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THE HUMAN LT SYSTEM 
VIII. A Target Cell-Dependent  Enzymatic Activation Step Required for 

the Expression of the Cytotoxic  Activity of Human  Lymphotoxin' 

MONICA WEITZEN AND GALE A. GRANGER 
From  the  Department of Molecular Biology a n d  Biochemistry, University  of California,  Iruine,  Iruine,  California 92717 

We have used various protease  inhibitors  to examine 
the role of esterases in a class human lymphotoxin (a- 
LT) mediated lysis of mitomycin C-treated murine L-929 
cells in  vitro. Seven protease  inhibitors were shown to 
inhibit lysis by  a-LT  when present  throughout  the  reac- 
tion in  vitro. These inhibitors were of two types, the 
reversible substrate analogues (PME, TME, LME, TAME, 
and BAEE) and the  irreversible  protease  inactivators 
(TPCK and TLCK). The concentrations needed for opti- 
mum inhibition by the seven inhibitors ranged from 2.5 
x lo-' M to 2.5 X IO-' M. There was enhanced lysis with 
EACA, and no measurable effect on lysis when Trasylol 
and soybean trypsin inhibitor were tested. Since TLCK 
irreversibly inactivates enzymes, it was used to deter- 
mine whether the  esterase necessary for lysis was asso- 
ciated with the  target cell or the a-LT molecule.  The a- 
LT was shown to be  fully active after  treatment with 
TLCK and subsequent dialysis. Similar experiments with 
DFP gave the same results. However, pretreatment of 
the L-929 cells with TLCK partially inhibited a-LT-me- 
diated lysis. To determine whether intact  protease sub- 
strates were required for inhibition, the  products of hy- 
drolysis of PME, LME, TAME, and BAEE were tested for 
their ability to inhibit lysis and were shown to be  inef- 
fective.  The results of these  studies indicate that  an 
esterase(s), probably derived from the L-929 cell, is re- 
quired for a class human LT-mediated cytolysis in  vitro. 
These studies therefore suggest that a-LT is  carried by 
the lymphocyte in an inactive form and requires an 
esterase  or possibly protease-mediated activation step 
to enable it to lyse the L-929 target cell. 

Lymphotoxins  (LT)2  are cytotoxic or growth inhibitor  pro- 
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ployed in  this  study:  TPCK, L-1-tosylamide-2-phenylethylchloromethyl 
ketone; TLCK, N-oc-p-tosyl-L-lysine chloromethyl  ketone HCI; PME, 
DL-phenylalanine methyl  ester HCI; TME, DL-tyrosine methyl  ester 
HCI; LME, L-leucine methyl  ester HCI; TAME, p-tosy!-L-arginine 
methyl  ester HCI; BAEE, a-N-benzoyl-L-arginine ethyl  ester HCI; 
EACA, e-amino-n-caproic acid; STI,  soybean  trypsin  inhibitor; DFP, 
diisopropylfluorophosphate. Other  abbreviations: LAF, lymphocyte-ac- 

teins released  by human  lymphocytes  upon  co-culture with 
antigen  or mitogen. They are toxic to various cell types includ- 
ing the highly  sensitive  mouse L-929 cell. Whole supernatants 
(WS) from  human  lymphocyte  cultures  have been  shown to 
contain four m.w. classes of LT, LT-Cx (2200,000 daltons), a 
(70 to 90,OOO daltons), ,8 (25 to 50,000 daltons),  and y (10 to 
20,000 daltons) (1). Studies  to  elucidate  the  mechanism of 
action of LT  have been conducted using WS  or purified  frac- 
tions  from  human  or  experimental  animal  lymphocyte cultures. 
Binding of LT  to  target cell membranes was first demonstrated 
with human  WS  (2)  and  later c o n f i e d  with purified human 
a fractions (3). Furthermore, two  groups of investigators have 
suggested that  they  have isolated  surface components  that  act 
as  receptors for LT (4,5).  Investigators  have also examined the 
biochemical alterations in target cells treated  with  LT.  There 
was a decrease in the  number of polysomes and  an increase in 
the  rate of RNA  synthesis in L cells treated with human  a-LT 
(6), and  human  WS was  shown to  cause a shut-down of the 
cellular  DNA synthesis ( 7 ) .  It should  be noted, however, that 
LT does not  appear  to cause  lysis by directly  inhibiting DNA 
or protein synthesis (7, 8). Various factors  have been shown  to 
change  the sensitivity of target cells to LT.  For example, 
inhibitors of macromolecular  biosynthesis or  ATP  generation 
cause an  increase in the L cell sensitivity to  human  WS  or 
human purified LT  fractions (6, 9-11). Additional factors  that 
affect LT-mediated lysis of L cells include  various components 
of serum  (Prieur et al., unpublished  observations; 12).  The 
results of many of these  studies suggested that lysis may be  a 
direct  result of membrane  damage to the  target cell. There  are 
three lines of evidence to  support  this  theory.  First,  immunoe- 
Iectron micrographs of human  a-treated L cells revealed the 
presence of plasma membrane lesions  (13). Further  support 
comes from the  fact  that  substances  that  interact with cell 
membranes  inhibit guinea pig P-LT-induced lysis of L cells (14). 
Finally, Kobayashi et aE. (15) have  reported  that  membrane- 
bound  phospholipase  A may be activated  after  the binding of 
guinea pig LT  to cell surface  receptors. Most  investigators now 
feel that  LT kills cells by affecting the cell membrane. 

Protease  inhibitors  have been  shown to influence  a number 
of in  vivo and in  vitro systems. They  inhibit  the growth,  cellular 
transcription,  and  protein  synthesis of transformed cells (16- 
19). In  addition,  protease  inhibitors  have been shown  to  inhibit 
antigen and/or mitogen stimulation of human,  murine,  and 
hamster lymphoid cells (20-23). There is evidence that  immune 
and  antibody-dependent cell-mediated  cytotoxicity systems  can 
be inhibited  by protease  inhibitors (24-26). Inhibitors of pro- 

tivating  factor;  LIF, leukocyte inhibitory  factor;  CMI, cell-mediated 
immunity; LT, lymphotoxin; WS, whole supernatants; SAL, superna- 
tants from activated  human  lymphocytes; IC?,,,, concentration  required 
for 503 inhibition. 
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teases  have also been used to indicate the presence of proteases 
and  their role in murine  lymphocyte-activating  factor  (LAF) 
and  human leukocyte inhibitory  factor  (LIF)  preparations as 
well as in a  cytotoxic extract from human  lymphocytes  (22,27- 
31). The  present  studies were  designed to examine the  effect of 
protease  inhibitors  on  a-LT-mediated lysis of mitomycin  C- 
treated L-929 cells. We found that a number of protease  inhib- 
itors inhibit lysis of L-929 cells by a-LT.  It  appears  that  a-LT 
may require enzymatic activation  and  that  the necessary ester- 
ase is provided  by the L-929 cell. 

MATERIALS AND METHODS 

Target cells and culture media. Target cells were obtained 
from stock cultures of mouse L-929 fibroblasts  maintained in 
RPMI 1640 (Grand Island  Biochemical Co., Grand Island, N. 
Y.) supplemented  with 3% heat-inactivated (56"C, 1 hr)  fetal 
calf serum  (FCS)  (Grand Island Biological Co.), 100 units/ml 
penicillin, and 100 pg/ml streptomycin  (RPMI-S).  These cells 
were grown at  37°C in 32-02 prescription bottles in 95% air, 5% 
CO?, and passed biweekly (32). 

Production of human LT. The  details of these  methods  have 
been described previously (33).  Briefly,  suspensions of human 
lymphocytes were obtained from  tonsils or  adenoids  and  estab- 
lished in culture at  4 X lo6 viable cells/ml in RPMI 1640 
containing 20 pg/ml phytohemagglutinin-P  (PHA-P, Difco, De- 
troit,  Michigan), 20 pg/ml of a heat-stable boiled serum  fraction 
obtained from newborn calf serum  (BS) (33), and antibiotics. 
The cells were maintained for 5 days a t  37°C in 95% air, 5% 
CO,. Supernatants were collected,  cleared of cells by centrifu- 
gation,  filtered through glass fiber  fiiters, concentrated 50-fold 
by passage through a  Bio-Rad Hollow Fiber  Concentrator  (Bio- 
Rad, Los Angeles, Calif.) with a pore size retaining molecules 
greater  than 30,000 m.w., and  stored  at -20°C or -70°C until 
used. 

Purification of  a-LT. The  methods employed  for fractiona- 
tion of LT  activity in supernatants from activated  human 
lymphocytes (SAL)  are similar to  those previously published 
(1, 34). One and one-half to 2  ml of 50 X SAL  samples were 
chromatographed at  4°C over 2.5 x 100 cm Ultrogel AcA  44 
(LKB, Upssala, Sweden)  columns  equilibrated in 10 mM  potas- 
sium phosphate,  pH 7.2, and 0.15 M  NaCl (PBS). Six-milliliter 
fractions were collected at  a flow rate of  25 ml/hr,  and 0.05- to 
0.2-ml samples of the  eluted  fractions were assayed for LT toxic 
activity. The peak fractions corresponding to  a-LT (70 to 90,000 
daltons) were pooled, concentrated,  and  stored at  -20°C until 
used. 

Protease inhibitors. The following inhibitors of proteolytic 
enzymes were used: L-1-tosylamide-2-phenylethylchloromethyl 
ketone  (TPCK), N-a-p-tosyl-L-lysine chloromethyl  ketone HCl 
(TLCK), DL-phenylalanine methyl  ester HC1 (PME), DL-tyro- 
sine methyl  ester HCl (TME), L-leucine methyl  ester HC1 
(LME),p-tosyl-I,-arginine methyl  ester HCl (TAME),  a-N-ben- 
zoyl-L-arginine ethyl  ester HC1 (BAEE), e-amino-n-caproic  acid 
(EACA),  and  aprotinin  (Trasylol) from  Sigma (St. Louis, Mo.); 
soybean trypsin  inhibitor  (STI) from Worthington Biochemi- 
cals (Freehold, N. J.), and diisopropylfluorophosphate (DFP) 
from Calbiochem (La  Jolla, Calif.). TLCK,  PME,  TME,  LME, 
TAME,  BAEE, EACA, and  ST1 were each dissolved in RPMI- 
1640 or PBS immediately  before use,  and  the  solutions were 
adjusted  to approximately pH 7  with 1 M Na2CO:{. TPCK was 
dissolved in ethanol  and  then  diluted in RPMI-S.  The final 
levels of ethanol when this solution  was tested  on  the L cells 
(0.1%) did not affect a-LT-mediated cytolysis. Trasylol was 
chromatographed over  a 1.5 x 4.0 cm Bio-gel P-4  (Bio-Rad, 
Richmond, Calif.) column equilibrated in PBS  to  remove  the 

low  m.w. stabilizers. The  material in the void volume was 
collected for use. The  DFP was kindly supplied  by Charles 
Ginsburgh, Department of Molecular Biology and Biochemis- 
try, University of California,  Irvine.  A 100-mM stock solution 
of DFP was prepared in  isopropanol. 

Lymphotoxin  assay. The  LT  assay  has been  described in 
detail previously (11). Briefly, monolayers of an LT-sensitive 
strain of murine L-929 fibroblast cells were  established in 16 x 
125 mm glass screw-capped culture  tubes at  a density of  100,000 
cells/ml in RPMI-S containing 0.5 pg/ml  mitomycin  C  (Sigma 
Chemical Co.) and  incubated in 95% air, 5% GOn for 24 hr   a t  
37°C. To determine  the  amount of LT  present in a sample, 
various amounts of the  sample,  from 0.05 to 0.20 ml, were added 
to  duplicate  cultures,  and  the  cultures were incubated for an 
additional 24 hr a t  37°C in 95% air, 5%  CO,. Control  cultures 
were untreated.  The  number of remaining viable adherent cells 
was determined by trypsinizing the cells and passing them 
through a model F Coulter  counter. One unit of LT activity is 
defined as  that  amount  that will destroy 50% of the  target cells. 
The reciprocal of the  LT  dilution killing 50%  of the  targets in 
18 to 24 hr yields the  number of units of LT/ml in the original 
undiluted  supernatant. 

Protease inhibitors  in  lymphotoxin  assay. To  determine  the 
effect of each protease  inhibitor  on  a-LT  mediated lysis of L- 
929 cells, various amounts of inhibitor, from 0.05 to 0.10 ml, and 
0.10 ml of a-LT containing  3 to 5 units of activity  were added 
simultaneously to  duplicate L-929 cell tube  cultures.  The  num- 
ber of viable cells remaining after 24 hr in each of these  cultures 
(+LT +I) was compared  with  the  number remaining in cultures 
containing  only a-LT  (+LT)  or  inhibitor (+I) or  no  additional 
solution (control). All assays were performed a t  least two times 
with duplicate  tubes for each dilution. The percent inhibition 
of lysis was determined  as follows: 

'3 inhibition = 
(+LT +I) - (+LT)  x loo 
(Control) - (+LT) 

TLCK or DFP  treatment of the  a-LTpreparation. Prepara- 
tions of a-LT, with  a  final activity of  20 to 40 units/ml, were 
incubated in 5 X lo-.' M TLCK, 1 X lo-' M DFP in 1% 
isopropranol, PBS,  or 1% isopropanol  for 1 hr  at 37°C. These 
solutions  were dialyzed at  4°C against PBS  overnight  and  then 
tested for activity on L-929 tube  cultures. 

TLCK  treatment of target L-929 cells. Monolayers of L-929 
cells were established in culture  tubes  and  incubated at  37°C 
for 24 hr,  as described for the lymphotoxin  assay. TLCK was 
added  at a final concentration of 5 X IO-' M, and  the  cultures 
were allowed to  incubate for 1 or 2 hr   a t  37°C. The cells were 
then washed with  3 to 5  ml of PBS,  RPMI 1640, or  RPMI-S, 
and 1 ml of RPMI-S  containing 0.5 to 2.0 units of a-LT was 
added to  the  tubes.  These cell cultures were then  incubated for 
an  additional 24 hr  and  compared with cultures  treated in a 
similar manner  but  without  the  addition of TLCK. 

Hydrolysis of substrate analogues. The method for trypsin- 
ization of TAME  and  BAEE is a  modification of that described 
previously (35).  Solutions of 0.25 M TAME  or  BAEE were 
prepared in 0.04 M Tris-HC1,O.Ol M CaC12, pH 8, and  incubated 
with or  without 2% trypsin (lyophilized trypsin,  Worthington 
Biochemicals) at 37°C for 1 hr.  The reaction was terminated by 
the addition of FCS (10% v/v),  and  the  solutions were tested  on 
L-929 cells along with  5 to 10 units of a-LT. 

Solutions of 0.1 M PME  or  LME were prepared in RPMI 
1640, neutralized with 2  M  Na&O:$, and filtered through a 0.22- 
p membrane filter (Sartorius,  Gottingen, West Germany).  These 
solutions were tested  on L-929 cells along  with  5 to 10 units of 
a-LT or incubated a t  37°C for 24 hr  to allow them to sponta- 
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neously  hydrolyze,  neutralized with 2  M NaaCO:t, and  then 
tested  on L-929 cells with  a-LT. 

RESULTS 

The effect of protease  inhibitors  on  a-LTmediateci  lysis  of 
L-929 cells. Various protease  inhibitors were tested for their 
effects on  a-LT-induced lysis of L-929 cells. TLCK,  PME,  TME, 
LME,  TAME,  BAEE, EACA, and ST1 were each dissolved in 
RPMI  or  PBS,  adjusted  to  approximately  pH 7 with 1 M 
Na2CO:], and  added  to L-929 cells together  with 3 to 5 units of 
a-LT  as described  in Materials  and  Methods. TPCK was 
dissolved in ethanol  and  then  diluted in RPMI-S before  testing. 
The final levels of ethanol  on L-929 cells (0.1%) had no effect 
on a-LT lysis of L-929 cells. In  addition,  Trasylol was eluted 
over  a Bio-gel P-4 column to  remove stabilizing agents before 
testing. Some  inhibitors were found to be  toxic to L-929 cells a t  
levels M and were therefore only  used a t  nontoxic levels. 
Trasylol  had  no effect on  a-LT-mediated lysis of L-929 cells at 
final concentrations of approximately 6 to 9 X M. ST1 was 
also found to  have  no effect at  0.2 to 3.3 mg/ml, and 1 X M 
EACA enhanced  a-LT  mediated lysis of L-929 cells. The dose- 
dependent inhibition curves for TPCK,  TLCK,  PME,  TME, 
LME,  TAME,  and  BAEE when tested with  3 to 5 units of a-LT 
are shown in Figure 1. The  concentrations  required for 50% 
inhibition (IC,o) by the various compounds  ranged from  3 X 

M  for TLCK  to 2 to 3 X lo-? M for TAME  and  BAEE. 
TPCK was toxic a t  levels z 5  X M, and we were only able 
to achieve 30% inhibition  with this  compound at  2.5 X 10"' M. 

There were  two  classes of protease  inhibitors found to  inhibit 
cr-LT-mediated L-929 cell lysis, reversible substrate analogues 
(PME,  TME,  LME,  TAME  and  BAEE)  and irreversible  alkyl- 
ating  agents  (TPCK  and  TLCK) (36-38). On a  molar  basis, 
higher levels of the  substrate analogues were required for 
inhibition. Furthermore, within each class, the  compounds  that 
are specific for chymotrypsin-like  proteases  (TPCK,  PME, 
TME,  LME) were more efficient inhibitors  than  those specific 
for trypsin-like proteases  (TLCK,  TAME,  BAEE). 

The site of  action of the irreversible protease  inhibitor 

80 I 

TLCK. Experiments were designed to  determine  whether  the 
protease  inhibitors were interacting with the  a-LT  preparation 
or  whether  they were  affecting an L-929 cell esterase(s).  Prep- 
arations of a-LT were added  to  the irreversible protease  inhib- 
itors DFP  or  TLCK, allowed to  incubate a t  37°C for 1 hr,  and 
dialyzed against  PBS  overnight as described in Materials  and 
Methods. They were then  tested in duplicate  on L-929 cell tube 
cultures along with a-LT  treated with PBS  or 1% isopropanol 
and  then dialyzed. The  results of these  studies  are  shown in 
Figure 2. It is clear that  removal of TLCK away  from a-LT by 
dialysis eliminates most of the  inhibitory effect.  Since TLCK is 
an irreversible inhibitor,  the  site of action of this  inhibitor  does 
not appear  to be the  LT molecule itself. Furthermore,  DFP 
treatment of a-LT  does  not affect its lytic activity.  This  further 
supports  the  concept  that  a-LT  is not an  esterase. 

To  determine  whether  TLCK  inhibits lysis by affecting the 
target cell, tube  cultures of L-929 cells were treated with TLCK 
for 1 or 2 hr, washed, and  tested for lysis after  incubation with 
U-LT for 24 hr.  Table I reveals that in five out of six experiments, 
preincubation  with TLCK inhibited lysis of the L-929 cells by 
a-LT.  The  amount of inhibition of lysis ranged  from 17 to 53%. 
Similar L-929 preincubation  experiments employing  reversible 
substrate analogues, 5 X 10" M PME  or 1 X 10" M LME, 
revealed that  there was no inhibition of lysis when  these  drugs 
were removed by washing before the  addition of a-LT. 

Attempts  to  determine  the  mechanism  of lysis inhibition by 
substrate  analogues. We attempted  to  determine  whether  the 
reversible protease  inhibitors were inhibiting a-LT activity by 
serving as  substrates for esterases  or  whether  these chemicals 
had nonspecific protective effects  upon the L-929 cell mem- 
brane  or upon the  a-LT.  It is difficult to distinguish  between 
these two possibilities when the  intact  inhibitors  are considered. 
However, we can  test  whether  the  products of hydrolysis of 
these compounds, which are formed during  the 18- to 24-hr 
incubation period,  can inhibit  a-LT  mediated cytolysis. The 
hydrolyzed substrate analogues  should not be efficient protease 
inhibitors. Solutions of TAME  and  BAEE were incubated with 
trypsin for 1 hr  and  then  tested on L-929 cells with  (u-LT as 

I 

 IO-^ to-2 IO" 
lnhibllor Conccntra:lon ( Y )  

Figure 1. Inhibition of a-LT mediated L-929 cell lysis by protease  inhibitors.  Various  amounts of each  protease  inhibitor  and  three to five  units 
of u-LT were  added  simukaneously  to  duplicate L-929 cell cultures  as  described  in Materials  and  Methods. The percent  inhibition of lysis is 
relative t o  untreated  controls. The error  bars  indicate  the  range of duplicate  samples. 
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Figure 2. TLCK and  DFP treatment of the  a-LT preparation.  Prep- 
arations of a-LT were incubated with TLCK, DFP in 1% isopropanol, 
PBS, or 1% isopropanol for 1 hr at 37”C, dialyzed, and  tested in 
duplicate on  L-929 cell tube  cultures as described in Materials  and 
Methods. a)  a-LT treated with TLCK (hatched bars) or PBS (open 
bars). The solid bar indicates the % lysis when a-LT was tested on L- 
929 cells in the continuous presence of 5 X M TLCK. b)  a-LT 
treated with DFP in isopropanol (hatched bars) or isopropranol (open 
bars). The error bars indicate the range of duplicate samples. 

described in Materials and Methods. Sterile solutions of PME 
and LME at pH 7 were incubated at 37°C for 24 hr, brought 
back to neutral pH, and tested for a-LT neutralization. The 
assumption was that these compounds would spontaneously 
hydrolyze during the incubation period. As shown in Figure 3, 
the trypsinized TAME and BAEE solutions had reduced inhib- 
itory activities. Since the final trypsin concentration is low 
compared with that of the protease inhibitor, this reduction 
cannot be attributed solely to  the binding of these substrates or 
their products to  the enzyme. Furthermore,  the  PME  and LME 
solutions also had significantly  lower inhibitory activities on L- 
929 cell  lysis by a-LT after the 24-hr incubation. 

DISCUSSION 

Two  classes of protease inhibitors were  found to inhibit a- 
LT-induced lysis of  L-929 cells, the irreversible alkylating 
agents (TPCK and TLCK) and the reversible substrate  ana- 
logues (PME,  TME, LME, TAME and BAEE). Within each 
class of inhibitors, those drugs specific for chymotrypsin were 
more potent than those specific for trypsin. The order of po- 
tency for three of these compounds, TPCK > TLCK > TAME, 
is the same as previously reported for suppression of growth of 

transformed cells (16) and for suppression of DNA and RNA 
synthesis in human lymphocytes (W,21). Furthermore, TPCK 
was found to be a more potent inhibitor of antibody-dependent 
cell mediated cytotoxicity (ADCC) than TLCK, and TAME 
was not inhibitory in this system. 

Experiments were  designed to determine the site of action of 
the various protease inhibitors on a-LT-induced lysis. Soluble 
lymphocyte mediators such as LAF and LIF have been  shown 
to be  affected directly by irreversible protease inhibitors (22, 
27-30). We determined whether a-LT was  also inactivated by 
TLCK or DFP, both irreversible protease inhibitors. The re- 
sults indicated that  a-LT itself is probably not  the relevant 
esterase. Furthermore, we were unable to demonstrate hydrol- 
ysis of TAME by a-LT (unpublished observations). However, 
these latter results are complicated by the fact that there  are 
very low levels of protein in the form of a-LT in our prepara- 
tions. Therefore, the  amount of hydrolysis of the substrate 
analogue by a-LT may  be too low for detection in our assay 
system. When  L-929  cells  were treated with TLCK, washed, 
and then tested for lysis by a-LT, there was  some protection 

TABLE I 
The effect of pretreating L cells with TLCK on a-LT mediated 

cvtolvsis” 
% Lysis 

Expt. Units Wash 
No. of a -TLCK TLCK pre- +TLCK treatment 

“Monolayers of L-929 cells were incubated with TLCK (TLCK 
pretreatment) or without  TLCK (-TLCK), washed and  tested for 
percent lysis  by a-LT, as described in Materials  and  Methods. Un- 
treated, washed monolayers were also tested for percent lysis when a- 
LT  and TLCK were added simultaneously (+TLCK).  The  data  are 
presented as the mean the range of duplicate samples. 

All figures in parentheses indicate the percent inhibition of lysis as 
described in Materials and Methods. 

40- 

20 - 
n 

1.0 2.5 50 

I E. BAEE 

D. LYE 

2 5  5.0 10.0 
lnhlbilor Concentration (mYI 

Figure 3. Inhibition of a-LT-mediated cytolysis by hydrolyzed sub- 
strate analogues. Solutions of a )  TAME, or b) BAEE were incubated 
with trypsin (hatched  bars) or without trypsin (open bars) and tested 
in duplicate on L-929 cells for their inhibition of a-LT mediated lysis. 
Sterile solutions of c)  PME,  and d )  LME were tested for inhibition of 
a-induced cytolysis before (open bars) and  after (hatched bars) incu- 
bation at 37°C for 24 hr. The error bars indicate the range of duplicate 
samples. 



19801 MOLECULAR  ACTIVATION  OF LT 723 

from cytolysis. The variation in the  amount of protection from 
lysis  in these  experiments  and  the occasional low level of 
protection  are  probably  due  to  turnover of the L-929 cell 
proteins,  in particular,  esterases  and  proteases,  during  the 24- 
hr  incubation period. The  TLCK  appears  to be  affecting an 
esterase  or possibly protease of L-929 cell origin;  however, we 
have  not  determined  whether  the  enzyme is internal,  on  the 
cell membrane,  or  secreted. To  test for the  presence of protease 
activity  in  our L-929 cell cultures, we incubated radiolabeled 
BSA beads  with L-929 cells. The results  indicated  that a pro- 
tease(s) is either  secreted  by  and/or  present  on  the L-929 cell 
surface (unpublished  observations). 

To  test  whether  the  substrate analogues and  the  alkylating 
agents  are  acting  on  the  same enzymes, we attempted  to  prevent 
the irreversible inhibition by TLCK by treating  in  the  presence 
of a substrate analogue. TAME was marginally  successful in 
preventing  the irreversible inhibition by TLCK (8 to 11% pro- 
tection). PME  or  LME gave better  results (as great  as 65% 
protection); however, there was variability between  experi- 
ments  (unpublished  observations).  There  are  several  technical 
problems  that  may explain the  variability in results. As men- 
tioned  previously, turnover of L-929 cell proteins  makes  these 
experiments technically difficult. In  addition,  these  experiments 
were limited to  the use of nontoxic  levels of protease inhibitors. 
Therefore,  the levels of substrate  analogue employed may  not 
be sufficient to  compete maximally with  the  TLCK. 

The  protease  inhibitors  used  in  these  experiments  may be 
inhibiting by virtue of nonesterase-related  secondary effects on 
the L-929 cells. Chemicals that  are known to  interact  with 
membranes  and  alter  membrane  fluidity were found  to  inhibit 
guinea pig /3-LT-mediated  cytolysis  (14). We have also obtained 
similar results  with  anesthetics, namely, that benzyl alcohol or 
isopropyl  alcohol inhibit  human  a-LT-mediated lysis of L-929 
cells (unpublished  observations).  It is conceivable that  the 
hydrophobic  protease  inhibitors  may  not be inhibiting  a-LT- 
mediated lysis by  affecting  a  cellular esterase,  but  rather by 
affecting the fluidity of the L-929 cell membrane. Although we 
cannot  rule  out  the possibility that  the  intact  substrate  ana- 
logues interact  with  the cell membrane  and  inhibit lysis by 
virtue of this  interaction, we have  tested  the  products of hy- 
drolysis of these  substrates for their  inhibitory  activity. We 
found that  the hydrolyzed products  are  not as effective at  
inhibiting  a-LT-mediated lysis of L-929 cells as the  intact 
substrate.  In  addition,  it  should be noted  that  the  various 
protease  inhibitors  exhibit vastly  different ICso, from 3 X lo-* 
M to 3 X 10“ M. Since  the alkylating agents  are  more effective 
inhibitors in this  system  than  the  substrate analogues, it  ap- 
pears likely that  the  vast  range of IC%  values is due  to differ- 
ences in the  mode of action of the  drugs  on cellular esterases. 
There  are  other nonspecific effects of the  drugs  on cells that 
may account for the  inhibition by these drugs. Protease  inhib- 
itors  have been  shown to affect cell growth as well as cellular 
transcription  and  protein  synthesis in transformed cells (16-19). 
However, to  argue  against  the possibility of these effects in- 
hibiting a-LT-induced lysis, it is well documented  that  inhibi- 
tors of macromolecular  biosynthesis or energy metabolism  in- 
crease  rather  than  decrease  the  sensitivity of L cells to  LT- 
induced lysis (6, 9-11). Furthermore,  TLCK  and  TPCK  have 
also  been shown  to  inhibit a number of thiol-dependent  en- 
zymes other  than  trypsin  and  chymotrypsin (39-41). However, 
taken collectively, we feel that  the  data  indicate  that  the 
inhibitory effects of protease  inhibitors on a-LT-mediated lysis 
of L-929 cells are  due  to  the  inhibition of a target cell esterase. 

The  a-LT  form  appears  to be a  weakly  lytic subunit of a 
complex system of cell lytic  molecules  associated  with activated 

lymphocytes.  We  examined the effects of the  human  a-LT class 
on nondividing L-929 cells because a-LT  is  the  most  stable  and 
the most studied form of human  LT. However, a-LT  appears 
to be  only a weakly cytolytic subunit of a higher m.w. form 
termed LT-Cx. The LT-Cx  class contains molecules that  are 
much  more effective at  inducing cell lysis in vitro (42). Human 
LT-Cx  from lectin-activated lymphoid  cells can be up  to 100 
times  more effective than  the smaller m.w. LT  forms (a, /3, and 
y )  at causing lysis of various “allogeneic” target cells in vitro. 
Furthermore,  some  forms of LT-Cx obtained from lectin-acti- 
vated alloimmune human  lymphocytes  are associated  with 
antigen-binding receptors  that specifically recognize the sensi- 
tizing cells, and  these  forms  are  capable of causing rapid  “spe- 
cific” lysis of the sensitizing cells in vitro (42, 43). Experiments 
are now under way to examine the effects of various protease 
inhibitors that block a-induced cytolysis on lysis mediated by 
the  other  more  potent  forms of LT.  Preliminary  results  have 
revealed that  protease  inhibitors  inhibit L-929 cell lysis  me- 
diated by the various m.w. classes of human  LT. 

The  results of these first studies  have provided important 
new insights into how these molecules may  participate  as 
effectors in cell-mediated immunity  (CMI) reactions. For ex- 
ample,  it was  previously diffkult  to  understand how LT mole- 
cules could be detected inside and expressed on  the plasma 
membrane of activated  human T lymphoid cells without af- 
fecting the  lymphocyte itself. In  addition,  it  has been demon- 
strated  that  short-lived  LT molecules could be detected in the 
sera of human  patients with  various forms of ongoing CMI 
reactions (44). How could they be present  without causing 
widespread  tissue destruction?  Furthermore, how could such 
mediators be involved in the various types of cell-mediated 
cytotoxic reactions  that  require  contact  between aggressor and 
target  and often result in  very  high  degrees of specific target 
cell killing? The  present  studies suggest that  the a subunits of 
LT  are lytically  inactive zymogens that  require  esterase-acti- 
vation  steps.  This possibility may also explain why the L-929 
cell is highly sensitive to  the  smaller molecular  weight a,  p, and 
y LT  forms in vitro. Perhaps  it is because the L-929 cell 
expresses the  appropriate cell lytic esterase necessary to  acti- 
vate  these zymogens. Recent evidence  described  in the previous 
paragraph  indicate  that  LT molecules  form  a system of cell 
lytic molecules. The  present findings are very exciting when we 
relate  them  to  this  system of molecules,  because they  permit 
the  formulation of a new concept,  namely, that  the lymphoid 
cell can  carry  the smaller subunits with no effect on itself and 
upon receiving the  appropriate molecular  signals, transfer  these 
materials from their surface to a target cell surface around a 
receptor.  This complex presumably would be  inactive,  requiring 
activation  either by the  target cell or by some  mechanism 
mediated by the aggressor cell. If the  target cell itself activates 
the lytic complex, such a  mechanism would elegantly  explain 
the  phenomenon of a  lymphoid cell destroying  a target cell with 
little  or no effect on itself.  LT-Cx forms released that  do  not 
associate with  the  target cell surface would rapidly  dissociate 
into  the smaller nonactive zymogens and  thus be disarmed  and 
have  no effect on  host  tissue(s). 
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