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Three  cell  surface  antigens  associated  with  the  cytolytic 
T  lymphocyte(CTL)-target  cell  interaction  were  identified 
by  generation  of  monoclonal  antibodies  (MAb)  against 
OKT4+,  HLA-DR-specific  CTL  and  selection  for  inhibition 
of  cytolysis  in  a 51Cr-release  assay.  These MAb  block 
cytolysis  by  both  OKT4+  and  OKT8+  CTL  and  the  prolifer- 
ative  responses  to PHA and  the  mixed  lymphocyte  re- 
sponse  (MLR). LFA-1 is  an  antigen  widely  distributed on 
lymphoid  tissues  and is composed  of two polypeptides  of 
177,000  and 95,000 Mr  on all  cell  types studied.  Anti-LFA- 
1  MAb  block  NK  cell-mediated  cytolysis  in  addition  to  T 
lymphocyte-mediated  cytotoxicity  and  proliferation.  LFA- 
2 (Mr = 55,000 to  47,000),  a  determinant  on  the  sheep  red 
blood cell  receptor, is expressed  by T cells  but  not B cells 
and  appears  specific for T cell functions.  LFA-3  (Mr = 
60,000) is  a widely  distributed  antigen  present  on  both 
hematopoietic  and  nonhematopoietic  tissues  and  appears 
to  only be involved  in T cell functions.  MAb  to LFA-1  and 
LFA-2  inhibit  function  by  binding  to  effector cell  surface 
molecules,  whereas  anti-LFA-3  MAb  appear  to  block  by 
binding  to  the  target  cells.  Together  with  previously  de- 
scribed  molecules, LFA-l, LFA-2,  and  LFA-3  demonstrate 
the  complexity  of  CTL-mediated  cytotoxicity at the  molec- 
ular level. 

Cytolytic  T  lymphocytes  (CTL)3  are  important  effectors  in  the 
cell-mediated  response to viruses (l), allografts (2),  and  some 
tumors  (3).  The  definition  of  cell  surface  molecules  important  in 
the  CTL  response  may  elucidate  the  general  mechanisms  of 
cellular  recognition, cell interactions,  and  the  "lethal  hit"  of  cyto- 
toxicity. The  use  of  monoclonal  antibody  (MAb)  probes to detect 
cell  surface  molecules  important  in  the  murine  CTL  response 
has  repeatedly  demonstrated  a role  for  Lyt-2,3  and  lymphocyte 
function-associated  antigen #1 (LFA-1)  in  the  CTL-target inter- 
action  (4-9).  MAb to OKT3,OKT4, and  OKT8  have  been  shown 
to inhibit  lysis  by  human  CTL  (10-16).  Recently,  we  generated 
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MAb  by  immunization  with  human  HLA-DR-specific  CTL  lines 
and  screened  for  the  ability to block  HLA-DR-specific cytolysis. 
The  binding  of MAb to four  types  of  molecules,  LFA-1,  LFA-2, 
LFA-3,  and HLA-DR inhibited  killing,  suggesting  that  these mol- 
ecules participate  in  the  CTL-target  interaction  (17). 

In this  report,  we  delineate  the  function,  cell  distribution,  and 
structure of LFA-1,  LFA-2,  and  LFA-3.  LFA-1  MAb  inhibit  CTL- 
and  natural  killer(NK)-mediated  cytolysis,  whereas  LFA-2  and 
LFA-3 MAb  block  cytolysis by CTL but not NK cells. MAb 
recognizing  all  three  antigens  block  T cell proliferative  responses 
to alloantigens  and  phytohemagglutinin  A  (PHA).  These  mole- 
cules illustrate  the  elaborate  set  of  requirements  for  the  CTL- 
target  cell  interaction. 

MATERIALS  AND  METHODS 

(LFA-l), TS1/18 (LFA-I), TS2/18  (LFA-2).  TS1/8 (LFA2), and  TS2/9  (LFA- 
MAb. MAb to LFA  antigens  were  derived  from  subcloned  lines  TS1/12 

3). Culture  supernatants  were  routinely  used,  although  purified  immunoglob- 
ulins  (lg)  from  ascitic  fluid  gave  similar  results. 

Commercially  available  MAb  used  included  OKT3  (18),  OKT8  (19).  OKT4 
(20), Leu-1,  Leu-Pa, LeuJa,  Leu4 (15,  21).  and  Leu-5  (22). (Leu-1-4 anti- 
bodies  were  provided  by  Dr. Robert Evans,  Sloan-Kettering  Cancer  Institute, 
NY).  Nonbinding  control  antibodies  used  were  M21/3.2.2,  a  hamster  anti- 
mouse  pan-lymphocyte  MAb  (23),  and  M22/3.2.2,  a  hamster  anti-mouse Lyt- 
2.3 MAb (1 8). 

flow cytometty was  performed  on  an  FACS I I  after  labeling cells with  MAb 
fluorescence-activated cell sorter (FACS) analysis.  Immunofluorescence 

and  affinity-purified  fluorescein  isothiocyanate  anti-mouse  IgG  (Zymed Lab 
ratories,  South  San Francixo, CA) (5,24). 

Long-term cyfolyfic cell lines.  OKT4+,  HLA-DR-specific (lo), OKT8+,  HLA- 
A.B-speafic  (25),  and  NK  (26) cell lines  were  generatred  as  described. 
Peripheral  blood  lymphocytes  (PBL)  from  normal  volunteers  (M.P.:  HLA-A1 1 , 

J.F.:  HLA-A2, A28, 827, Bw51, Cwl, DR5,  DR7)  were  separated  on  a  Ficoll/ 

(JY or Daudi) in interleukin 2- (IL 2)  containing  medium  (10).  All cells were 
Hypaque  gradient  and  were  cocultured with irradiated  lymphoblastdd cells 

propagated in complete  media,  i.e., RPMll640 (M.A.  Bioproducts,  Bethesda, 
MD)  medium  supplemented with 10%  fetal calf serum,  2  mM  L-glutamine 
(GIBCO,  Grand  Island,  NY),  penicillin  100  U/ml,  streptomycin  100  pg/ml 
(GIBCO).  and  25 pM 2-mercaptoethanol  (Eastman  Organic  Chemicals,  Roch- 
ester,  NY). IL 2 was  the  culture  supernatant from PHA-stimulated  Jurkatt cell 
line  passed  over  an  anti-PHA  column  and  used  at  a  final  concentration of 1 Yo 
(27). 

5'Cr-release  assay.  CTL  assays  were  performed in duplicate or triplicate 
in V-bottomed microtiter  wells,  and  the  percentage specific release  was 
calculated  (10).  The  human  lymphoblastoid cell line  JY  (HlA-A2,2;  B7,7; 
DR4,6)  was  used  as  the  target  for  HLA-A,B-  and  DR-specific  CTL. The human 
erythroid  tumor  cell  line K562 was  used to assay  NK c e l l  activity (28). 

MAb  were  added  at  various  concentrations  directly to the  microculture 
well at the  start  of  the  2.5- to 5-hr  incubation  of  the  6'Cr-release  assay, and 
the  percentage of blocking  was  calculated  by  the  formula:  Percent  blocking 
= 100 X [(SR control) - (SR + MAb)/(SR  control)] in which SR control  is  the 
specific  release  in  the  absence of MAb. 

otherwise specified,  and  were  harvested  at  2.5 to 5  hr,  whenever 50% 
Assays  were  performed  at  effector to target  ratios of 20 to  25:l unless 

specific  release  had  occurred in the  absence  of  added  antibody. 
Proliferation  assa s Mixed  lymphocyte  reaction  (MLR)  cultures  were  es- 

tablished at 1 X Id responder  cells  and 0.5 x lo6 or 0.5 x 104 irradiated 
(2500  rad)  stimulator  cells  per  microtiter  well  (0.2  ml)  and  were  harvested on 
day  5.  The  blastogenic  response  of  lymphocytes to PHA  was  measured in a 

Aw32,  827,  Bw51, C W ~ ,  DU7;  M.C.:  HLA-AS,  Aw30, 07, 613, C W ~ ,  DR4; 

61 1 



61 2 LFA-1,  LFA-2, AND  LFA-3 

microtiter  system  with 1 x 105 cells/well  in 0.2 ml of complete  media, 
incubated  in  a 5% C02 incubator,  and  harvested on day 3. Cells  for  MLR  and 
PHA  responses were  pulsed  for 18 hr  with 1 pCi/wdl of [3H]thymidine (3.3 

(Sigma Chemical Co.. St. Louis, MO) was 1/1OOO by volume (2 pg/mf): 
Ci/mM; New  England Nuclear,  Boston,  MA).  The  final concentrations of PHA 

Iodination,  immunoprecipitation,  and  electrophoresis. Cells were  lodlnated, 
and  immunoprecipitation  was carried out  as  described (17). Samples  were 
subjected  to  NaDodSOJpolyacrylamide  gel  electrophoresis (SDS-PAGE) and 
autoradiography  with  enhancing  screens  as  described (17). 

RESULTS 

LFA-1: a broadly  distributed  leukocyte  antigen  involved in CTL- 
and NK-mediated  cytolysis.  The  expression  of  LFA-1  by  different 
cell  types  was  investigated  by  FACS  analysis  and  immunopre- 
cipitation  (Figs.  1  and  2).  LFA-1  is  expressed  on  95%  of  PBL, 
including  T  and  B  cells,  as  well  as  essentially  all  thymocytes, 
PHA-activated  blasts,  CTL,  granulocytes,  monocytes,  and  37% 
of  bone  marrow  cells  (Fig.  1).  The  LFA-1  MAb  immunoprecipitate 
two polypeptide  chains  of  Mr  177,000  and  95,000  from  all cell 
types  on  which  LFA-1  is  expressed  (Fig. 28). Identical  starting 
lysate  input  counts  and  side  by  side  electrophoresis  conditions 
were  used for all  lanes in each  panel  of  Figure  2.  Immunoprecip- 
itation (Fig.  2)  and  FACS  (Fig.  1)  data  show  quantitative differ- 
ences in the  expression  of  LFA-1  on  various  cell  types:  CTL- 
and  PHA-activated  T  cells > PBL > thymocytes > JY (6 lympho- 
blastoid)  cells. 

The broad  distribution  of LFA-1  on  lymphoid  cells  prompted 
us to assess  the  ability  of  LFA-1  MAb to block  a  variety  of 
immune  responses,  including  CTL-  and  NK-mediated cytolysis 
and T cell proliferation to the  mitogen  PHA  and  alloantigens  in 
MLR.  LFA-1  MAb  significantly  block  cytolysis,  not  only by HLA- 
DR-specific  CTL  as  previously  described (1 7), but also by  HLA- 
A, 6-specific  CTL  and  by  cell  lines  displaying NK  activity  (Table 
I ) .  A titration of  LFA MAb  showed  that  concentrations of approx- 
imately 1 pg/ml  produced  one-half  maximal  inhibition  of  cytolysis 
in  a  3 to 4-hr  5'Cr-release  assay  for HLAd2-specific CTL  (Fig. 
3A) and  HLA/DR-specific  CTL  (Fig. 38) LFA-1  MAb  also  block 
lymphocyte  proliferative  responses to alloantigens  (MLR)  and 
PHA  (Fig.  4).  Complete  blocking  was  achieved with  1 to 5  pg/ml 
of  antibody. 

LFA-2:  a  moiecule specifically  participating in T cell functions. 
LFA-2 is present  on  approximately  55 to 80%  of  PBL,  on  all 
thymocytes  and  CTL,  and  on  almost  all  PHA  blasts  (Fig. 1). 
Because  LFA-2 is  not  expressed by granulocytes,  monocytes 
(Fig. l), or the 5 lymphoblastoid cell line JY (17),  further  experi- 
ments  were  performed to determine  if  LFA-2  is  T cell specific. 
Double  fluorescence  staining  of  PBL with anti-lg and  anti-LFA-2 
showed  that  the  percentage of cells  stained  were  additive. In 
addition, anti-Leu4 (OKT3)  or  anti-LFA-2  alone  or  together 
stained  nearly  equivalent  percentages  of  cells,  but  with  the 
addition  of both antibodies  fluorescence  intensity  increased, 
demonstrating  simultaneous  staining of distinct antigenic  deter- 
minants on the  same  cell  population  (data not shown). Lastly, 
rhodamine-labeled anti-lg and  fluorescein-labeled  anti-LFA-2 

stained  mutually  exclusive  populations of PBL  (data not shown). 
These data  demonstrate  that  LFA-2  is  present  in T but  not B 
cells. 

FACS  analysis  (Fig. 1) and  immunoprecipitation  (Fig.  2C  and 
D) demonstrate  that  the  density  of  LFA-2  is  greatest  on PHA 
blasts  and  CTL > thymocytes > PBL,  whereas  Leu-4  (OKT3) 
expression is similar  on  resting  and  activated T cells  (data not 
shown).  PHA-activated  blasts  express  four  times as much  LFA- 
2  antigen as normal  PBL  (Fig. 1, M,H). 

LFA-2  has  different  m.w.  profiles  on  T  cells  at  different  stages 
of  differentiation  and/or  activation  (Fig.  2). A polypeptide  of  Mr 
= 47,000 is immunoprecipitated  from  thymocytes  and  cultured 
CTL  lines  by  anti-LFA-2  MAb  (Fig.  2C  and D, lanes  1,  4,  and  5). 
In contrast,  polypeptides of 55,000  and  47,000  Mr  are  immuno- 
precipitated  from PHA blasts (Fig.  2C  and D, lane  3). 

LFA-2  was  compared  with  other  antigens  associated with T 
cell-mediated  killing.  LFA-2  (Fig. 5, lanes  4  and 5, Mr = 47,000) 
is of different  mobility  in  SDS-PAGE  than  are  LFA-1  (lane  3,  Mr 
= 177,000,  95,000),  OKT3  (Leu-4,  lane 6, Mr = 19,000),  and 
OKT8  (Leu-Pa,  lane  7,  Mr = 32,000).  No  precipitate  was  obtained 
for OKT4 (Leu9a),  but its reported Mr = 62,000  and its expres- 
sion  on  a  subpopulation  of  T  cells  (20)  differ  from  LFA-2. 

Because  MAb to the  sheep  red  blood cell (SRBC)  receptor 
(Lyt-3  [9.6],  Mr = 50,000 (29);  OKT11  A,  Mr = 49,000  (30),  and 
Leu-5, Mr = 45,000 to 50,000 (22))  and  the IL 2  receptor  (anti- 
Tac,  Mr = 47,000 to 53,000  (31))  immunoprecipitate  molecules 
of  similar  m.w. to LFA-2,  experiments  were  undertaken to com- 
pare  these  molecules.  Side  by  side  immunoprecipitation  on SDS- 
PAGE  showed  identical  m.w.  for  LFA-2  and  Leu-5  (Fig. 6 A ,  lanes 
3  and  4) but not Tac  (data not shown).  When cell lysates  were 
precleared with anti-Leu-5,  the  amount of material  immunopre- 
cipitated  by anti-LFA-2  MAb  (Fig. 6 B ,  lane 9) was  greatly  dimin- 
ished  compared with the  P3X63 control preclear  (Fig. 6 4  lane 
5). Conversely,  preclearing with anti-LFA-2  removed  the  material 
precipitated  by Leu4 (Fig. 6 6 ,  compare  lanes 6 and  8).  Immu- 
noprecipitation  and  preclearing  experiments with OKTll  MAb 
showed that OKTll and  LFA-2  are  also  identical  (data not 
shown). OKTl 1  A  antigen  was  immunoprecipitated  more  weakly, 
but it also  shows  an  Mr  identical to LFAQ,  Leu-5,  and OKTll  
(data not shown). 

LFA-2  has  a  similar  cell distribution to Leu-5  (22),  9.6  (Lyt-3) 
(29),  and OKTll  (30).  They  are  also  present  on T cells but  not 
on B cells.  MAb to Leu-5  (22),  9.6  (Lyt-3)  (29),  and OKTl 1 (30), 
have  been reported to block  SRBC  rosetting.  Similarly,  incuba- 
tion  of  PBL  with  anti-LFA-2  MAb  reduced  the  percentage  of 
lymphocytes  rosetting  with SRBC from  45 to 2% whereas  OKT3 
did  not  (data  not  shown).  Lastly,  comodulation  experiments 
showed  that,  when  PHA  blasts  were  incubated with anti-LFA-2 
MAb for 18 hr, LFA-2  and Lyt-3 (9.6)  expression  were  decreased 
by 90%, but Leu4 (OKT3)  expression  was not affected  (data 
not shown). 

Anti-LFA-2  MAb  blocked  cytolysis  by  HLA-DR-specific  CTL 

Figure 1. Immunofluorescence  flow cytom- PBL BONE MARROW THYMUS " X Y T E S  GRANULOCYTES WBLASTS CTL 
etry of various cell surfaces l a b e l e d  with  LFA t 
MAb.  Dim  curves  represent  staining  with  con- L ~ ~ - ,  . A >95% B 37% 0 95% 
trol  P3X63  supernatant.  Bright  curves  repre- 
sent  staining  with  anti-LFA-1  (TS1/12.1.1. row 
1). anti-LFA-2  (TS2/18.1 . I .  row  2).  or  anti-LFA- 

d 

3 (lS2/9.1.1,  row 3) MAb. C e l l  sDurces  are LFA-2 . 55% K 0% L 2% ' M.04% N 96% I 
PBL, bone marrow,  thymus,  adherent cells L" d . L  - - 
(monocytes),  granulocytes,  PHAactivated 
blasts,  and  a  CTL  clone, F1 columns from left 
to  right).  Fluorescence  intensity is in  glutaral- LFA-3 
dehyde-fixed  SRBC  units  (GF SRBC) (17). Per- 
centage of cells positive for each  antigen  is 
shown. 
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on different cell  types.  Lysates  of  '251-labeled human thymocytes  (1).  PBL  (2). PHA 
Figure  2. Biochemical  characterization  of LFA-1, 2,  and  3  antigens  expressed 

blasts  (3).  CTL  anti-Daudi  line  (4). CTL-antiJY line (5). and JY B lymphoblastoid 
cell  ltne  (6)  were  immunoprecipitated  with  P3X63  supernatant  as  control  (A),  anti- 
LFA-1  MAb  TS1/18.1.1 (B). anti-LFA-2  MAb  TS2/18.1.1 (C). purified anti-LFA-2 

7.6  anti-rat  x-chain  coupled to Sepharose (E). For  LFA-3  antigen,  lysates of "'1- 
MAb  TS2/18.1.1 coupled to Sepharose (0). and  purified  control  mouse  MAb  RG7/ 

labeled  human  CTL  anti-Oaudi  line (F,  lanes  7  and 8) and  JY (F, lanes  9  and  10) 
were  immunoprecipitated  with  the  anti-LFA-3  MAb  TS2/9.1.1  (lanes 8 and  10)  and 
P3X63  supernatant  as  control  (lanes  7  and  9). 

antibody.  and 50 pl of  a  10%  suspension  of Staphylococcus  aureus  were used. D 
A-C and F. 100 pl (7.4 pg) of  the  187-1 antimouse Kchain  MAb  as  a second 

and E.  direct  immunoprecipitation by using  purified  MAb  coupled to Sepharose 
was  used.  Reduced  samples  were  subjected to SOS-lO% (A-C) or 12.5% (D-F) 
PAGE  and  autoradiography  with  enhancing  screens.  Radioactive  standard  proteins 
of  known  m.w.  were  run  in  these  same  gels  as  internal  controls for Mr. 

TABLE I 
lnhibition of cviolvsis bv anti-LFA-1.  LFA-2. and LFA-3 MAb' 

OKT4*. HLA-DR-spe- OKT8+. HLA-A.B 
chic CTL s p M ~  CTL 

NK Wls 

None  51  54  48 
Control  51 0 57 0 48 0 
LFA-1  20  61  25  57  24 50 
LFA-2  25  51  22  62  49 0 
LFA-3 
OKT3 

21  60  21 
21 60 50 0 

64 
20 

49 
63 

0 

' Long-term  cytolytic  T  cell  lines specific for HLA-DR6,  HLA-A2.  and  NK  targets 
were  assayed  for cytotoxicity by  a  4-hr  "Cr-release  assay  effector to target  ratios 
of 20:l. Target cells were  JY for CTL  and  K562  for NK cells.  MAb  supernatants or 
ascites  (OKT3)  were  added to the  assay  at  a  final  concentration  by  volume of 1/9. 
The m t r o l  antibody  was  M21/3.22,  a  hamster  anti-mouse  MAb.  Other  MAb  used 
were  LFA-1  (TS1/18.1.1).  LFA-2  (TS2/18.1.1).  LFA-3  (TS2/9.1.1).  and  OKT3.  Data 
shown  are  percentage  specific  release  and  percentage  inhibition of cytolysis  by 
antibody. 

and  HLA-A, 6-specific CTL but not NK cells  (Table I, Fig.  3)  and 
blocked  proliferative  responses to PHA  and  MLR  (Fig.  4).  The 
identity  between  LFA-2  and  the  SRBC  receptor  led  us to com- 
pare  the  ability  of  anti-LFA-2  MAb  and a panel  of  anti-SRBC 
receptor  MAb to block  CTL-mediated  cytolysis.  Anti-LFA-2  and 
anti-Leu-5  similarly  blocked cytolysis  by an HLA-AZspecific CTL 
line  (Table 11). OKTl 1  A and Lyt-3 (commercially  available  MAb 
9.6),  on  the  other  hand,  did not  block  cytolysis.  This  is  notable 
because  we,  and  other  investigators,  have  shown that  treatment 
with  Lyt-3 and  complement  (C)  lyses  all  CTL  and  NK  cells (26, 
32),  and  MAb  9.6  has  been reported to partially  block  cytolysis 
(32). 

LFA-3: a novel, broadly  distributed  antigen  associated  with 
lymphocyte  function.  LFA-3  is  expressed  on 40 to 60%  of  PBL, 
including  B  and  T  lymphocytes. It is  also  present  on  essentially 
all  monocytes,  granulocytes,  and  CTL  (Fig. l), as  well  as B 
lymphoblastoid  cell  lines (JY and  Daudi),  K562,  platelets,  human 
vascular  endothelium,  vascular  smooth  muscle,  and  fibroblasts 
(data  not  shown).  LFA-3  is  expressed  on  approximately 40% of 
bone  marrow  cells  (Fig.  1).  LFA-3  MAb  immunoprecipitates  a 
broad  band  from  65,000 to 70,000 Mr  from  B  lymphoblastoid 
cell  lines  (Fig.  2F,  lanes 9 and  10)  and a  band  of 60,000 Mr  from 

1 
1 
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Anti-HLA-DRG-specific  CTL  (A)  and  anti-HLA-A2-specific  CTL (19)  were  assayed  for 
Figure3 Inhibition  of  cytolytic  activity  by  MAb to LFA-1,  LFA-2.  and  LFA-3. 

cytotoxicity by  a  4- to 5-hr  'sCr-release  assay  at  effector to target  ratios  of 201. 
MAb to LFA-1  (TS1/18.1.1; A), LFA-2  (TS1/8.1.1; W and  TS2/18.1.2; 0). and  LFA- 
3  (TS2/9.1.2; V), and  a  hamster  anti-mouse  MAb  (M21/3.2.2, 0) as control  were 
added  at  the  initiation  of  the  assay  at  the  indicated  final  dilutions. 0. no antibody. 

0 , L -  1_ /_A 
04 IO 

MA6 CONCENTRATION /%/ 

Figure 4. Inhibition  of (A) PHA response  and (e) MLR by anti-LFA-l , LFA-2.  and 

as  described  in  Materials and Methods.  MAb  were  added  at the start  of the cell 
LFA-3  MAb.  PHA  response  and  MLR  were  generated  from  freshly  separated  PEL 

incubations  at  final  antibody  concentration  by  volume  as  shown.  Antibodies  used 
weretoLFA-1~S1/18.1.1;A),LFA-2(TS2/18.1.1;.),LFA-3~S2/9.1.2;~).HLA- 
DR (TS1/16.1.1; A), Leu-1 (0), and  hamster  anti-mouse  as  a  control  (M21/3.2.2; 
0). The  addition of medium  alone (0) is  also  shown.  Data  shown  are  [3H]thymidine 
[3H]TdR)  incorporation  at  various  MAb  concentrations. 

CTL  lines  (Fig. 2 F ,  lanes 7 and  8).  Anti-LFA-3  MAb  blocked 
cytolysis  by OKT4'  and  OKT8'  CTL but not NK  cells  (Table I) 
and  inhibited  PHA  and  MLR  proliferation  responses  (Fig.  4). 

Site  of  blockade by anti-LFA  MAb.  TD  establish  the  locus  of 
inhibition  by  anti-LFA  MAb,  effectors  or  targets  were  pretreated 
with LFA-1,  LFA-2, or LFA-3  MAb,  washed,  and  assessed in  a 
standard  cytotoxicity  assay  (Table 111). Both  anti-LFA-1  and  LFA- 
2  MAb  block  cytolysis  by  binding to effector cells,  whereas  anti- 
LFA-3  MAb  blocks cytolysis  by  binding to target  cells.  Because 
anti-major  histocompatibility  complex  (MHC)  (HLA-A,  B  and  DR) 
antibodies  are  the  only  antibodies  shown to inhibit  allogeneic 
cytolysis by  binding to target cells,  we  investigated  the  possibility 
that LFA-3  blocks  lysis  by  binding to or  near  HLA-A, B or DR 
cell  surface  proteins.  Competitive  binding of iodinated  antibody 
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TABLE I1 
Comparison of inhibition of CTL-mediated cflolysis by MAb  that  recognize  the 

SRBC receptor  molecule' 

95- 

60- 

49- 

40- 
36- 

25- 

mediated  cytolysis.  Lysates  of  '?51-labeled  PHA-activated human  PBL were  immu- 
Figure5 SDSPAGE  comparison  of  human  antigens associated with T  cell- 

noprecipitated  with  P3X63  supernatant  as  control.  lane  1 ; and  the  following  mouse 
anti-human  MAb:  anti-LFA-3  MAb  TS2/9.1.1.  lane  2;  anti-LFA-1  MAb  TS1/18.1.1. 
lane  3;  anti-LFA-2  MAb  TS1/8.1.1  and  TS2/18.1.1.  lanes  4  and  5,  respectively; 

anti-HLA-DR  MAb  TS1/16.1.1,  lane  10;  and  Leu-1,  lane  11. As second  antibody 
Leu-4.  lane  6;  Leu-Pa.  lane  7;  OKT4.  lane 8; anti-HLA-A.  B  MAb  W6/32.  lane  9; 

suspension  of S. aureus  were  used.  Reduced  samples  were  subjected to SDS 
100 pl (7.4  pg)  of  the  187-1  anti-mouse rchain MAb  together  with 50 pI of  a  10% 

lO%PAGE  and  autoradiography with enhancing  screens. 

A. 

MWxlO-3 

60- 

49- 

40 - 
36- 

1 2  3 4  

B. 

nnn 

" 

5 6 7 8 910 

Figure 6. A.  SDS-PAGE  comparison  of  LFA-2  and  Leu-5.  Lysates  of  '2SI-labeled 
PHA-activated  human  PBL  were  immunoprecipitated with P3X63  supernatant  as 
control.  lane 2;  and  the  following  mouse  anti-human  MAb:  anti-LFA-2  MAb  TS2/ 
18.1.1,  lane  3;  and  anti-Leu-5  MAb  ATM-1.1,  lane  4.  as  described  in  the  legend  for 
Figure 5. Radioactive  standard  proteins  of known m.w.  were  included  as  internal 
controls  for  Mr.  lane  1. 

human  PBL  were  precleared by  immunoprecipitation with  P3X63  supernatant. 
E. Coprecipitation  of  LFA-2 and  Leu-5.  Lysates  of '251-labeled  PHA-activated 

lanes  5  and  6;  anti-LFA-2  MAb  TS2/18.1.1,  lanes  7  and 8; and  anti-Leu-5  MAb 
ATM-1.1,  lanes  9  and  10  as  described  above.  The  resulting  supernatants  were 
then  immunoprecipitated with either  anti-LFA-2  MAb  TS2/18.1.1,  lanes  5,  7  and  9; 
or  anti-Leu-5  AMb  ATM-1.1.  lanes 6, 8,  and  10,  and  the  reduced  samples  were 
subjected to SDS 1 O%PAGE and  autoradiography  with  enhancing  screens. 

Experiment 1 Experiment 2 

Antibody % specific 
release Antibody 

% Specit 
release 

None  56  None 58 
Leu-1  55 
LFA-2  7 
Leu-5 
OKTllA 58 

12 
OKT3 
Lyt-3 55 

17 

assay  at  an  effector to target ratio of 20:l. JY  was  the target  cell  used.  MAb to 
Anti-HLA-A2  (OKT8+)  CTL  were  assayed  for  cytotoxicity  by  a  4-hr  %r-release 

LFA-2  (TS2/18.1.1).  Leu-1,  Leu-5,  OKT11A.  Lyt-3  (MAb  9.6).  OKT3, or medium 
alone  (None)  were  added to the  start  of  the  assay  in  final  dilutions  of 1/9. 

TABLE 111 
LFA-1 and LFA-2  MAb  block by binding effector  cells  whereas  LFA-3  MAb  blocks 

by binding target  cells' 

Antibody 

Treatment LFA-1 LFA-2 LFA-3 

251 6:l  25:l  6:l 251 6:l 

No  antibody  added  54  18  54  18 
Control  antibody  added 

54 18 
55  19  52  18 

LFA  antibody  added  22 5 10 3 20 5 
54 17 

Effectors  pretreated  27  9  18  4 
Targets  pretreated  57 18 68  15 

53 14 
17 5 

~~ 

A  long-term  cytolytic  cell  line  specific  for H U - A 2  was  assayed  for cytotoxicity 
by  a  3.5-hr  5'Cr-release  assay  at  effector to target  ratios  of 25:l and 6:l on JY 
target cells. Medium  or  antibody  was  added  at  the  start  of  the  assay  as  described 
(Table I). Alternatively,  CTL  or  target  cells  were  preincubated  with  LFA  antibodies 
for  30  min  at  room  temperature  and  were  washed  before  the  assay.  No  additional 
antibody  was  added to these  assays.  Control  antibody  was  M21/3.2.2.  and  LFA 
antibodies  used  were  TS1/18.1.1, TS2p8.1.2. and  TS2/9.1.2.  Data  shown  are 
percentage  specific  release. 

TABLE IV 
Effect of addition of LFA  MAb' 

Experiment 1 Experiment 2 

None 

LFA-2 

LFA-1  and  2 
LFA-1  and 3 
LFA-2  and  3 
LFA-1.2. and  3 

LFA-1 

LFA-3 

40 
35 

62 
12  50 

38 8 
20 

37 
21 

5 
49 

22 
47  25 

45 
13 

7  89 
68 

33 
8 

18 38 
88 
39 

N.D. 10  84 

(Expt. 1) and  3.5- (Expt. 2)  hr  51Cr-release assays  at  effector to target  ratios  of 
A  long-term cell line specific  for  HLA-A2 was  assayed  for  cytotoxicity  by  4.5- 

20:l (Expt. 1)  and 251 (Expt. 2).  JY  was the  target cell line.  Medium or antibody 
was  added to the  assay  as  described  (Table I). Antibodies  (TS1/18.1.1,  TS2/ 
18.1.12. and TS2/9.1.12)  were  added  at  a  final  antibody  concentration  of 1/900 
(Expt. 1)  and  1/1000  (Expt.  2)  by  volume.  Data  shown  are  percentage  specific 
release  and  percentage  inhibition  of  cytolysis  by  addition  of  MAb  for two separate 
experiments.  N.D.,  not  determined. 

showed  that  MAb to LFA-3  does not block  the  binding of either 
HLA-A, B (w6/32) or HLA-DR (TS1/16)  MAb  (data not shown). 
Furthermore,  because  quantitative  expression of LFA-3 by JY 
cells is less  than 10% of HLA-A, B or  HLA-DR, it is unlikely  that 
anti-LFA-3  MAb  blocks  CTL  lysis  by  steric  hindrance of HLA 
antigens. 

The effect of adding  various  combinations of LFA  MAb to the 
cytotoxicity assay is shown  in  Table IV. The  concentrations of 
LFA MAb  were  selected to give  minimal  inhibition of cytolysis 
when  used  alone.  The  combination of anti-LFA-1  and  LFA-3  MAb 
synergistically  inhibits  cytolysis,  whereas  the  combination of anti- 
LFA-1  and  LFA-2  MAb  additively inhibits  cytolysis. The  combi- 
nation of anti-LFA-2  and  LFA-3  MAb do not inhibit  significantly 
better  than  either  antibody  alone. 
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DISCUSSION 

Three cell  surface  molecules,  designated  LFA-1,  LFA-2,  and 
LFA-3,  were  previously  identified  by MAb  selected  for  their  ability 
to block  cytolysis by an  OKT4+,  HLA-DR-specific  long-term  CTL 
line (1 7). In this  report  we show that  the  anti-LFA  MAb  block  all 
T cell  cytolytic  and  proliferative  functions  studied. In addition, 
anti-LFA-1  MAb  inhibit  NK-mediated  cytolysis.  Anti-LFA-1  and 
anti-LFAQ  MAb  block  by  binding to effector cells,  whereas  anti- 
LFA-3  MAb  inhibits  by  binding to the  target cell. The  cellular 
distribution  and  functional  studies of these  antigens  allows  their 
classification  according to paradigms. 

The first class  of  antigens,  typified  by  murine  LFA-1 (7), are 
cell  surface  determinants  that  are  widely  distributed  on both 
effector  and  target  cells.  Antibodies  that  recognize  these  struc- 
tures  appear to block  lymphocyte  function  via  interruption  of  cell 
interactions.  Anti-LFA-1  MAb  have  been  shown to block cell 
adhesion at  the  effector level.  These  determinants  are  broadly 
distributed,  and  therefore,  are  unlikely to be part  of an  antigen- 
specific  receptor (7). 

Human  LFA-1 is  another  example  of  this  type  of  antigen. It is 
widely distributed  on  lymphoid  tissues  and  is  composed of two 
polypeptides  of 177,000 and  95,000  Mr on all  cell  types  studied. 
LFA-1 MAb  block  antigen-specific  CTL-mediated  cytotoxicity, 
NK-mediated  cytotoxicity,  and  T  cell  proliferation.  CTL-mediated 
cytotoxicity is inhibited  by  anti-LFA-1  MAb  binding to the  effector 
cell  rather  than to the  target  cell.  By  analogy  with  murine  LFA-1, 
human  LFA-1  appears  involved in  a  general process underlying 
cellular  interaction,  most  likely  adhesion.  Thus,  LFA-1  may  fall 
into a class  of  molecules that  are  required  for cell-cell  interac- 
tions,  and not just those  specialized  interactions  utilized  by  T 
lymphocytes  in  antigen  recognition.  Lyt-2  typifies  a  second  class 
of  antigens,  those  associated  with  T  cell  functions.  Other  anti- 
gens that can  be  included  in  this  class  are  the  human  antigens 
OKT3,  OKT4,  and  OKT8.  These  antigens  are  expressed  on  T 
cells  and  may  be  involved in  specific  antigen  recognition.  Studies 
of murine  lymphocyte-mediated  cytolysis  have  shown  that  Lyt-2 
is involved  in,  (33,  34) but not absolutely  necessary  for,  the 
effector-target  interaction (35). Lyt-2-  CTL  hybridomas  have 
been  isolated that are still capable  of  specific  cell  mediated 
cytolysis (35).  Anti-OKT4  and -0KT8 antibodies  may  recognize 
monomorphic  sites  on  the  molecules  involved  in  MHC  restriction. 
OKT8 (Leu9a) is the human  homologue of Lyt-2 and  appears  to 
be involved  in  the  recognition  of  class I MHC  determinants, 
whereas  OKT4 (Leu3a) recognizes  class II MHC  determinants 
(1  0-12,  36-38).  Support  for  this  hypothesis  comes  from  the 
observations  that  HLA-DR- (1 0-1 2,36) and  SB-(37)  specific  CTL 
and most  helper/inducer cells (20)  are  OKT4+,  whereas  HLA-A, 
6-specific  CTL  are  OKT8+  (1 9). 

LFA-2  appears to be another  example  of  a  T  cell  function- 
specific  antigen.  LFA-2  MAb  strongly  inhibit  all  T  cell  functions 
studied.  We  have not  yet  established,  however,  whether  LFA-2 
participates  in  antigen  recognition  or  is  involved  in  antigen- 
nonspecific interactions.  MAb to LFA-2  may  recognize  a  constant 
region  determinant on a  T  cell  antigen  receptor. We  have  shown 
that  LFA-2  MAb  precipitate  molecules  of  different  m.w.  from  T 
cells at  different  stages  of  activation  and/or  differentiation,  show- 
ing  that  heterogeneity  exists. Because LFA-2 is a  glycoprotein 
(shown  by  unpublished  lectin-binding  studies),  m.w.  variation 
may  be  due to differences in either  glycosylation or amino  acid 
sequence.  Experiments  are  currently  in  progress to assess  LFA- 
2  clonal  variation with the  use of cloned  human  cell  lines. 

Despite  the  fact  that  LFA-2  has  a  wider  cell  distribution  than 
OKT3,  (32),  LFA-2 MAb  block  only  T  cell  functions.  This  paradox 

may be important  in  understanding  the  relationship  between  CTL 
and  NK  cells.  Ortaldo  et  a/.  (39)  have  suggested that NK  cells 
may  represent  an  early  stage  of  T cell differentiation.  Both 
OKT3+, Lyt-3+ (40)  and  OKT3-,  Lyt-3'  (41)  NK  cells  have  been 
described.  Large  granular  lymphocytes  are low or negative for 
OKTll, Lyt 3, but cultured NK  cells  are  definitely  positive  (39- 
41). It is  possible  that  the  OKT3-,  Lyt-3' NK cells  that  we  have 
described  (26)  have not yet  differentiated to the  stage  in  which 
LFAQ  is  a  functional  component  of  the  lytic  process.  Recently, 
Fast et a/. (32)  reported  partial  blocking  of  both  CTL  and NK 
activity  by  using  the  MAb  9.6  (Lyt-3). We  were  unable to block 
CTL-mediated cytolysis  with OKT11  A  or  commercially  available 
OKTl 1  or Lyt-3 (9.6).  These  differences  may  result  from  differ- 
ences in  MAb  affinity or recognition  of  different  epitopes.  The 
fact  that we  found  no  blocking  of  NK  activity  may be due to 
differences  in NK cell subpopulations  studied  and/or  their  stage 
of  differentiation. 

Antigens  present on the  target  cell,  such  as  HLA-A, B and DR, 
represent  another  group  of  molecules  involved  in  cell  interactions 
(42).  MAb that  recognize  these  antigens  block  function  by  binding 
to target  rather than effector  cells.  The  anti-LFA-3  MAb  specifi- 
cally  blocks  function  by  binding to target  cells,  implying that LFA- 
3  may  represent  a  target  ligand for an  effector-specific  receptor. 
LFA-3 is  broadly  distributed on both lymphoid  and  nonlymphoid 
tissues  (including  granulocytes,  platelets,  vascular  endothelium, 
smooth  muscle,  and  fibroblasts), but LFA-3 is biochemically 
distinct  from  HLA-A,  B, DR, and  other  MHC  antigens.  The 
possibility  that  anti-LFA-3  MAb  can  also  block  function  at  the 
effector  level  is  being  studied  on  a  panel  of  human  CTL  clones 
that  express  high  amounts  of  LFA-3.  Whereas  MAb to HLA-A, 
6 block  cytolysis  by  OKT8+  CTL,  and  anti-HLA-DR  MAb  block 
cytolysis by  OKT4'  CTL,  anti-LFA-3 MAb  blocks  cytolysis  by 
both sets  of  CTL,  suggesting  that  LFA-3  may  play  a  role  different 
from  OKT4  and  OKT8 in the  CTL-target  interactions. 

Anti-LFA-1  and  LFA-3  MAb  block  T  cell  functions  synergisti- 
cally.  The  observation that LFA-3 is also  present on K562 but is 
not involved  in  NK-mediated  cytolysis  (i.e., it does not block), 
whereas  LFA-1 is involved,  makes it questionable  that LFA-I 
and  LFA-3  interact  as  a  ligand-receptor  pair. It is  possible, 
however,  that  due to a  different  type  of  cell  interaction,  LFA-1 
on NK cells  may  interact with  a  different  site  on  the  LFA-3 
molecule for K562  killing. 

The CTL-target  interaction  is  known to involve  antigen recog 
nition, cell adhesion,  and  delivery  of  the  "lethal hit" (43).  The 
description  of  at  least  six  cell  surface  molecules  (OKT3,  OKT4/ 
OKT8,  LFA-1,  LFA-2,  LFA-3,  and  HLA-A,  B/DR)  involved  in  CTL- 
mediated  cytotoxicity  shows  the  complexity of this  process  at 
the  molecular  level. 
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