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CELL-SIZED, SUPPORTED ARTIFICIAL MEMBRANES  (PSEUDOCYTES): 
RESPONSE OF PRECURSOR CYTOTOXIC T LYMPHOCYTES TO 

CLASS I MHC PROTEINS' 

STEVEN A. N. GOLDSTEIN2 AND MATTHEW F. MESCHER3 
From the Medical  Biology Institute. 11077 North Torrey Pines Road, La Jolla, CA 92037 

Novel cell-sized,  supported  artificial  membranes 
bearing class I antigens  have  been  prepared  by  a 
simple  dialysis  procedure and then used to study 
the requirements  for  antigen  recognition by precur- 
sor cytotoxic T lymphocytes (CTL). The  membranes 
were  made by mixing  lipid, H-2 antigen,  and Cle 
alkylated 5 pm silica  beads  in  deoxycholate,  and 
dialyzing to remove the detergent. The H-2 antigen- 
bearing,  cell-sized  beads,  termed  pseudocytes (arti- 
ficial  cells), were  able to simulate  generation of sec- 
ondary CTL responses with the same  specificity as 
alloantigen-bearing  spleen  cells.  Comparative anal- 
yses  demonstrated that  the size of an antigen-bear- 
ing structure, and thus  its potential for  multivalent 
interaction, was a  critical  determinant of effective- 
ness of antigen  recognition, and showed that H-2 
antigen was  recognized as effectively  on  cell-sized 
beads as on  allogeneic  spleen  cells. 

Generation of a  response to antigen  on the cell- 
sized  beads  was  completely  dependent  on  addition 
of lymphokines to  the cultures.  Thus,  unlike  lipo- 
somes, H-2 antigen  on  beads  was  not  available to 
accessory  cells for stimulation of Ia-dependent  pro- 
duction of lymphokines  by T helper  cells.  These 
results, as well as direct  observations by micros- 
copy,  strongly  indicate that antigen is recognized 
on the surface of the beads.  Despite  effective stim- 
ulation of secondary CTL responses,  antigen on 
beads was completely  inactive  in  stimulating  a  pri- 
mary CTL response by  naive  spleen  cells.  The  re- 
sults of mixing  experiments by using  beads  and 
alloantigen-bearing  cells  or  plasma  membrane  ves- 
icles  indicate that  the lack of a  primary  response 
may result from a  requirement  for  a  soluble factor(s) 
that  is not  needed  for  generation of secondary  re- 
sponses. 

The  unique advantages of cell-size  supported 
membranes  for  studying  antigen  recognition by T 
cells are discussed.  The beads can be handled  and 
used  like  antigen-bearing  cells  in  functional assays, 
while  possessing  well-defined,  readily  varied,  and 
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easily  quantitated composition. 

Generation of virtually all immune  system  responses 
requires  T cell recognition of foreign antigens  and major 
histocompatibility complex (MHC) proteins  on the  sur- 
faces of other  cells (1 -3). Although the  functional con- 
sequences of T cell antigen recognition are known  in 
considerable  detail, and many lymphocyte surface mole- 
cules involved in  antigen-specific  responses  have  been 
described at both the protein and nucleic acid level, the 
molecular interactions  occurring at the cell surface that 
lead to  response are poorly understood.  These  T cell 
recognition events occur at  the interface between cells 
and involve dynamic and highly multivalent  interactions 
between membrane-bound  receptors and ligands, and 
precise  definition,  measurement, modification, or  control 
of molecules on  the  surfaces of live cells is difficult at 
best. 

Replacing antigen-bearing cells with well-defined arti- 
ficial membranes provides one  approach to better  deter- 
mine the  parameters  that  are  important  during recogni- 
tion and triggering of responses.  The use of antigen- 
bearing liposomes, for  example, has provided detailed 
information  about  antigen structure (4) and soluble me- 
diator (5) requirements  for  activation of precursor cyto- 
toxic T lymphocytes (CTL), and demonstrated that mul- 
tivalent  interaction  with  antigen is critical to triggering 
of these precursor  cells (6). However, the  results  also 
indicate that  the  small size of liposomes ((0.1 pm) places 
severe  limitations  on  their recognition (6), which is con- 
sistent with the observation that CTL interact  with  target 
cells over relatively large areas of the cell surface (7). 
Furthermore,  the  state of liposomes at  the time of their 
recognition is difficult to  determine.  Antigen-bearing li- 
posomes are readily taken  up by accessory cells in cul- 
ture, as demonstrated by the  fact  that  they  can  stimulate 
Ia-dependent  T  helper cell production of lymphokines (8). 
Although there is considerable evidence to  indicate that 
precursor CTL triggering can  result from direct recogni- 
tion of the antigen  on  the liposome membrane (6). rather 
than by cellular  presentation,  this  has not been directly 
demonstrated. Some of these difficulties can be overcome 
by using  antigen-bearing  membranes  supported  on glass 
slides  or 100 pm beads,  which  have  recently been shown 
to allow triggering of precursor CTL (9) and helper  T cell 
hybridomas (10, 1 l ) ,  and to permit the  use of biophysical 
methods  to  study  T cell receptor  interaction  with  antigen 
(12). At the  same time, there  are significant  limitations 
on the ability to characterize  such  membranes  and to use 
them in functional  studies. 
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This report  describes a new  type of artificial  membrane 
system,  antigen-bearing lipid membranes supported on 
cell-sized, silica-based  beads, and demonstrates  their 
unique  advantages for the study of T cell recognition. 
Antigen is incorporated  onto the bead-supported mem- 
branes in a controlled and measurable  manner by di- 
alysis, and  remains both serologically and immunologi- 
cally active.  The cell-sized particles allow for  extensive 
surface  interactions  with cells, while being readily ame- 
nable  to  characterization by fluorescence-activated cell 
sorter  analysis  (manuscript  in  preparation)  and by incor- 
poration of radiolabeled lipid and protein. The composi- 
tion of the bead membranes  can be easily varied,  small 
amounts of antigen  are required to  prepare large number 
of beads (6 pg per lo7 beads),  and  the particles provide 
the flexibility of handling needed for detailed examina- 
tion of functional recognition. Finally,  they are easily 
seen  under  the microscope and  are readily distinguished 
from cells, so that direct  visualization and  assessment of 
lymphocyte-antigen interaction is simply accomplished. 
Because the bead-supported  membranes are cell-size, can 
be  handled like antigen-bearing  cells  to  reconstitute  func- 
tional  responses  normally  dependent  on cell-cell recog- 
nition, and  are as specific and potent as intact  stimulator 
cells in triggering antigen-dependent primed precursor 
CTL responses, we propose that they be called “pseudo- 
cytes”  (artificial cells). 

MATERIALS AND METHODS 

Mice and tumor cells. (BALB/c X DBA/2)FI (CD2FI) (H-zd). (AKR 
x DBA/2)F1  (AKD2F1) (H-zkxd), C57BL/6 (H-2’). AKR/J (H-2”). and A/ 
J (H-2”) mice were purchased  from  The  Jackson Laboratory, Bar 
Harbor, ME.  RDM-4  (H-2’). an AKR lymphoma. P815 (H-2d), a mas- 
tocytoma of  DBA/2 origin, and EL-4 (H-2’). a thymoma of C57BL/6 
origin,  were maintained in tissue  culture  and by passage as ascites. 

Purgication of class I antigens. H-2Kk was purified from RDM-4 
ascites cell detergent  lysates by affinity  chromatography  on a n  1  1 - 
yield of approximately 0.9 mg H-2Kk/lOlo cells. H-2Kd/Dd and H-2Kb/ 
4.1 monoclonal antibody (mAb)4 column as described  (13). with a 

D’ antigens were  purified by affinity  chromatography  from  P815 or 
EL-4 ascites cell detergent  lysates respectively on an M1/42 mAb 
column as described (14) with a yield of approximately 0.25 mg H-2 
antigen/lO” cells. All H-2 preparations were analyzed by SDS- 
polyacrylamide gel electrophoresis (SDS-PAGE) on 5 to  15% acryl- 
amide  slab gels by using  the  buffer  system of Laemmli (15)  with a 
3% stacking gel. Protein was visualized by staining  with Coomassie 
Brilliant Blue.  1251-H-2Kk was  prepared by reacting 10 pg purified 
antigen  with 0.5 mCi NaIz5I (New England Nuclear, Boston. MA] and 
two Iodobeads (Pierce  Chemical Corp., Rockford, IL) in 0.15 mlO.5% 
deoxycholate for 30 min at 4°C. and  was isolated by Sephadex G-25 
chromatography  and dialysis, yielding a product with a specific 
activity of about 300 cpm/ng protein. 

ODSl beads were purchased from  Phase  Sep, Norwalk. CT.  Dry 
Preparation  and  handling of pseudocytes. Spherlsorb 5 pm 

beads were suspended by vortex  mixing in 0.5% deoxycholate (DOC) 
in  10 mM Tris buffered-saline (TBS). 0.14 M NaCI.  pH 8.0 (DOC/ 
TBS), were washed twice in this  buffer by centrifugation (2 min. 
1500  rpm),  and were counted by using a hemocytometer. Lipids were 
either derived by chloroform/methanol extraction of P815 cells (cel- 
lular lipid) and  then  quantitation  based  on  phosphate as described 
(16), or were purchased  from Sigma  Chemical Co. (St. Louis. MO) 
and  then used  without additional purification. After evaporation of 
organic  solvents  and solubilization in DOC/TBS, synthetic lipids 
were mixed in a ratio of 98:2, dimyristoylphosphatidylcholine 
(DMPC):cholesterol (chromatography quality). ’H-dipalmitoylphos- 
phatidylcholine (60 Ci/mmol) was  purchased from New England 
Nuclear. 

Components were  incorporated onto  the  beads by mixing H-2 
antigen, lipid, and  the 5 pm beads  in DOC/TBS and dialyzing at 4OC 

Abbreviations used in this paper: DMPC. dimyristoylphosphatidyl- 
choline; DOC. deoxycholate:  mAb,  monoclonal antibody: PMV, plasma 

TBS. Tris-buffered saline. 
membrane vesicle; STEM, scanning transmission electron microscopy: 

for  36  to  48  hr to remove the  detergent. Unless otherwise noted, the 
ratios used were 6 p H 2Kk or 12 pg H-Zd or H-2’ per lo7 beads  and 
5 nmol lipid per I O  $ -  beads,  with 2 to  20 x lo6 beads in 0.75 ml 
buffer. Dialysis was  against 0.6 L TBS in a sterile  tissue  culture 
flask  containing SM-2 biobeads (BioRad. Richmond, CAI. prepared 
according to  the  manufacturer’s directions and used at  1 g per ml  of 
sample being dialyzed, as a detergent  absorbant.  The  flask  was 
placed on a rotating platform (Roto Torque  Rotator: Cole Palmer, 
Chicago, IL) to  keep  the 5 pm beads in suspension  during  the  entire 
period of dialysis.  After 24  hr of dialysis, 5 mM CaClz was added to 
the dialysis  buffer. Dialysis tubing (Spectra/Por  2 membranes, 12- 
14.000 MWCO; Fischer Scientific,  Phoenix, AZ) was  treated for 1 
min  in boiling water  and closed with clips  (Spectra/Por  closures: 
Fischer)  after  sample addition to completely exclude air  bubbles 
from  the bag. Complete exclusion of air is necessary or beads  and 
lipid accumulate at  the air-fluid interface. After dialysis, the dialysis 

times in sterile medium and  then stored a t  4°C until added to culture. 
bag was cut  open,  and the  beads were removed and washed three 

The  beads  are well behaved in serum-containing medium and  can 
be vortexed. transferred by plastic pipet, and collected by brief (1 to 
2 min) low speed  centrifugation  without  losses. and  can be counted 
by using a hemocytometer.  When handled  in protein-free buffer 
such as in  the  papain cleavage experiments detailed below, it is 
important  to prevent  exposure of the  particles  to a n  air-fluid inter- 
face.  Thus, vortex mixing and complete removal of fluid after  cen- 
trifugation are avoided. 

Papain  cleavage. Exposure of incorporated antigen at  the bead 
surface  was  assessed by susceptibility to  papain cleavage. For cleav- 
age experiments,  the  beads were harvested without  added serum, 
were washed  three  times in TBS, and were divided into  aliquots of 7 
X lo5 beads  (10,000  cpm lZ51-H-2Kk, 0.42 pg H-2K’) for  treatment 
with 0.33 U/sample  soluble papain (Type IV from papaya latex; 
Sigma), 1 U/sample papain immobilized on  carboxymethylcellulose 
beads (Sigma), or  no enzyme. The immobilized enzyme was washed 
three  times  in TBS before  preactivation.  Enzyme was preactivated 
for 30 min at  37OC with 50 mM cysteine,  and 5 mM cysteine  was 
present  during  the cleavage. After cleavage, beads were pelleted by 
centrifugation  and  the lZ5I-H-2 radioactivity in  the  supernatant fluid 
and pellets was  determined. Cleavage for 90  min  was found to  release 
80% as much radioactivity as was solubilized by overnight treat- 
ment. 

Preparation of liposomes  and  liposome-coated  beads. Purified 
H-2Kk was incorporated into unilamellar liposomes by mixing with 
extracted cellular lipid (1 pg H-2Kk/20 nmol lipid) in DOC/TBS. 
followed by dialysis to remove the  detergent, as described (1 6). except 
that liposomes were not  harvested by centrifugation. Twenty-four 

CaC12, 10 mM HEPES. 0.14 M NaCI,  pH 7.9. and  this stock solution 
hours of dialysis against TBS was followed by 16  hr against 5 mM 

of liposomes was used directly. Liposome-coated beads were  pre- 
pared by mixing previously formed liposomes containing 7 pg H-2K” 
with lo7 5 p m  beads  (washed  in  absolute  ethanol  and dried  before 
use)  and  incubating at 37°C for 60 min  with  intermittent vortexing, 
followed by three  washes in serum-containing medium. 

In vitro CTL generatton  and  J’Cr-release assay.  Alloantigen- 
bearing  beads, liposomes, or adherent cell-depleted allogeneic splen- 
ocytes  were  added to  responder splenocytes from CD2F1 mice primed 
2 to 6  mo previously by  i.p. injection of 2 x lo’ RDM-4 (H-zk)  cells 
and  cultured  in 2 ml of medium with 7 X lo6 cells/well (Linbro, New 
Haven. CT) at  37°C in 5% COa for H-2d anti-H-2’ responses. For H- 
2’ anti-H-2d responses,  responder splenocytes  were  from AKR/J 
mice primed 2 to 6 mo previously by i.p.  injection of 2 X lo7 P815 
(H-zd) cells. For H-2’ anti-H-2’ responses,  responder splenocytes 
were  from C57BL/6 mice primed 2 to 6 mo previously by i.p. injection 
of 2 x lo7 RDM-4 cells. Depletion of adherent cells was performed 
by incubating  for 90 min at  107/ml and 5 m1/60 mm  tissue  culture- 
treated  dish, followed by overnight culture of the  nonadherent cells 
and  irradiation (3000 R) immediately before use as stimulators. An 
optimal concentration of a n  (NH&S04 fraction of supernatant fluid 
from  rat  spleen cells  cultured with  concanavalin A (Con A superna- 
tant), prepared as described (5). was added at  22  hr of culture  unless 
otherwise indicated. All experiments included  control cultures lack- 
ing alloantigen. The  culture medium  used was RPMI 1640  supple- 
mented  with  10%  fetal calf serum, 2 mM L-glutamine, 1 mM sodium 
pyruvate,  10 mM HEPES, 50 pM 2-mercaptoethanol,  and 5 mg 
gentamycin/dl. 

Nonimmune CDzFl responder splenocytes  were cultured  in  the 
same  manner as described for  immune populations.  When 
C57BL/6 or A/J splenocytes  were  included as third  party  stimula- 
tors,  they were irradiated (3000 R) and added at  106/culture.  When 
RDM-4 plasma  membrane vesicles (PMV) were  included in cultures. 
they were prepared as described (17)  and were  added at  2.5 pg PMV 
protein/ml culture fluid. 

After 5 days,  each  culture  was  assayed  for cytotoxicity a t  several 
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effector to target cell ratios by triplicate  determination of the 51Cr 
released in 4 hr  from lo4 labeled RDM-4 or P815  target cells incu- 
bated a t  37'C in 5% COz. The  percent specific 5'Cr release = 100 X 
(experimental - spontaneous 51Cr release)/(total  released by 0.5% 
DOC - spontaneous "Cr release). Spontaneous  release  was  less  than 
15%  for  all  experiments. Lytic units provide a n  estimate of the 
relative number of effector CTL in a population (18).  One lytic unit 
is defined as the  number of cultured cells  required to lyse 50% of 
the  target cells in  the  4-hr 51Cr-release assay,  and  are reported as 
lytic units per 1 O6 responder cells. 

Pseudocyte binding and light microscopy. Effector CTL cultures 
resulting  from 5 day  stimulation  with 1.5 X lo6 pseudocytes, as 
described  above,  were washed  three  times by centrifugation in cul- 
ture medium,  were resuspended.  and were viewed microscopically. 
The cells  were  split into  aliquots  for  incubation  with  either anti-H- 
2Kk mAb (1 1-4.1) or a n  irrelevant anti-NP idiotype mAb (R3-I), 
generously donated by Dr. Carol Cowing, Medical Biology Institute, 

a t  room temperature of 5 pg mAb and 5 x lo5 cells was followed by 
La Jolla, CA. Both antibodies  are 7% subtype.  Incubation  for 30 min 

three  washes  and  staining  with  0.5  pglsample of a fluoresceinated 
goat-anti-murine 7% antisera,  generously  donated by  Dr. Donald 
Mosier, Medical Biology Institute. All antibodies were  purified by 
ammonium  sulfate  fractionation  and were  clarified by centrifugation 
in a n  airfuge  for 5 min  at  100.000 X G and 4OC. After three  additional 
washes, cells  were viewed at a magnification of 400X. and light and 
fluorescent photography was  done by using Kodak Tri-X film pushed 
to ASA 1200. 

Scannlng transmission  electron  microscopy. Untreated 5 pm 
beads  (in DOC/TBS), or beads coated by dialysis with lipid or lipid 
and H - 2  (in Dulbecco's phosphate-buffered  saline. PBS), were al- 
lowed to  settle by gravity onto  glass coverslips  coated  with  l mg/ml 

the  samples were fixed in 2.5% glutaraldehyde  in  0.1 M cacodylate 
poly-L-lysine. Coverslips  were then  washed  with Dulbecco's PBS and 

buffer  for 20 to 30 min. After a brief rinse,  samples were postfixed 
in  1 % OsO, for  20  min.  were  rinsed  with  buffer, were treated  with a 

were  additionally fixed with 1 % OsO,. After a graded  series of ethanol 
saturated solution of tannic acid for 5 min, were rinsed  again,  and 

freon  113  and were  dried by substitution  from  freon  to liquid C02 
washes  from 50 to  100% (5 min  each),  samples were placed in liquid 

and  then  to  dry COa in a Polaron 3000 critical  point dryer. Dried 
coverslips  were  coated by using a gold-palladium (80:20)  source  in 
a n  E5100 Polaron sputter  coater.  Samples were scanned by using a 
pointed filament  in  the  secondary mode of a n  Hitachi H-600 scan- 
ning-transmission electron  microscope (19). 

RESULTS 

Formation of cell-sized, supported artificial mern- 
branes (pseudocytes). As a solid support, we have  used 
commercially available 5 pm silica-based  spherical  par- 
ticles, covalently modified with CIS alkyl chains, which 
are sold as packing  material  for high pressure liquid 
chromatography  reverse phase columns. Mixing of puri- 
fied H-2 antigen, lipid, and beads  in DOC, followed  by 
dialysis  to remove the  detergent,  results  in association of 
all  the lipid and protein  with the  beads, as assessed by 
incorporation of radiolabeled H-2 and lipid (Table I and 
Fig. 1) .  The  resulting  preparation  consists of a fine  sus- 
pension of individual  beads that  settles to the bottom of 

TABLE I 
H - 2  antigen incorporation  onto beads and release b y  papah 

treatment" 
% H-2 Released' 

Sample nmol % H-2 
Llpldb Boundc Soluble Immobilized 

papain papain 

2 
1 5 cellular 92 

50 cellular 87 
42 
40 

36 

3 
42 

5 synthetic 94 41 
4 

37 
50 synthetic 97 48 45 

pm beads in DOC/TBS and was dialyzed as described in Materials and 
The indicated amount of lipid was mixed  with 6 pg H-2Kk and  lo7 5 

Methods. 
bLipids used  were: cellular. a ch1oroform:methanol extract of P815 

tumor cells, or synthetic lipids (98:2. DMPC:cholesterol). 
Incorporation and release of H-2 antigen was monitored by including 

Iz5I-H-2Kk of known specific activity during coating of the beads. Papain 
cleavage was performed as described in Materials and Methods. 

125 

I 25 

- 5 
0 

5.0 
0 m 
0 .a 1.0 
-1 

1.0 5.0 25 125 

Lipid Added (nrnol) 

Figure 1. Incorporation of lipid and H-2 antigen onto beads by dialysis. 
H-2Kk antigen (6 pg) and lo7 beads were  mixed  with varying amounts of 

Methods. Trace amounts of 3H-dipalmitoylphosphatidylcholine (PC) or 
cell  lipid in DOC/TBS, and were  dialyzed as described in Materials and 

dialysis the beads were washed twice in serum-containing medium and 
'''I-H-2Kk were  added  to  monitor incorporation onto the beads. After 

radioactivity associated with the bead  pellet was determined. In the 
absence of added beads, no radioactivity is recovered as a pellet. (0). '9- 
H-2Kk; (0). 3H-PC. 

a  tube  on  standing  for 15 min. In 10 experiments, H-2 
incorporation  for a standard  preparation (Table I, sample 
1) varied by less than 5%. 

When either  synthetic lipids or extracted  cellular lipids 
are used,  approximately 40% of the H-2 antigen is ex- 
posed on the  surface of the beads, as demonstrated by its 
cleavage by papain  (Table I). Similar amounts of H-2 
antigen are released by cleavage with  either  soluble pa- 
pain  or  papain immobilized on a solid support.  Thus, 
antigen is readily accessible at  the bead surface,  even  to 
immobilized enzyme, and is therefore likely to be readily 
available  for  cellular recognition. Figure 1 shows that all 
added lipid coats  the hydrophobic particles, and  that 
changing the total  amount of incorporated lipid does  not 
effect the extent of H-2 antigen  incorporation nor the 
fraction of H-2 antigen exposed on  the  surface  and ac- 
cessible to  papain cleavage (Table I). If lipid is not  present 
during  preparation of the beads,  they aggregate exten- 
sively and cannot be worked with after detergent re- 
moval. 

The  untreated 5 pm silica  beads are uniformly coupled 
with  CI8  alkyl chains on $1 exposed surfaces  and have 
pores that  are 50 to 1 10 A in  diameter,  seen as depres- 
sions on the  surface of beads visualized by scanning 
transmission  electron microscopy (STEM;  Fig. 2A and B). 
The  surfaces of the beads dialyzed with lipid and H-2 
antigen  appear  slightly  smoother (Fig. 2 C  and D ) ,  sug- 
gesting that materials coat the beads in a relatively vni- 
form manner. Because H-2 molecules are about 50 A in 
diameter, the antigen  unavailable at  the particle  surface 
is probably located in bead crevices. Figure 2E shows for 
comparison by  STEM a lymphocyte and H-2 antigen- 
bearing bead. 

Pseudocytes and generation of specgic effector CTL. 
The  size of the beads and accessibility of incorporated 
H-2 antigen  on  the bead surface  to  papain suggested that 
they might provide an  extremely effective substrate for 
the  study CTL recognition. Recognition of H-2 alloanti- 
gens leads  to  proliferation of precursor CTL and  their 
differentiation  into  effector CTL capable of lysing target 
cells that bear the  same  antigens. Previous work has 
shown that in vitro generation of the response is depend- 
ent on  helper T cell production of lymphokines (5, 8), but 



3386 CTL RECOGNIZE H-2 ON 

" 

coated by dialysis with lipid and H-2 antigen.  and were allowed to settle 
Ffgurr  2. STEM of beads. The 5 pm beads were either untreated or 

on poly-L-lysine-treated coverslips for processing and visuali7ation by 
STEM as  described in Materfals  and Methods.  Untreated beads, ( A )  
20.000X and (€3) 50.000X: beads coated with 5 nmol cellular lipid and 6 
p g  H-2Kk antigen/lO' beads. ( C )   2 0 . 0 0 0 ~  and ( D )  50.000~: and (E) bead 
coated wlth 5 nmol cellular lipid and 12 pg H-2" and  a lymphocyte from 
an H-2" anti-H-2* secondary culture at 5000x. The size bar represents 
0.5 pm ( A  to D) or 5 pm (E). 

CELL-SIZED ARTIFICIAL MEMBRANES 

that  this dependence can be eliminated by addition of 
lymphokine-containing supernatants from mitogen- 
stimulated  rat lymphocytes. When an optimal amount of 
Con A supernatant is added,  the magnitude of the lytic 
response  depends only on the effectiveness of alloantigen 
recognition by precursor CTL (5). The response  to H-2 
antigen  on  beads. liposomes, and splenocytes was  there- 
fore  assessed by measuring  their  ability  to  stimulate 
effector CTL generation  in  cultures  containing optimal 
amounts of Con A supernatant. 

Resting  spleen  cells from H-2d and H-2b mice previously 
immunized with RDM-4 (H-2k) lymphoma cells were cul- 
tured for 5 days  with  different  forms of alloantigen, and 
CTL lytic activity was  assessed by using 5'Cr-labeled 

RDM-4 cells as  targets in a 4-hr Cr-release assay (Fig. 3). 
The addition of H-2Kk-bearing beads or allogeneic splen- 
ocytes resulted in strong  and comparable H-2d anti-H-2k 
responses,  whereas  no  response  was obtained in the 
absence of added alloantigen (Fig. 3A) .  No response oc- 
curred  when  beads coated with lipid but lacking H-2 
antigen were added,  indicating that stimulation by beads 
results from recognition of the H-2 antigen.  The H-2Kk 
beads  also  stimulated an  H-2b anti-H-2k  response of com- 
parable  magnitude, and  this response  was  also depend- 
ent on H-2 antigen  expression on the bead surface (Fig. 
3B). 

Double-reciprocal experiments  demonstrated that rec- 
ognition of bead-borne class I antigen  was immunologi- 
cally specific, and provided additional evidence that 
beads do not  have  nonspecific mitogenic effects. Beads 
bearing H-2k or H-2d antigens were examined  in  d  anti-k 
and k  anti-d  responses (Fig. 4). When splenocytes from 
AKR/J (H-2k) mice, previously immunized with  P815 
(H-2d) cells. were cultured for 5 days in the presence of 
beads  bearing H-2d antigen,  effector CTL were generated 
that lysed P815  but  not RDM-4 (H-2k)  target cells (Fig. 4A 
and C). Culture of the  same cells with  beads  bearing self 
H-2Kk antigen  resulted in no  response  when  using  either 
tumor cell target (Fig. 4A and C). Reciprocally, only H- 
2K" beads  stimulated  a  response by  CD2FI (H-2d) spleen 
cells previously immunized to RDM-4 (H-2Kk). and  the 
resulting  effectors were specific for target cells bearing 
the  appropriate H-2Kk alloantigen (Fig. 4B  and D). Spleen 
cells from C57BL/6 mice (H-2b) previously primed to 
RDM-4 were also  stimulated by only H-2k-bearing beads, 
and not H-2d- or H-2b-bearing beads  (data not shown). 

The  experiments above were performed by using  beads 
made  with an  optimal amount of H-2 antigen (6 pg H-2Kk 
or 12 pg H-2d or H-2b per lo7 beads) and  an optimal 
number of beads  per  culture  (1 06). Using twice as  much 
H-2 antigen  per bead did not increase  responses,  whereas 
a twofold decrease  resulted in  lower responses  (data not 
shown).  The  response  to  antigen  on  beads  was found to 
be relatively insensitive  to the  amount or composition of 
the lipid on the beads. H-2-bearing beads made by using 
synthetic lipids had  comparable activity with  those made 
by using lipids extracted from P8 15 tumor cells (Fig. 5). 

Effecior:Targei Ratio 

Ffgure 3. CTL stimulatlon by pseudocytes. Splenocytes from ( A )  CDzF, 
(H-2") or (B) C57BL/6 (H-2b) mice immunized 2 to 6 mo previously with 

and alloantlgen as  described in Materials and Methods.  After 5 days. 
RDM-4 (H-2*) cells were cultured In the presence of  Con A supernatant 

effector CTL generation was  assessed by  rneasurlng the release from  5'Cr- 
labeled RDM-4 cells. Antigens used were: 10' H-2Kk-bearing beads/cul- 

splenocytes/culture(SC, 0); 10' beads coated only with lipid [BIO). A). or 
ture ( B ( H - 2 ) .  0); 10' adherent cell-depleted A/J (H-2Kk/D") irradiated 

varying effector to target ratios. 
no antigen  (C. X). Data are shown as  percent speciflc "Cr release at 
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Flgure4 .  CTL stimulation by pseudocytes is specific.  Splenocytes 
from A K R / J  (H-2') mice immunized  2  to 6 mo previously with  P815  cells 
(H-2d). or from  CDzFl (H-2d) mice immunized  2  to 6 mo  previously  with 
RDM-4 cells (H-2'). were  cultured  in  the  presence of Con A supernatant 
and 1 O'beads per  culture.  Beads bore either H-2K' (0) or H-2d (X) antigen. 
After 5 days  the  cultures  were  assayed  for lytic activity on both "Cr- 
labeled RDM-4 and  P815  target  cells.  Data  are  expressed as percent 
specific "'Cr release at  varying  effector  to  target  ratios. 

Lipid Content per Lyric Units (x lo->) 
10' Beads 

5 nmol Cellular 

50 nmol Cellular 

No Antigen 

by pseudocytes.  Splenocytes  from CDzFl (H-2d) mice immunized  2  to 6 mo 
FLgure 5. The  effect of varying lipid composition  on CTL stimulation 

previously with RDM-4  (H-2') cells  were  cultured  with Con A supernatant 
and IO6 beads.  Beads  were  prepared  from  starting  mixtures  containing 6 
pg H-2K'/107 beads  and  either 5 nmol or 50 nmol cellular  lipid/107  beads 
or 50 nmol synthetic lipid (DMPC:cholesterol. 98:2)/10'  beads. H-2Kk 
incorporation  was  the  same  in  each  case. Cytotoxicity was  assessed  on 
day 5 by using "Cr-labeled RDM-4 target  cells. and  the  results  are 
expressed as lytic units  per IO6 cells. 

and varying the cell lipid to bead ratio from 5 nmol to 50 
nmol per 1 O7 beads  had  little or no effect on their  stimu- 
lating  activity (Fig. 5). 

Pseudocyte-cell  conjugate  formation  and  reversal  by 
specific  antibodies. Beads and cells can be readily dis- 
tinguished by light microscopy. Microscopic examination 
of immune  spleen cell populations that had been cultured 
with  beads  bearing the immunizing  alloantigen revealed 
clusters of proliferating  cells  on  beads and bead-lympho- 
cyte  conjugates (Fig. 6 A ) .  Such conjugates are not ob- 
served  when  beads  have  no surface H-2 antigen or bear 
syngeneic or irrelevant  third  party  antigen.  The  antigen 
dependence of the lymphocyte-bead association  was 
demonstrated by  mAb blockade. 

Treatment of the H-2Kk-bearing beads  with anti-H-2Kk 
mAb reversed conjugate formation (Fig. 6 C ) .  whereas 
treatment with an irrelevant mAb of the  same  subclass 
had  no  effect (Fig. 6 A ) .  Staining with a fluoresceinated 
anti-murine yz. mAb demonstrated the presence of 
H-2Kk on the beads, and  the uniform appearance of the 

docyte-cell conjugates.  Splenocytes from CDzFl (H-2") mice immunized  2 
Figurc 6. Phase-contrast  and  fluorescence  photomicrographs of pseu- 

to 6 mo earlier  with RDM-4  (H-2'1 cells  were  cultured for 5 days  with H- 
2Kk-bearing  beads and Con A supernatant.  Cultures  containing  both  cells 
and  beads  were  split  into  aliquots  and  were  incubated  with  either: ( A  and 
B) an  irrelevant  anti-NP idiotype mAb (R3-I) or (C and D )  an anti-H-2Kk 
mAb ( 1  1-4.1).  and  then  were  stained  with  a  fluoresceinated  goat-anti- 
murine yy antiserum  as descrlbed  in Materials and Methods.  The  sam- 
ples  were viewed at  400x  under  phase-contrast ( A  and C )  or fluorescent 
(B and D )  illumination.  Beads ( a r r o w s ]  are 5 pm in  diameter. 

staining indicated that  the  antigen is not highly aggre- 
gated (Fig. 6 D ) .  In this experiment, there were 36 cells 
bound per 100 beads in the presence of the irrelevant 
antibody, and seven cells per 100 beads in the presence 
of anti-H-2Kk antibody (only cells in direct contact  with 
beads were counted).  The 36 bound cells represent  about 
10% of the cells present in this secondary in vitro CTL 
population,  which is in the range of estimates for the 
number of effector CTL present in such populations  (20). 
It should be noted that lymphocytes present in antigen- 
dependent  conjugates  with  beads are likely to be effector 
CTL, but  this  has not been directly demonstrated. Exper- 
iments  are in progress to  examine  the binding of cloned 
CTL lines  to  antigen-bearing  beads. 

Quantitative  comparison of precursor CTL stimula- 
tion by  alloantigen-bearing  liposomes,  pseudocytes. 
and  cells. The response to H-2 antigen  on liposomes was 
significantly  less than to H-2 antigen on beads over a 
wide range of antigen  concentrations (Fig. 7). To stimu- 
late  generation of responses of similar  magnitude,  20 to 
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Flgure 7. CTL stimulation by liposomes. liposome-coated beads,  and 
pseudocytes  bearing H-2K'. Liposomes (L. X) were  prepared by mixing 

detergent. Some of these llposomes were incubated with untreated 5 pm 
lipid and H-2Kk antigen in DOC. followed by dlalysis  to remove the 

beads: the  beads were pelleted and washed to yield liposome-coated beads 
(LIB, 0). Pseudocytes (B. 0) were formed by mixing H-2K' (6 pg H-2Kk/ 
lo7 beads), lipid and  beads  in DOCITES and dialyzing. Details of the 
preparations  are given in Materials and Methods. Splenocytes from 
CD2FI (H-zd) mice immunized  2 to 6 mo previously with RDM-4  (H-2') 
cells  were  cultured  with Con A supernatant  and varying amounts of the 
different  antigens  (increasing  numbers of beads or liposomes: expressed 
as final H-2Kk concentration in  culture)  and were assayed for lytic activity 
on  day 5 by using "Cr-labeled RDM-4 cells. Data are expressed as lytic 
units per lo6 cells. 

50 times more H-2 antigen  must  be added to  culture  when 
liposomes rather  than  beads  are used. This is probably 
due  to  the  dramatic difference  in  size, and  thus potential 
area for  interaction,  between liposomes (<O. 1 pm diame- 
ter)  and beads (5 pm diameter),  which provide a surface 
area  that is at least 2500 times  larger.  Support  for the 
suggestion that size is the critical  difference  between 
liposomes and pseudocytes was provided  by experiments 
examining  beads coated with preformed liposomes. 
Small,  unilamellar liposomes bearing H-2Kk were formed 
by dialysis and were then  incubated with  untreated  beads 
in TBS at  a ratio of 7 pg H-2 (in liposomes) to 6 X lo6 
beads. Approximately 70% of the H-2 liposomes bound to 
the beads, all of which  remained  bound after  three 
washes  in  serum-containing medium. Liposomes coated 
onto  beads were dramatically more effective than free 
liposomes in  stimulating  a  response (Fig. 7). but not as 
effective as comparable amounts of H-2 antigen  incor- 
porated onto  beads by dialysis. Thus, while coating cell 
size  beads  with liposomes provides an alternative  means 
of enhancing  antigen recognition, the dialysis procedure 
remained the method of choice. 

I t  is more difficult to compare  quantitatively the stim- 
ulation by beads and allogeneic spleen cells on the  basis 
of H-2 antigen dose due  to  uncertainties  in  estimating 
the  amount of H-2 antigen  on  cells  and to the  fact  that 
cells may continue  to  express new surface  antigen  after 
addition  to  culture. Beads and cells can be compared, 
however, on the  basis of particle  number added to the 
cultures.  When  this  was done, a close correspondence 
was  found between the  number of beads and number of 
irradiated,  adherent cell-depleted allogeneic cells needed 
to  stimulate  generation of a given level of response (Fig. 
8). Despite some  variation  in the  absolute magnitude of 
the cytolytic response  between animals, beads were con- 
sistently  found  to  be as efficient as equal numbers of 
irradiated cells in  numerous  experiments  (data  not 
shown).  Thus, alloantigen  on cell-sized beads  bearing 
only lipid and  class I antigen  appears  to be as effectively 
recognized by precursor CTL as alloantigen  on  intact 
cells. 

f 
1 

+ J 

0 4 8 12 16 20 
Particles  /Culture (x l o s )  

and pseudocytes. Splenocytes from CDzFl (H-2d) mice immunized 2  to 6 
Figures. Comparison of  CTL stimulation by allogenelc spleen  cells 

mo previously with RDM-4 cells (H-2*) were  cultured  with Con A super- 

ated  A/J (H-2Kk/Dd) splenocytes depleted of adherent cells (SC. 0). Cyto- 
natant  and  increasing  numbers of H-2Kk-bearing beads  (B, 0) or irradi- 

toxicity was  assessed by using "Cr-labeled RDM-4 target  cells after 5 
days,  and  data  are  shown as lytic unlts/lOs cells. 

0.1 0.2 
H-2Kk (pglml) 

0.3 

upon the addition of lymphokines.  Splenocytes  from CDzFl (H-2d) mice 
Flgure9. CTL stimulation by pseudocytes is completely dependent 

immunized  2 to 6 mo previously with RDM-4 cells (H-2') were  cultured 
with H-2Kk-bearing beads (8, 0) or liposomes (L, X) in  the presence 
(-) or absence (----) of added Con A supernatant, Beads were made 
by using 6 pg H-2Kk and 5 nmol lipid per lo7 beads, and liposomes by 
using 1 crg H-2Kk per 20 nmol lipid. Antigen dose was varied by varying 
the  number of beads or liposomes added, and is expressed as the  final 
concentration of antigen  in  the culture. Cytotoxicity was assayed by using 
51Cr-labeled RDM-4 cells after 5 days,  and  data  are reported as lytic units/ 
loE cells. 

CTL generation  by  pseudocytes  is  completely  de- 
pendent upon added lymphokines. The magnitude of 
the  responses  shown above provided a direct  measure of 
antigen recognition by precursor CTL, because an  opti- 
mal amount of Con A supernatant  was added in  each 
case (5). In the absence of added factors,  the generation 
of effector CTL is limited by accessory cell presentation 
of alloantigen  to  helper T cells and  subsequent endoge- 
nous  factor production (5, 8). H-2 antigen-bearing lipo- 
somes  can be taken  up by Ia-positive accessory cells and 
the alloantigen  presented  to  helper  T cells (8). As a result, 
a CTL response to liposomes can be seen  in  the  absence 
of added factors (Fig. 9). In contrast,  the  response  to H-2 
antigen-bearing  beads  is  much more highly dependent 
upon the addition of factors, even when the beads are 
added at twice the dose needed to  generate maximal 
responses in the presence of added factors (Fig. 9). Thus, 
recognition of H-2 antigen  on  beads by precursor CTL is 
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dramatically more effective than on liposomes, and gen- 
erates a  much  stronger  response if factors are added,  but 
stimulates  less well than liposomes in  the  absence of 
added factors.  That  the 5 pm beads  are  unable  to  support 
a  response in the  absence of added factors  indicates that 
their H-2 antigen is stable  during  culture.  This is con- 
sistent with the observation that H-2 antigen is readily 
detectable by immunofluorescence on the bead surface 
after 5 days  in  culture with cells at 37’C (Fig. 6). 

Pseudocytes do not stimulate primary CTL re- 
sponses. Although H-2 antigen-bearing liposomes or iso- 
lated PMV are  able to stimulate secondary  in vitro allo- 
geneic responses,  they are poor stimulators of responses 
by spleen  cells  from  nonimmune animals (1 7).  There  are 
several possible explanations  for  the inability of subcel- 
lular  antigen to stimulate  strong  primary  responses. 

Precursor CTL from nonimmune  animals might bind 
antigen  with lower avidity than primed precursor CTL, 
and  thus may have more stringent  requirements for mul- 
tivalency and  surface  area of interaction. However. al- 
though  the cell-sized, antigen-bearing  beads were dra- 
matically better than  membranes or liposomes in  stimu- 
lating  secondary  responses,  they were unable  to  generate 
a  primary  response. NO primary  response  to H-2K”-bear- 
ing  beads could be detected  either  with  or  without added 
Con A supernatant,  whereas  the  same beads and super- 
natant preparations  stimulated  a  secondary  response 
comparable  with that  seen with intact allogeneic spleen 
cells (Table 11). Even the weak  response  seen  to PMV was 
not  seen  when  using  the  beads (Table 11). 

Alternatively, nonimmune  precursor CTL might need 
to  interact  with  other  surface  proteins  in  addition  to  class 
I antigen.  The  results of preliminary  experiments  when 
using  beads  bearing  both purified class I antigen and 
plasma  membrane  proteins from A20 (bearing allogeneic 
class I1 molecules) or P 8 1 5  cells have  not  supported this 
suggestion. No primary  response  was  obtained in either 
case  (data  not  shown). 

Generation of a  primary  response might require soluble 
factors  not  present in Con A supernatant  and not  gener- 
ated in response  to  beads.  Support  for  this suggestion 
was provided in two ways. Nonimmune CDzFl (H-2d) re- 

TABLE 11 
Generation of CTL in nonimmune and immune soleen cultures” 

Response (iytic units per IO‘ cells) 

Antigenb 

None 
H-2K‘ beads 
A/J (H-2Kk) SC 
C57BL/6 (H-zb] SC 
H-2Kk beads + C57BL/6 

(H-zb) SC 

H-2K’ beads + RDM-4 
RDM-4 (H-2’) PMV 

IH-2’1 PMV 

Nonimmune  Immune 

+Con A Sn -Con A Sn +Con A Sn -Con A Sn 

<5 
<5 

<5 
<5 

<10  <10 
670 

65  
48 

6 
70  675 
<5 

500 

20 (5 - - 

7 
16 

<5 - 
<5 - 

- 

- 
- 

primed (Nonirnmune) or primed 2 to 6 mo previously with RDM-4 (H-2’) 
Responder cells were splenocytes from  CD2F, (H-2d) mice either not 

cells  (Immune). Cells were placed in culture with the indicated antigen 
with or without the addition of  Con A supernatant (Con A Sn). and lytic 
activity was  assayed  5  days later  by “Cr released from  RDM-4  target 
cells. 

bAntigens:  spleen  cells (SC) from A/J (H-2‘) and C57BL/6 (H-2b) were 
irradiated and used at 10’ cells per culture. H-2Kk-bearing beads were 
used at lo6 beads per culture. RDM-4  PMV were used at 2.5 pglml. When 
mixtures of antigens were added  to cultures these same doses were used. 

This  analysis  was not performed. 

sponder  spleen cells were placed in  culture  with  either 
H-2Kk-bearing beads  or  irradiated C57BL/6 (H-2b) splen- 
ocytes as third  party  stimulators, or a  mixture of both 
stimuli,  and effector CTL generation was assayed 5 days 
later. Cells from  cultures  stimulated  with  just H-2Kk- 
bearing  beads did not lyse H-2”-bearing target cells, 
whereas  those from cultures  stimulated  with  third  party 
allogeneic (H-2b) cells gave only marginal  (presumably 
cross-reactive)  lysis (Table 11). However, significant lysis 
was obtained from cultures  stimulated  with both alloge- 
neic (H-2b) cells and H-2Kk-bearing beads (Table 11). Thus, 
some response  to  antigen on beads occurred in  the pres- 
ence of an  ongoing response to third-party  alloantigen on 
stimulator cells. 

Another type of mixing experiment showed that alloan- 
tigen-bearing PMV from RDM-4 (H-2k) cells were able to 
stimulate  marginal  responses  when added to  culture 
alone,  but  significant  responses were generated  when 
they were added to  culture along with H-2K” antigen- 
bearing  beads  (Table 11). Thus, both cases  in which al- 
loantigen-bearing  beads are present  along  with co-stim- 
ulators that  can activate the helper  T cell pathway show 
that a  primary  response can  result  from recognition of 
antigen  on  the beads.  This  suggests that activation of 
naive  precursor CTL may require soluble factors that  are 
not required for a secondary  response and  are not present 
in the Con A supernatants we have  used. 

DlSCUSSION 

T cells recognize antigen on the  surfaces of other  cells, 
and  the  tens of thousands of receptor and  antigen mole- 
cules on the juxtaposed cell surfaces provide the potential 
for very highly multivalent  interaction. The notion that 
T cell recognition involves interaction of multiple low 
affinity  receptors (21)  and requires highly multivalent 
antigen  for avid binding and for triggering of responses 
is supported by cases  in which binding of nominal anti- 
gen  to  T cells has been demonstrated (22,  23). Previous 
work examining  stimulation of in vitro CTL responses by 
subcellular  antigen  indicated that  the physical size of the 
antigen-bearing  structure,  and  thus  the  potential  multi- 
valency of interaction, is a  critical  parameter  in  deter- 
mining the level of response  obtained  (6).  Small  unila- 
mellar liposomes bearing  affinity-purified  class I anti- 
gens  have provided an  effective means of defining some 
of the  requirements for  antigen recognition and triggering 
of precursor CTL with  respect to  the  structure of antigens 
(4) and  the role of lymphokines  in the generation of a 
response (5). At the  same time, the use of liposomes has 
a  number of limitations. They are readily taken  up by 
accessory cells (5, 8) and have the potential to fuse  into 
the  surface  membranes of cells in  culture.  Thus, al- 
though the available evidence strongly  suggests that pre- 
cursor CTL recognize antigen  on  the liposome surface (6). 
this  has not  been directly demonstrated.  Furthermore, it 
appeared likely that  the small size of liposomes limited 
effective antigen recognition by restricting the multiva- 
lency of interaction. 

These  considerations prompted our  efforts to prepare 
cell-sized artificial  membranes  bearing class I antigens. 
As  described in this report, this  has been accomplished 
by using 5 pm diameter, silica beads modified with C,, 
alkyl chains, which are sold commercially as packing for 
reverse  phase high pressure liquid chromatography col- 
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umns. Mixing of lipid, H-2 antigen, and beads in DOC- 
containing  buffer  and dialyzing to remove the detergent 
results  in all of the lipid and protein becoming associated 
with the beads (Table I and Fig. 1). and approximately 
40% of the H-2 antigen  is exposed at  the bead surface 
(Table I). The  amount of lipid and H-2 incorporated  onto 
the beads could be readily controlled by varying the ratios 
of the components  in the  starting mixture, and  the  extent 
of H-2 incorporation and  surface exposure were relatively 
insensitive to the  amount of lipid used (Fig. 1). The  fea- 
sibility of protein and lipid incorporation by dialysis  was 
suggested by the work of Ishiguro and Nakanishi  (24). 
which  demonstrated that glycophorin and lipid could be 
incorporated  onto  alkylated  glass  slides by dialysis. 

The H-2-bearing, cell-sized beads,  termed pseudocytes, 
were able to stimulate  the generation of secondary CTL 
responses  with  the  same specificity as alloantigen-bear- 
ing  spleen cells (Figs. 3 and 4). provided that lymphokines 
(Con A supernatant) were added.  Quantitative  compari- 
sons showed H-2 antigen  on  beads  to  stimulate  much 
more effectively than on liposomes (Fig. 7). In fact, pseu- 
docytes were as effective as alloantigen-bearing  spleen 
cell stimulators  when compared on the  basis of the re- 
sponse  obtained as a  function of the  number of particles 
(cells  or  beads) added to  culture (Fig. 8). Enhanced rec- 
ognition of antigen on beads, in comparison to liposomes, 
appears to be due  to the larger size of the  antigen-bearing 
structure, because  coating  beads  with preformed H-2- 
bearing liposomes resulted in a considerable  increase in 
stimulating  activity (Fig. 7). 

The  generation of a  response to H-2 antigen on beads 
was  found to be completely dependent upon the addition 
of lymphokines  to the  cultures (Fig. 9). Thus, unlike 
liposomes (5, 8). the beads  cannot be taken  up by acces- 
sory cells to a sufficient  extent to allow processing and 
presentation of alloantigen to helper  T  cells, nor is suf- 
ficient  antigen  shed from the beads  to allow helper  T cell 
activation even when two times more bead-bound antigen 
is added than is needed for maximal  precursor CTL trig- 
gering (Fig. 9). These  results strongly indicate that pre- 
cursor CTL directly recognize the  class I antigen on the 
surface of the bead. Additional evidence for  direct rec- 
ognition was provided by visual  examination of cultures 
stimulated  with  antigen-bearing  beads. Lymphocyte- 
bead conjugates were seen  in  cultures  containing  effector 
CTL,  provided that  the beads bore the  appropriate alloan- 
tigen, and  these conjugates were eliminated if antibody 
specific for the H-2 antigen on the beads was added (Fig. 
6). Thus,  the cell-sized beads  make it possible to study 
the molecular parameters  important in precursor CTL 
recognition without the possibly confounding  effects of 
uptake  and  presentation of the  antigen by other cells in 
the  cultures.  Furthermore,  the  ease of identifying and 
quantitating lymphocyte-bead conjugates by microscopy 
should  make it possible to  use  this  approach  to  study 
antigen  binding by cloned CTL lines. 

The beads used in these  studies  have 50 to 1 10 A pores 
(Fig. 2).  The bead surface  has a  smoother  appearance 
and  the pores are  less  apparent  after binding of lipid, 
suggesting that  the lipid may form a relatively continuous 
surface coat on the bead. The  fraction of bead-bound 
H-2 antigen that is inaccessible  to  papain is probably 
located within the pores.  The nature of the  surface lipid 
coat has not been determined and may vary  depending 

upon the  amount of lipid put on the beads. At low levels 
of lipid, a bilayer may form,  the lower  half of it consisting 
of the covalently linked CIS alkyl chains on the bead. At 
high levels of lipid, it is likely that multiple lipid lamellae 
may be present. If so, these  variations in structure do not 
have any  dramatic effect upon accessibility of H-2 anti- 
gen on the bead surface to  papain (Table I) or bead 
recognition by precursor CTL (Fig. 5). The  susceptibility 
of the  surface H-2 antigen to papain cleavage, its binding 
by anti-H-2  antibody, and  its recognition by precursor 
CTL indicate that  the  antigen  maintains  its native con- 
formation  and is associated  with the lipid-coated surface 
of the bead in a manner similar  to its association  with 
the cell surface. Indeed, the diffuse surface  staining of 
the beads  with  fluoresceinated  reagents specific for the 
H-2 antigen  indicate that antigen is arrayed in a relatively 
uniform  manner over the  surface of the beads, and is not 
highly aggregated (Fig. 6). Work is in  progress to addition- 
ally characterize  the bead surface  structure,  and to ex- 
amine  the  effects of changing  the bead size and  the alkyl 
chain length  on  antigen  incorporation and precursor CTL 
recognition. 

In addition to size, mobility of the  class I antigen on the 
bead surface may influence its recognition. In general, 
class I antigens on cell surfaces  are mobile and diffuse 
in  the plane of the  membrane. In contrast,  class I anti- 
gens do not diffuse  when incorporated into  supported 
planar  membranes  prepared by incubating liposomes 
with  either  alkylated glass slides or rigorously cleaned 
slides (9). Photoleaching measurements showed the H-2 
protein in  these  membranes to be immobile, whereas lipid 
probes incorporated into the  same  membranes were 
freely mobile (9). In contrast,  wheat germ agglutinin- 
agarose  binding to glycophorin incorporated onto alkyl- 
ated glass slides by dialysis indicated that  the glycophorin 
was mobile in  the  membrane  (24). Whether  class I anti- 
gen is mobile on the  surface of the bead-supported mem- 
branes described in  this report has not yet been deter- 
mined. 

Binding of effector CTL to  planar  membranes  bearing 
class I antigen has been reported (25), as  has stimulation 
of in vitro CTL generation by such  membranes (9). Class 
I1 antigen-bearing  planar  membranes  and  membranes on 
100 pm glass  beads, along with  nominal  antigen,  have 
been shown  to trigger lymphokine production by helper 
T cell hybridomas (1 0, 1 1). as have  class I1 alloantigens 
on 100 pm glass beads (26). Although these  membranes 
provide some advantages for studying  antigen recogni- 
tion by T  cells,  they are also limited with  respect  to 
characterization of the  membranes,  the ability to  manip- 
ulate the  antigen,  and  the large amounts of antigen 
needed for preparation. Indeed, 100 pm glass  beads are 
8000 times  larger (mm3) than a 5 pm diameter cell, and 
thus  are poorly amenable to microscopic or FACS analy- 
ses. 

The  antigen-bearing  beads described in this report 
overcome many of these limitations. They can be easily 
made and quantitated by using  a hemocytometer. Their 
lipid and protein composition can be measured by includ- 
ing radiolabeled tracers,  and  their  surface composition 
can be determined by fluorescence microscopy (Fig. 6) 
and  quantitated by  FACS analysis  (manuscript  in prep- 
aration).  The  beads  can  essentially be handled like cells, 
with the  advantages of having well-defined, readily var- 
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ied, and easily quantitated composition. Furthermore,  the 
very small  amount of antigen required to prepare large 
numbers of beads (<6 pg per 1 O7 beads)  should  make this 
approach  useful  for  studying recognition of surface pro- 
teins  that  cannot be readily isolated in as large amounts 
a s  native  class I and 11 antigens. For example, class I or 
I1 antigens altered by exon shuffling  or  site-directed  mu- 
tagenesis, and expressed  in cells, might be purified by 
affinity  chromatography and  their recognition studied  in 
the  absence of confounding  effects such  as  the levels of 
expression on  the  transfected cell or the  contributions of 
host cell proteins. 

The  inability of pseudocytes to  stimulate  the generation 
of a  primary allogeneic CTL response  (Table 11) was some- 
what  surprising  in light of their effectiveness  in  stimu- 
lating  secondary  responses. The lack of response was not 
due to  inhibitory  effects of the beads,  nor  does it appear 
to  result from requirements for the presence of additional 
surface  proteins  on  the  antigen-bearing  membranes.  The 
results obtained thus  far indicate that  the generation of 
a  primary  response may involve soluble  factors not re- 
quired for the generation of a secondary  response. This 
is suggested by several  observations. When H-2K"-bear- 
ing  beads are present in cultures that also  contain  third 
party allogeneic spleen  cells, a response to the H-2K" is 
seen,  whereas  no response is found  in the absence of 
third  party  stimulators  (Table 11). Production of nonanti- 
gen-specific  soluble factors  in  response  to  intact  stimu- 
lator cells, but  not  to  pseudocytes, could explain these 
results.  Alloantigen-bearing  plasma membranes  are able 
to  stimulate  a  weak  primary  response  (Table 11) (17), 
whereas pseudocytes cannot. When H-2Kk-bearing beads 
are present  in  cultures that also  contain  alloantigen- 
bearing PMV, a  significant  response  is  seen (Table 11). 
Because  antigen  on  small  membrane vesicles and lipo- 
somes  can  induce lymphokine production (Fig. 9) (5, 8). 
and because this does  not  occur  when  antigen-bearing 
beads  are used (Fig. 9). factor  generation could also ex- 
plain these  findings. Although supernatants from Con  A- 
stimulated  rat lymphodyte cultures  contain all of the 
soluble  factors  necessary to support a secondary  re- 
sponse  to pseudocytes (Fig. g ) ,  the addition of Con A 
supernatants to primary  cultures does not  result  in  a 
response  to pseudocytes (Table 11). Thus, if the inability 
of pseudocytes  to  stimulate  a  primary  response is due  to 
the  absence of a required factor(s),  then  it is likely to be 
a factor that is not required in a secondary  response and 
is not  present in the Con A supernatants we have  used. 

Several  groups  have reported evidence showing that in 
vitro  generation of effector CTL requires  soluble  factors 
in  addition  to  interleukin  2  (27-30), but  these  factors 
have  not  been well characterized.  The complete lack of 
response to pseudocytes  in the  absence of soluble factors, 
even  when  unfractionated  responder  spleen cells are 
used,  should  make these  antigen-bearing  beads a very 
effective means of pursuing  study of these  factors  and 
their roles in CTL activation. 

Pseudocytes bearing H-2K" have  been  shown in this 
report to trigger secondary allogeneic responses as effec- 
tively as spleen cell stimulators. I t  follows that only class 
I alloantigenic determinants  are absolutely required for 
activation of the majority of splenic  precursor CTL. These 
results also  demonstrate that induction of the cytolytic 
response  does  not  require  nonantigen-specific  interac- 

tion of the T cell receptor or accessory molecules with 
molecules other than H-2 antigen. 

Acknowledgments. We thank Paul Champoux for ex- 
pert  technical assistance,  and George  Klier, La Jolla  Can- 
cer  Research  Foundation, La Jolla, CA, for performing 
electron microscopic studies. 

REFERENCES 

1 .  

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

1 1 .  

12. 

13 

Benacerraf,  B. 1981. Role of MHC gene  products in immune regula- 
" 

tion. Science 2 12: 1229. 
Klein, J. 1979. The major histocompatibility complex of the mouse. 

Klein, J., A. Juretic, C. N. Baxenis.  and 2. A. Nagy. 1981. A 
Science 203~516. 

traditional and a new version of the mouse H-2 complex. Nature 

Goldstein, S. A. N., and M. F. Mescher. 1985. Carbohydrate moieties 
291 ~455. 

of major histocompatibility complex class 1 alloantigens are not re- 
quired for their recognition by T lymphocytes. J. Exp.  Med. 
162:1381. 
Herrmann, S. H., 0. Weinberger, S. J. Burakoff.  and M. F. Mescher. 
1982. Analysis of the two-signal requirement  for  precursor cytolytic 
T lymphocyte activation  using H-2Kk liposomes. J. Irnrnunol. 
128: 1968. 
Herrmann, S. H. and M. F. Mescher. 1986. The requirements of 
antigen  multivalency in  class I antigen recognition and triggering of 

Geiger, B., D. Rosen,  and G. Berke. 1982. Spatial  relationships of 
primed precursor cytolytic T lymphocytes. J. Irnrnunol. 136:2816. 

microtubule-organizing centers  and  the  contact  area of cytotoxic T 
lymphocytes and target cells. J. Cell Biol. 95:  137. 
Weinberger. 0.. S. H. He-M, M. F. Mescher, B. Benacerraf.  and 
S. J. Burakoff. 1981. Antigen presenting cell function in  the induc- 
tion of helper  T  cells  for Cytolytic T lymphocyte responses. Proc. 

Brian, A.  A.. and H. M. McConnell. 1984. Allogeneic stimulation of 
Natl. Acad. Sci. USA 78:1796. 

CTL by supported planar  membranes. Proc. Natl. Acad. Scl. USA 
81:6159. 
Watts, T. H., A. A. Brian. J. W. Kappler, P. Marrack,  and H. M. 
McConnell. 1984. Antigen presentation by supported planar mem- 
branes containing  affinity purified 1-A". Proc. Natl. Acad.  Sci. USA 
8 1 : 7564. 
Gay, D.. C. Coeshott, W. Golde. J. Kappler.  and P. Marrack. 1986. 
The major histocompatibility complex-restricted antigen  receptor on 
T cells. IX. Role of accessory molecules in recognition of antigen  plus 
isolated IA. J. Irnrnunol. 136:2026. 
Watts, T. H., H. E. Gaub,  and H. M. McConnell. 1986. T-cell-mediated 
association of peptide antigen  and major histocompatibility complex 

Nature 320~179. 
protein detected by energy transfer in an evanescent wave-field. 

Herrmann, S. H.,  and M. F. Mexher. 1979. Purification of the H- 
2Kk molecules of the  murine maior histocompatibility complex. J. 
Biol. Chern. 20:8713. 

14. Stallcup, K. C., T. A. Springer,  and M. F. Mescher. 1981. Charac- 
terization of an  anti-H-2 monoclonal antibody and  its  use in large 

15. Laemmli, U. K. 1970. Cleavage of structural proteins during  the 
scale antigen purification. J .  Irnrnunol. 127:923. 

16. Herrmann, S. H.. and M. F. Mescher. 1981. Secondary cytolytic T 
assembly of the head of bacteriophage T4.  Nature 227~680. 

Acad.  Sci. USA 78:2488. 
lymphocyte stimulation by purified H-2Kk in liposomes. Proc. Natl. 

17. Lemonnier. F.. M. Mexher. L. Sherman.  and S. Burakoff. 1978. 
The induction of cytolytic T lymphocytes with purified plasma mem- 

18. MacDonald, H. R.,  H. D. Engers,  J.-C.  Cerottini,  and K. T. Brunner. 
branes. J. Irnrnunol. 120: 1 1 14. 

1974. Generation of cytotoxk  T lymphocytes in vitro. 11. Effect of 
repeated  exposure  to  alloantigens on the cytotoxic activity of long- 

19. Cheresh, D. A.. and F. G. Klier. 1986. Disialoganglioside GD2 distrib- 
term mixed leukocyte cultures. J. Exp.  Med. 140:718. 

utes preferentially into  substrate-associated microprocesses  on hu- 
man  melanoma  cells during  their  attachment  to fibronectin. J .  Cell 

20. Balk, S. P., J. Walker, and M. F. Mescher. 198 1 .  Kinetics of cytolytic 
Biol. 102: 1887. 

21. Howard, J. C. 1980. Some thoughts  about T-cell affinity. Irnrnunol. 
T lymphocyte binding  to  target cells. J. Irnrnunol. 126~2177. 

22. Rao, A., W. W.-P. KO. S. J. Faas, and H. Cantor. 1984. Binding of 
antigen  in  the  absence of histocompatibility proteins by arsonate- 
reactive T cell clones. Cell 36:879. 

23. Siliciano, R. F., R. M. Colello, A. D. Keegan, R. 2. Dintzis, H. M. 
Dintzis,  and H. Y. Shin. 1985. Antigen valence  determines the 
binding of nominal antigen to cytolytic T cell clones. J. Exp.  Med. 
162:  768. 

Today 1:7. 

24. Ishiguro. T.. and M. Nakanishi. 1984. Preparation of supported 
planar  membranes containing transmembrane proteins. J. Bio- 



3392 CTL RECOGNIZE H-2 ON CELL-SIZED ARTIFICIAL MEMBRANES 

25. Nakanishi, M., A. A. Brian, and H. M. McCoMell. 1983. Binding of 28. Kanagawa, 0. 1983.  Three  different signals are required for the 
chern. 95:581.  296:754. 

CTL to supported lipid monolayers containing trypsinized H-2Kk. induction of cytolytic T lymphocytes from  resting  precursors. J. 
Mol. Irnrnunol. 20:1227. Zrnrnunol. 131:606. 

26. Cmshott, c. M., R. w. Chesnut, R. T. ~ u b ,  s. F. Gram=, D. M. 29. MmeL D e  N.. W. Falk*  and We moge- 1983. Induction of cytotoxic 

cell hybridomas: analysis of their specificity by using purified class 30, Taku, R. D. M. A. N. Wabuke-Bunoti. J. M. Curtsinger, kines. J. Irnrnunol. 130:2508. 

I1 MHC molecules in a synthetic  membrane system. J. Irnrnunol. C. Haarstad. D. P. Fan,  and V. L. Braciale. 1984. A helper  factor 
136:2832. 

27. Raulet, D. H.,  and M. J. Revan. 1982. A differentiation factor re- 
needed for the generation of mouse cytolytic T lymphocytes is made 

quired for the expression of cytotoxic T-cell function.  Nature 
by tumor cell lines, cloned T cells. and spleen  cells exposed to a 
variety of stimuli. J. Irnrnunol. 133:502. 

Je&, and H. M. Grey. 1986, la-specific mixed leukocyte reactive T function requires action Of three different bmpho- 




