ro d u c e d  

by th ese  d o n o r s  was co n s id e rab le .  In  d o n o r  2, 2500 

pg  o f  T N F /m L  was in d u c e d  by 10 ng  o f  T S S T - l /m L , 

w hereas  o n ly  450 pg  o f  T N F /m L  was de tec ted  in  d o ­

n o r  3. We a lso  m e a su re d  T N F  p r o d u c t io n  f ro m  

M N C s  s t im u la te d  w ith  L P S  a n d  c o m p a re d  th is  value 

w ith  th e  s t im u la t io n  by TSST-1. L P S  (10 n g /m L )  in ­

d u ced  12.8 ng  o f  T N F /m L  in d o n o r  1, w hereas  TSST- 

1 in d u c e d  1.25 n g /m L .

B ecau se  o f  th e  d iffe rences  in  th e  re sp o n ses  o f  h u ­

m a n  M N C s  to  d if fe re n t  tox ins , we u n d e r to o k  a  

d e ta i led  s tu d y  ex a m in in g  th e  a m o u n t  o f  im m u n o -  

reactive  T N F , IL-1 a ,  a n d  IL-1 [3 in d u c e d  by v a r io u s  

co n cen tra tio n s  o f  TSST-1 o r  L P S  in th e  sam e  d o n o r ’s 

M N C s  a n d  as m e a su re d  fo r  each  cy to k in e  by R IA . 

P r o d u c t io n  o f  T N F  ( tab le  2) a n d  IL -13 ( tab le  3) was 

m a x im a l  w h e n  cells were s t im u la te d  by e i th e r  1 o r  

10 ng  o f  L P S /m L .  IL-1 a  p ro d u c t io n  ( tab le  4), how -
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Figure 4. Bioassay for TN F in culture supernatant of 
hum an M NCs treated with TSST-1. Culture supernatant 
(20%) was assayed for cytotoxicity to L929 cells with (Ü )  
or without ( ■)  1% rabbit antiserum to hum an TNF. As ­
says for T N F were also done in cultures without MNCs 
(22). Concentrations are in ng /m L . Concentrations o f  
recombinant hum an TN F of 1 and 0.1 ng /m L  induced 
100% and 42% cytotoxicity, respectively. The results were 
obtained from nine wells and had M 0 %  variation. Results 
were similar in two other experiments. CTRL = control.
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Figure 5. Concentrations of total (supernatant plus cell- 
associated) T N F in hum an MNCs from donors 1-5 {from 
top to bottom) stimulated with TSST-1 or LPS. Samples 
were quantified by RIA for TNF. An asterisk indicates that 
the level of TNF was below the detection limit (80 pg/mL). 
N.D. = not done.

ever, c o n t in u e d  to  increase  w ith  inc reas ing  c o n c e n ­

t ra t io n s  o f  L P S . F o r  b o th  IL-1 (3 a n d  IL-1 a ,  L P S  was 

a  m o re  p o te n t  in d u ce r  th a n  TSST-1 was (100 n g /m L ) .  

M a x im a l  IL-1 (3 p ro d u c t io n  was 6.51 ±  3.17 n g / m L  

in  th e  L P S -s t im u la te d  g ro u p , w hereas  th e  m a x im a l  

p ro d u c t io n  in  th e  T S S T - l-s t im u la te d  g ro u p  was 2.91 

±  1.20 (P <  .05; ta b le  3). IL-1 a  p ro d u c t io n  was a lso  

h ig h e r  in  th e  L P S -s t im u la te d  g ro u p  (22.41 ±  9.09 

n g /m L )  th a n  in  th e  T S S T - l- s t im u la te d  g ro u p  (7.15 

±  4.35 n g /m L ;  P <  .05). O n  th e  o th e r  h a n d ,  TSST-1 

was a  m o re  p o te n t  in d u c e r  o f  T N F  (9.83 ±  4.83 

n g /m L )  th a n  was L P S  (4.31 ±  1.75 n g /m L ;  P <  .05). 

F ig u re  6 show s each  in d iv id u a l’s m a x im a l  re sp o n se  

to  ea ch  tox in . TSST-1 c lea rly  is, fo r  m o s t  in d iv id u ­

als s tu d ie d ,  a  m o re  p o te n t  in d u c e r  o f  T N F  th a n  is 

L P S .

Discussion

T h e  ra b b i t  h as  been  used  w idely  as a n  a n im a l  m o d e l  

to  e lu c id a te  th e  p a th o g e n e s is  o f  tox ic  sh o c k  syn-

Table 2. RIA for TN F production in hum an MNCs 
stimulated with LPS or TSST-1.

L P S  (n g /m L )  TSST-1 (n g /m L )

D o n o r  no .

m c u iu in

c on tro l 10 1.0 0.1 10 1.0 0.1

6 N D 7.6 7.8 1.6 5.2 4.9 1.8

7 N D 2.8 3.0 1.8 9.9 5.9 0.5

8 0.4 5.2 5.3 1.8 10.0 3.5 0.8

9 0.8 4.4 3.1 1.7 11.0 7.2 1.1

10 N D 3.7 3.1 1.5 20 .0 1.7 0.6

11 0.6 4.5 5.0 2.6 10.8 4 .0 1.0

12 0 .6 2.8 3.0 1.7 4 .4 3.7 0.6

13 N D 2.0 2.3 1.1 7.3 1.4 N D

N O T E . T o ta l  T N F  (su p e rn a ta n t  p lus cell assoc ia ted)  was 

q u a n t i f ie d .  S am ples  w ere d ilu ted  113, a n d  c o n c e n tra t io n s  were 

ca lcu la ted  f ro m  the  sensitive p o r t io n  o f  the  s ta n d a rd  curve. F i ­

nal c o n c e n t ra t io n s  (in n g /m L )  o f  to ta l  T N F  a re  show n . N D  =  

n o t  de tec tab le .

d ro m e  [22]. A n im a l  m o d e ls  fo r  in d u c in g  th e  toxic- 

s h o c k - l ik e  s ta te  u su a l ly  use  h igh  doses  o f  TSST-1, 

ran g in g  f ro m  m ic ro g ra m  to  m ill ig ram  q u a n t i t ie s  pe r  

k i lo g ra m  o f  b o d y  w eigh t [23], a n d  u n d e r  these  c o n ­

d itions, c ircu la ting  IL-1 is c learly  be ing  p ro d u c e d  [3]. 

U sing  an es th e tized  rab b its  o u r  p rev ious  s tud ies  d e m ­

o n s t ra te d  th a t  low  d oses  o f  IL-1 in d u c e  reversib le  

h y p o te n s io n  a n d ,  w h e n  given as a  c o n s ta n t  in fu s io n ,  

a  sh o ck -lik e  s ta te  [16]. T h e  t im e  c o u rse  o f  I L - l - in -  

d u c e d  h y p o te n s io n  was rap id ,  a n d  th e  o n se t  a n d  

recovery  were n e a r ly  id en tica l  to  th o s e  o f  py ro gen ic  

re sp o n ses  [24].

L arge  doses  (m ic ro g ra m  to  m il l ig ram  q u a n t i t ie s  

p e r  k i lo g ra m  o f  b o d y  w eigh t)  o f  L P S  in d u c e  sep tic  

sh o ck  in a n im a l  m ode ls ,  a n d  u n d e r  these  c o n d i t io n s  

b o th  IL-1 a n d  T N F  are  b e in g  p ro d u c e d .  H u m a n

Table 3. RIA for IL -ip  production in hum an MNCs 
stimulated with LPS or TSST-1.

L P S  (n g /m L )  TSST-1 (n g /m L )

D o n o r  no . c on tro l 10 1.0 0.1 10 1.0 0.1

6 N D 2.5 10.1 2.6 2.3 2.2 0.6

7 0.5 4 .4 2.8 1.6 4.1 1.3 0.5

8 0.7 11.2 9.0 2.2 5.0 2.4 N D

9 N D 6.9 6 .9 2.2 3.0 1.6 0 .6

10 0.5 6.4 7.6 2.6 3.4 1.4 0.7

11 0 .6 4.4 6.4 3.6 2.1 1.1 0.8

12 0 .6 3.6 3.1 1.7 2 .0 1.1 0.6

13 N D 1.9 1.9 1.1 1.4 0.6 0.5

N O T E . T o ta l  IL-113 (s u p e rn a ta n t  p lus cell associa ted)  was 

q u an t i f ied .  S am ples  were d ilu ted  1:3, a n d  c o n c e n tra t io n s  were 

ca lcu la ted  f ro m  the  sensitive p o r t io n  o f  the  s ta n d a rd  curve. F i ­

nal c o n c e n tra t io n s  (in n g /m L )  o f  to ta l  IL-1 (3 a re  sh o w n . N D  =  

n o t  de tec tab le .
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Table 4. RIA for IL-1 a  production in MNCs stimulated 
with LPS or TSST-1.____________________________

L P S  (n g /m L )  TSST-1 (n g /m L )

D o n o r  no . c o n tro l 10 1.0 0.1 10 1.0 0.1

6 N D 30.0 17.4 6.5 2.4 2.2 0.7

7 N D 20.0 8.4 4.3 8.4 2 .0 N D

8 1.0 40 .0 13.0 7.0 17.0 10.0 3.8

9 0.5 8.8 20 .0 20.0 7 .0 2.7 0.5

10 N D 40.0 30.0 20.0 6 .0 3.4 0.8

11 N D 36.0 22 .0 16.0 5.8 2.8 0.8

12 0.6 21.0 14.0 5.3 6.0 3.0 1.6

13 N D 9.2 7 .6 4 .4 4 .6 1.0 0.6
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N O T E .  T o ta l  IL -a  ( su p e rn a ta n t  plus cell associa ted)  was 

q u a n t i f ie d .  S am ples  w ere d ilu ted  K3, a n d  c o n c e n tra t io n s  were 

ca lcu la ted  f ro m  the  sensitive p o r t io n  o f  the  s ta n d a rd  curve. Fi- «

nal c o n c e n tra t io n s  (in n g /m L )  o f  to ta l  T N F  a re  show n . N D  =  7

n o t  de tec tab le . -

r e c o m b in a n t  T N F  a t  a  d o se  o f  n g / k g  a lso  in ­

d u ces  p r o f o u n d  h y p o te n s io n  (3 0 %  fall in  m e a n  a r ­

te r ia l  p ressu re ) in d o g s  [25] a n d  ra ts  [26]. A  ra b b i t  

a n t ib o d y  to  m u r in e  T N F  p ro te c te d  B A L B /c  m ice  

a g a in s t  th e  le th a l e ffec ts  o f  E. coli e n d o to x in  [27]. 

T h u s  th e re  is a  g row ing  c o n c e p t  t h a t  sep tic  sh o c k  

is m e d ia te d  by T N F  a n d  th a t  IL-1 a lso  c o n tr ib u te s  

to  th e  sep t ic -sh o c k  sy n d ro m e .

H e re  we d e m o n s t ra te  th a t  p u r i f ie d  TSST-1 causes  

re lease  o f  T N F -lik e  ac tiv i ty  in to  th e  ra b b i t  b lo o d ­

s tream . H e n c e  c irc u la t in g  T N F  as well as IL-1 m ay  

p ro v id e  a  m e c h a n is m  fo r  tox ic  sh o c k  sy n d ro m e . O f  

c o n s id e ra b le  im p o r ta n c e  to  th e  p re sen t  s tu d y  is th e  

o b s e rv a t io n  th a t  in  T S S T - l- in d u c e d  sh o c k ,  th e  o n ­

set o f  h y p o te n s io n  c o in c id e d  w ith  th e  t im e  fo r  sy n ­

thes is  a n d  re lease  o f  T N F -l ik e  su b s ta n c e s  a n d  IL-1. 

B ecau se  T N F  a n d  IL-1 p ro d u c e  h y p o te n s io n  w ith in  

15-20 m in  a f te r  iv in jec tion , o u r  find ings suggest th a t  

th e  a m o u n t  o f  TSST-1 we u sed  in o u r  m o d e l  is n o t  

by  i tse lf  exerting  a  d irec t e ffec t  in  b lo o d  pressure , 

b u t  r a th e r  th a t  th e  in d u c t io n  o f  m e d ia to rs ,  su ch  as 

IL-1 a n d  T N F , is f irs t req u ired . A l th o u g h  th e  ha lf -  

life o f  iv -in jec ted  r e c o m b in a n t  h u m a n  T N F  in th e  

ra b b i t  is 10 m in  ( a u th o r s ’ u n p u b l is h e d  d a ta )  in  th e  

ra b b it  m o d e l  we used, TSST-1 p ro b a b ly  induces  T N F  

a n d  T N F -lik e  ac tiv ity  fo r  several h o u rs .  We p rev i ­

o u s ly  d e m o n s t r a te d  [3] t h a t  iv in je c t io n  o f  f il tra te  

f ro m  b a c te r ia  p ro d u c in g  TSST-1 c a u se d  a  su s ta in e d  

fever in  rab b its .  P la s m a  f ro m  T S S T - l- in je c te d  r a b ­

b i ts  th a t  were b led  d u r in g  th e  p e a k  o f  th e  fever p r o ­

d u c e d ,  in  rec ip ien t rab b its ,  a  b r ie f  m o n o p h a s ic  fe ­

ver typ ical o f  en d o g en o u s  pyrogen  [3]. T h e  c o m b in a ­

t io n  o f  IL-1 a n d  T N F  h as  b e e n  sh o w n  to  in d u c e  a  

sh o ck - l ik e  state, as in d ic a te d  by  c h a n g e s  in  several

Maximal Response Maximal Response 

to LPS to TSST-1

Figure 6. Comparison o f  maximal production o f  the 
cytokines TN F (top), IL-1 a  (middle), and IL-1 P (bottom) 
in hum an MNCs stimulated with LPS or TSST-1. Data 
are derived from tables 2-4.

h e m o d y n a m ic  p a ra m e te r s  a n d  a  p u lm o n a ry -c a p i l -  

l a ry - le a k  s y n d ro m e  [16].

We c o n f irm e d  o u r  in  vivo find ings  by d e m o n s t ra t ­

ing  th a t  TSST-1 in d u ces  T N F  p ro d u c t io n  in  vitro . 

We show ed  th a t  TSST-1 in d u ces  a  T N F -lik e  ac tiv ity  

f ro m  ra b b i t  M N C s .  H ow ever, b e c a u se  n o  im m u n o ­

assay  sys tem  fo r  r a b b i t  T N F  is availab le , we c a n n o t  

c o n c lu d e  th a t  th e  T N F -lik e  ac tiv ity  in  r a b b i t  M N C  

cu ltu res  o r  ra b b it  sera  is iden tica l  to  ra b b it  T N F. O u r  

ra b b i t  a n t i s e ru m  to  h u m a n  T N F  d o es  n o t  n e u t ra l ­

ize ra b b i t  T N F . S u p e rn a ta n ts  f ro m  h u m a n  M N C s  

in c u b a te d  w ith  TSST-1 were p a r t ia l ly  n e u tra l iz e d  by 

1% a n t is e ru m  to  h u m a n  T N F  in  cy to tox ic ity  assays. 

C o n c e n t r a t io n s  o f  th ese  s u p e rn a ta n ts  ra n g in g  f ro m  

10%  to  2 5 %  sho w ed  a  s im ila r  p e rc e n ta g e  o f  u n -  

n e u tra l iz e d  cy to to x ic ity  ( 2 0 % - 3 0 % ) .  T h is  o b s e rv a ­

t io n  raises th e  p o ss ib il i ty  t h a t  TSST-1 in d u ces  b o th  

T N F  a n d  a  s u b s ta n c e  t h a t  possesses  T N F -l ik e  ac tiv ­

i ty  b u t  t h a t  is a n t ig e n ic a lly  d is tin c t .
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R ecen tly  tw o  g ro u p s  re p o r te d  th e  p ro d u c t io n  o f  

T N F  by h u m a n  b lo o d  M N C s  [28, 29] by u s ing  th e  

L 929  cy to tox ic ity  assay. O u r  resu lts  ex tend  these  

s tud ies  by show ing  th a t  TSST-1 induces  T N F, IL-1 a , 

a n d  IL-1 (3 f ro m  M N C s, as d e te rm in e d  by specific  

R IA s . T h e  b io log ic  ra t io n a le  fo r  in d u c t io n  o f  b o th  

T N F  a n d  IL-1 by TSST-1 is unc lea r.  H ow ever, sev ­

eral s tud ies  have sh o w n  th a t  th e  b io lo g ic  effec ts  o f  

T N F  a n d  IL-1 are  g rea tly  e n h a n c e d  w h en  b o th  

cy tok ines  a re  p re sen t  to g e th er .  IL-1 a n d  T N F  syner- 

g is tica lly  ac t  o n  th e  in h ib i t io n  o f  th e  p ro l i fe ra t io n  

o f  m e la n o m a  cells [30], th e  a u g m e n ta t io n  o f  p ro s ­

tag lan d in  E2 p ro d u c t io n  f ro m  h u m a n  lung  f ib ro b las t  

lines [31], in su lin  sec re tio n  f ro m  th e  islets o f  L ang - 

e rh a n s  o f  th e  ra t  p a n c re a s  [32], a n d  th e  in d u c t io n  

o f  a shock -l ik e  s ta te  in  ra b b i ts  [16]. U s in g  th e  c o m ­

b in a t io n  o f  b o th  cytokines, w hich were given in doses 

th a t  by them selves  in d u c e d  n o  s ig n if ic an t  h e m o ­

d y n a m ic  changes , a  d ra m a t ic  dec rease  in  m e a n  a r ­

te ria l p ressure  was obse rved  [16]. T h e  h e m o d y n a m ic  

changes  caused  by th e  c o m b in a t io n  o f  the  low doses  

(1 Mg/kg each) o f  IL-1 plus T N F  were nearly  the  sam e 

as th o se  p ro d u c e d  by a  single  b o lu s  in je c t io n  o f  5 

Hg o f  T N F /k g  a lone, a  d o se  th a t  in d u ces  c ircu la t in g  

IL-1 [9]. T h u s  th e  effects  o f  these  cy tok ines  a re  sy n ­

erg istic  b u t  n o t  additive.

We exam ined  various tissues a f te r  T S S T -l- induced  

sh o ck , a n d  th e  lung  was th e  on ly  o rg a n  s ign if ican tly  

a ffec ted . H e m o r rh a g e  a n d  h e p a t iz a t io n  were o b ­

served. In  v a r io u s  s tud ies  th e  c o m b in a t io n  o f  T N F  

a n d  IL-1 a lso  in d u c e d  h e m o rrh a g e  a n d  h e p a t iz a t io n  

a n d ,  in  a d d i t io n ,  m assive  a c c u m u la t io n  o f  p ro te in -  

aceo u s  f lu id  a n d  cells in  th e  a lv eo la r  spaces  [16]. 

T hese  observa tions  suggest th a t  T S S T -l- induced  IL-1 

a n d  T N F  m ay  ac t to g e th e r  in  d is ru p t in g  th e  p u lm o ­

n a ry  v ascu la r  e n d o th e l iu m . A f te r  TSST-1 in je c t io n  

we a lso  o b se rv ed  a  fall in  th e  p e r ip h e ra l  w h ite  b lo o d  

cell c o u n t ,  a n  o c c u rre n c e  th a t  has  b een  re p o r te d  in 

h u m a n s  receiv ing  T N F  [33] as well as in ra b b its  

receiv ing  T N F /IL -1  [16].

S tu d ies  o n  p ro d u c t io n  o f  im m u n o re a c t iv e  IL-1 a , 

IL-1 [3, a n d  T N F  in  h u m a n  M N C s  in d u c e d  by e i th e r  

L P S  o r  TSST-1 m a y  sh ed  so m e  ligh t o n  tox ic  sh o ck  

sy n d ro m e . B ecau se  th e  th ree  m a jo r  cy to k in es  were 

q u a n t i f ie d  by R IA , d o u b ts  c a n n o t  be ra ised  a b o u t  

in te r fe r in g  su b s ta n ce s  in  b io assay s  fo r  th ese  cy to ­

k ines. O u r  resu lts  in d ic a te  th a t  TSST-1 is a  m o re  p o ­

ten t  in ducer  o f  T N F  th a n  is L P S  in M N C s  fro m  eight 

o f  11 d o n o rs  tested  fo r th is co m p ar iso n . O n  th e  o th e r  

h a n d ,  IL-1 (b o th  a  a n d  (3) was in d u c e d  to  a  g rea te r  

deg ree  by  L P S  th a n  by TSST-1 in  th ese  sa m e  M N C s.

T h ese  resu lts  suggest t h a t  th e  severity  o f  th e  c lin ical 

re sp o n se  to  TSST-1 m ay  d e p e n d  in p a r t  o n  th e  

a m o u n t  o f  T N F  th e  in d iv id u a l  p ro d u c e s  w h e n  c h a l ­

lenged  w ith  TSST-1. F u r th e r  s tu d ie s  will be  n eces ­

sa ry  to  correlate, i f  possible, th e  susceptib ility  to  toxic 

sh o c k  s y n d ro m e  w ith  th e  a m o u n t  o f  e a ch  cy to k in e  

(IL-1 a n d  T N F )  p ro d u c e d  in  re sp o n se  to  TSST-1.
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