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INTRODUCTION

Cytolytic T lymphocytes (CTL) were identified during the late
1960's (1,2) and are thought to be important effector cells in
immunity to viruses (3) and in allograft rejection (4). Despite
considerable effort during the past decade, little has been learned
about the biochemical basis for the killing event. Not only do the
presumed molecular mediators remain unidentified, but fundamental
physiological questions remain unanswered.

The primary target cell site damaged by the CTL has not been
identified. While electrolyte fluxes have been observed at the
time of programming for lysis (5), the sodium influx or depolari-
zation of membrane potential expected to ensue if membrane “holes”
have been created (similar to those produced by complement) have
not been documented.

It is often supposed that the primary lesions are in the target
cell membrane, and that these lead to colloid osmotic lysis of the
sort documented for complement-mediated lysis of erythrocytes.
However, a colloid osmotic lytic phenomenon has not been substan—
tiated for viable nucleated cells, such as tumor cells, even in the
case of complement (a view also held by Sanderson, 6). Such cells
are capable of considerably more complicated responses to damage
than are red cells (7,8). Experiments employing macromolecular
"osmotic protectants” to estimate the size of the membrane lesions
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(?) induced by CTLs are open to alternative interpretations (6;
section VI.C in 9).

*

What, then, have we learned about the mechanism of CTL-mediated
killing during the past decade?

l. The CTL.is not only antigenically specific, but, once it
recognizes a target, remains exquisitely selective in
sparing antigenically “"ianocent" bystander cells (4).

This excludes release of a stable, non-specific toxin.
A labile and/or specific toxin remains possible (Cf, 10).

2. The CTL remains unharmed during killing, and can kill
multiple target cells sequentially in time (11,12).

3. Nevertheless, CTLs can be killed by other CTLs (13,14),
although this leaves open the possibility of spatially or
temporally limited resistance to their own toxin.

4. The target cell probably plays no active role in its own
demise, since target cells whose metabolism has been irre—
versibly poisoned by glutaraldehyde are killed efficiently
(15).

5. Once differentiated, the CTL needs no protein synthesis
during killing, probably even to kill repeatedly (16).

6. Some lectins induce CTLs to kill nonspecifically (17) by
4 mechanism very similar to that employed in specific
killing (18). Nevertheless, mere adhesion with a CTL is
not sufficient for killing (19), suggesting that the lytic
mechanism requires triggering by the antigen receptors.
This conclusion is also consistent with the outcome of
elegant unidirectional recognition experiments involving
two CTL populations (20).

7. Individual CTL cells can vary in killiag efficiency. Sec-
ondary CTL form conjugates in half the time required by
primary CTL (89), and in individual binary conjugates,
secondary CTL kill their targets in half the time required
by primary CTL (21).

8. Assays have been developed which resolve the killing pro-
cess into three steps: recogunition-adhesion (probably two
events but not yet clearly resolved), programming for lysis
(the lethal hit), and killer cell-independent lysis (9,22).

9. Completion of programming for lysis can occur within minutes
after contact with the target (23,24),

10. The recogniton-adhesion step requires Mg++; Ca™ is unne-
cessary and insufficient (25), Programming for lysis is
calcium (or strontium) dependent (22,26,27); killer cell
independent lysis requires neither divalent cation 9).

11. Cytochalasins inhibit primarily or solely the recognition—
adhesion step (28,29), while other pharmacologic inhibitors
appear to act both on recognition-adhesion and on program-
wing for lysis (29,30).

12. It seems likely that the primary lesion produced by CTLs
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in the target cell is functionally different from that
produced by complement, based on studies with mast cell
targets (31,32, and Martz, Parker, Gately, and Tsoukas,,-
this volume) and on morphologic observations of lysis (6).

REASONS FOR LACK OF MOLECULAR UNDERSTANDING OF CTL FUNCTION

Molecular understanding of the mechanism of CTL-mediated killing
has been slow to develop. With the exception of Hiserodt's tanta-—
lizing but unconfirmed report of a labile antigen-specific lysis
produced by CTL-rich T lymphocytes (10), attempts to detect lytic
effector molecules in CTL extracts or supernatants have been unre-
warding (9,33). No T cell antigen-receptor is well understood in
molecular terms at the present time, including the CTL receptor (Cft.
34). Even attempts to isolate target H-2 antigens in a form which
will bind specifically to CTL, much less competitively block killing,
have been largely unsuccessful (35-39). Finally, it has not been
feasible to simplify the target cell, for example, to an erythrocyte
(there are no reports of specific CTL-mediated killing of erythro—
cytes) or a liposome (Cf. 40). .

SEARCH FOR PROTEINS UNIQUE TO CTL

A more general approach to a molecular understanding of CTL-
mediated killing is to search for unusual or unique CTL proteins,
Kimura (41) reported that Lyt-2% (but not Lyt-27) T lymphoblasts
express an external membrane glycoprotein of 145,000 M, (T145)
only after activation. A subsequent study, however, found this
SDS-PAGE band lacking on peritoneal exudate lymphocytes with high
cytolytic activity (42).

Gately (43) found an intensely-labeled band of 11,000 My (T11)
on SDS-PAGE of purified plasma membranes of {35S]methionine intern-
ally-labeled CTL-rich lymphocytes. The band was present at lower
specific activity in the endoplasmic reticulum fraction, and was
virtually absent from the cytosol or nuclei-mitochondria fractions,
indicating that it is located primarily in the plasma membrane.

T1l was prominent on the T cells in primary or secondary allo-
specific CTL-containing lymphocyte populations generated in vitro and
on Concanavalin A-induced lymphoblasts, but absent or nearly absent
from normal splenocytes, LPS—induced B lymphoblasts, or tumor cells
such as P8l5 mastocytoma or the T lymphoma EL4 (Table I). Most
interestingly, Tll was absent or nearly absent from PHA-induced
lymphoblasts. This latter population countained 30%Z T lymphoblasts
(the same proportion as the allo-specific CTL populations) but lacked
lectin—dependent cytolytic activity. Thus, Tll expression appears to
be restricted to a subpopulation of activated T lymphocytes, quite
possibly CTL.
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TABLE I. TI11 Distribution
T cell "Lytic
Cell Type Thy—l+ Blasts T11 Activity
" 1° MLC CTL 80% 30% RN +
2° MLC CTL 80 30 +H+H ++
Con A Blasts 90 80 + +
PHA Blasts 90 30 + - :
Normal Spleen 60 0 - -
LPS Blastsb 0 0 = -
1° MLCP 0 0 - -
P815S 0 0 - -
EL4 100 100 - -
RDM4 + -

4From Gately and Martz (43).

bThy-1+ cells removed with Ab+C.

The functions of T145 and T1l are unknown. Unless an antibody
to such a molecule were to block killing, there appears to be no
general approach to ascertaining the function of such a molecule,
Consider, for example, our ignorance about the function of Thy-1,
which was discovered seventeen years ago (44).

TABLE II. Monoclonal antibodies that block murine CTL-mediated
killing in the absence of complement by binding to the CTL

M(s) of
reduced
Antigen antigen
on CTL x 1073 References
Lyt-2,3 30, 35 45, 59-61, 64, 65, 73-75

LFA-1 95, 180 45, 63, 68, 69, 76, 77
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TABLE III. Monoclonal antibodies which do not block murine
CTL-mediated killing when directed towards the CTL

s

bodies
Immunoglobulins
Ly-6

Misc. murine leukemia
virus glycoproteins

Numerous misc.
alloantisera

Misc. Xenoantisera
against mouse CTL

Anti-idiotypic
antisera*

My(s) of
reduced
Antigen antigen
on CTL x 1073 References
B2-microglobulin 12 46, 78
Thy-1 25 45, 46, 59, 74, 79
Ia 28, 35 45, 46
H-2 45 59, 80, 81, reviewed in 9
TL 50 59
Lyt-1 70 45, 59
Lgp-100 100 45 :
Comuon leucocyte
antigen (T200, Ly 5) 200 45
9 misc. antigens
" defined by mono- 46, 60, 115
clonal xenoanti- 140, 250 45

reviewed in 9

45
59
60
82, 83 as elaborated on

page 216 in 46

84-87, page 140 in 88

*A11 had demonstrated activity on other T cell functions.
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MONOCLONAL ANTI-CTL ANTIBODIES WHICH BLOCK KILLING

Recently, it has been demonstrated that CTL-mediated killing
can be blocked with monoclonal antibodies (MAbs) against either of
two molecular species on the CTL membrane in the absence of comple-
ment (Table II). This represents the first breakthrough in identi-
fying molecules likely to play an essential role in CTL function.
Screening for MAbs which block CTL-mediated killing now provides a
systematic approach towards linking specific molecules with CTL
functions.

The fact that certain antibodies block killing by binding to
the CTL is remarkable in light of past failures to find such anti-
bodies, summarized in Table III. Antibodies to more than a dozen
distinct molecules expressed on CTLs fail to block killing (45 and
Table III). This comparison is what distinguishes Lyt-2,3 and
LFA-1 as being uniquely involved in CTL function.

Previously, six papers have reported blocking of murine CTL-

mediated killing with conventional antisera thought to act on the
. CTL. 1In three cases, however, action on the target cell was not *

rigorously excluded (46-48). In the remaining three cases (49-51),
action via the target cell was excluded but the xenoantisera employed
recognized multiple specificities, making identification of the
crucial molecules impractical. Blocking monoclonal antibodies avoid
this problem since they usually bind to a single molecular species,

Human CTLs have been most consistently blocked with OKT3 MAb
(52-54, but see 55). The murine homolog of the human molecule rec—
ognized by OKT3 is not clear. Blocking has also been- found with
anti-Leu-2a MAb (56), which appears to recognize the human homolog
of Lyt-2,3 (57). The OKT5 and OKT8 MAbs, which may recognize the
same molecule, have produced weaker blocking (52) but not consis-—
tently (52-54).

Some caution should be used in categorizing CTL molecules, or
the MAbs which recognize them, as "blocking” or “non-blocking.” We
have seen that the 53.6 anti-Lyt—2 MAb of Ledbetter and Herzenberg
(58) is a potent blocker of CTL-mediated killing, while the M5/24
anti-Lyt-2,3 MAb we developed (45) is a relatively poor blocker.

The reason for this difference has not yet been resolved; possibil-
ities include differences in avidity or in the exact position of the
determinant recognized on the Lyt-2,3 molecule. A similar situation
exists for the anti-Leu-2a and anti-leu-2b MAbs in the human CTL
system (56). Clearly, the fact that one or more MAbs to a given
molecule fail to block CTL-mediated killing does not preclude later
discovery of a MAb to the same molecule which blocks well, or vice
versa. Moreover, it is conceivable that certain pairs or trios of
pooled MAbs may block while no individual member of the group is
able to block by itself.
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MECHANISM OF BLOCKING WITH ANTI-LYT-2,3 AND THE ROLE OF THE LYT-2,3
MOLECULE

In 1979, two groups independently discovered that antibodies to’
Lyt—-2,3 block killing (59,60). Action via the CTL was established by
using target cells genetically incapable of expressing the relevaunt
alloantigen. Such antibodies block the formation of shear-resistant
CTL-target conjugates (61), and thus act on the recognition—adhesion
step. Moreover, Fan, Ahmed and Bonavida (61) obtained two kinds of
direct evidence suggesting that the 53.6 anti-Lyt-2 MAb of Ledbetter
and Herzenberg (58) does not act on the lethal hit. First, they
showed that the number of target cells which are killed, as a per-—
centage of those bound to CTLs in isolated binary conjugates, is
not reduced by anti-Lyt-2 MAb (although the MAb reduced the nuaber
of conjugates which formed). Second, addition of MAb after formation
of conjugates (and their dispersion in dextran-containing medium to
prevent recycling) such that the lethal hit occurred in the presence
of MAb did not reduce subsequent Slcr-release.

In a more recent study, Shinohara and coworkers (62), using a
calcium pulse analysis, have confirmed that mouse allo—anti-Lyt-2
blocks the recognition—adhesion step. Moreover, they provide evi-
dence that anti-Lyt-2 reverses already completed recognition-
adhesion events within 5 minutes. The same study (62) also noted
that for effective blocking, the antibody must be present during
CTL-target interaction. CTL which were pretreated and rinsed were
not blocked. (We have made similar observations with M7/14, ‘but
the story is apparently more complicated, see 63.)

MacDonald and coworkers (64) have shown that H-2b anti-g-24d CTL
clones differ considerably in their susceptibility to blocking by
anti-Lyt-2 (MAb 53.6). These differences are not accounted for by
differences in density of Lyt-2 expression on the CTLs. It seems
likely that high avidity clones are less inhibited than low avidity
clones.

ledbetter and coworkers have presented evidence that the Lyt-2
and Lyt-3 antigenic determinants are carried on separate disulfide-
bonded polypeptides (65). They found that selective removal of
Lyt—3 with trypsin, which left over 60% of Lyt-2 intact, affected the
killer activity of various CTL populations differently. In one case
where removal of Lyt-3 left substantial killing activity, killing
was less inhibited by anti-Lyt-3 and more inhibited by anti-Lyt-2
antibodies.

Fan and Bonavida (66) treated CTLs more extensively with trypsin
until Lyt-2 was removed. Under these conditiouns, H-2, Thy-1l, and
some Lyt—-1 remained. Nevertheless, the trypsinized CTL lost specific
killing ability and specific conjugate—forming ability. Incubation
of the trypsinized CTLs at 37°C for 3 hours allowed about 50% recov-—
ery of Lyt—-2 expression, killing, and conjugate—-forming ability.
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Dialynas, Glasebrook and Fitch (67) treated CTL clones with
the mutagen ethyl methane sulfonate and selected for antigen-loss
variants. A clone which no longer expressed a monoclonal Thy-1,2
determinant retained specific killing activity, However, a clone
which no longer expressed several monoclonally defined Lyt-2,3
determinants lost the ability to kill specifically. Non-specific
Con A-dependent killing ability was retained, however, showing that
the Lyt-2,3 antigens were not essential for lethal hit delivery.
The question of whether the variant clones lost the entire molecule
or only lost certain antigenic determinants while continuing to
express the molecule remains open.

These data (66,67) Suggest that the Lyt-2,3 molecule may be
essential for specific recognition,

IDENTIFICATION OF LYMPHOCYTE FUNCTION-ASSOCIATED ANTIGEN ONE (LFA-1)

In 1979, we began screening for monoclonal blocking antibodfes,
We immunized rats with mouse CTLs. We hoped that xenoimmunization
would increase the number of immunogenic CTL molecules; this may have
been the case since no alloantibodies to LFA-] have been reported.
Secondly, we wanted to avoid antibodies to the target cell. For this
purpose, we used mouse anti-rat CTLs as Immunogen in the rat (a
“doubly xenogeneic" protocol), and then studied the blocking of the

RAT MAL,: NO INHIBITION OF LYS/S

Fig. 1. Doubly Xenogeneic rationale for development of blocking
monoclonal antibodies. Rat MAbs are tested for blocking
o0 a mouse CTL anti-rat lymphoma target cell system. Anti-
bodies which might block by binding to the target are avoided
since the target cell is syngeneic with the rat antibody
donor.,
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mouse anti-rat killing by the resulting rat anti-mouse antibodies
(Fig. 1). Both the domor of the antibody and the 3lCr-labeled
assay target were thus of inbred Lewis rat genotype (45). The hy-
bridomas were rat-mouse fusions made with the non-secreting mouse
myeloma derivative NSI.

Screening was also conducted for T lymphocyte-specific binding,
and this was actually the basis for the decision to clone a group of
hybridomas which turned out to include one producing antibody with
potent CTL-blocking activity. This antibody, designated M7/14, was
unique among 24 monoclonal antibodies tested for blocking. These
antibodies distinguished at least 14 different molecules on the CTL
membrane; only M//14 and two anti-Lyt-2,3 antibodies blocked killing
(45 and Table II).

M7/14 produced an IgG2, which immunoprecipitates two non-co-
valently linked polypeptide chains of 95,000 and 180,000 M, (45,68;
Kurzinger, Ho, and Springer, submitted for publication). The mole-
cule recognized by M7/14 was designated lymphocyte function—associ~-
ated antigen one (LFA-1, 45) and was shown to be distinct from pre-
viously described lymphocyte membrane molecules. The molecular
weights of LFA-1 clearly distinguish it from T11 (43) and T145 (41),
and direct comparison on SDS-PAGE (68) shows it to be distinct from
Thy-1, H-2, Lyt-1, Lyt-2,3 and T200 (also known as the common leuco-
cyte antigen of Ly-5). In biosynthetic labeling, both chains of
LFA~-1 incorporate [3H]—glucosamine,Suggesting that both are glyco-
proteins (unpublished). Pierres, Goridis, and Golstein and Fitch
and coworkers have developed MAbs which block CTL-mediated killing
and appear to recognize the same LFA-1 molecule (63 and articles
in this volume).

The xenoantibody M7/14 recognizes lymphocytes from all 9 inbred
strains of mice tested, and blocks various xenogeneic, allogeneic,
and syngeneic CTL-target systems (69). Thus, the specificity of
M7/14 is neither idiotypic nor allotypic.

TISSUE DISTRIBUTION AND DENSITY OF LFA-1

LFA-]1 expression is not restricted to CTL or even to T cells
(68). It was found by quantitative flow cytofluorometry (FACS
analysis) on 100% of thymocytes, peripheral T lymphocytes, and B
lymphocytes. It is present on 80% of bone marrow leucocytes, sug-—
gesting that myeloid cells express LFA-1. Thioglycollate-induced
macrophages were largely negative, erythrocytes were negative, and
tissue homogenates of lung, liver, brain, and kidney did not absorb
M7/14 antibody (68).

Based on fluorescence (FACS) analysis of LFA-1 deunsity, normal
splenic C57BL/6J T lymphocytes are two—thirds dim and one—third
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bright. The two subpopulations differ by 4-fold in LFA-1 density
(68). The dim T cells are 1.7-fold brighter than B cells, and the
bright T cells, about 7-fold. The average density for pooled T
lymphocytes is 3.5-fold greater than that for B cells, o

Activation of T lymphocytes by allogeneic secondary MLC (to
produce a population with high CTL activity) or by Con A increased
the LFA-1 per cell by 5-fold compared to normal splenocytes,
whereas H-2 per cell increased only 2-fold (68). The increase in
LFA-1 was similar to that in Thy-1, and greater than that of Lyt-2,3
(Thy-1 and Lyt—-2,3 densities were calculated for the positive sub-
populations only). .

Activation of B cells by LPS increased LFA-1/cell by 2.3-fold,
but this increase was less than the corresponding 3.2-fold increase
in H-2/cell.

In side-by-side SDS—PAGE analysis, the polypeptides immunopre-
cipitated by M7/14 from LPS activated. B lymphocytes, Con A-activated
T lymphocytes, or thymocytes were indistinguishable.

EFFECTS OF M7/14 ANTIBODY ON NON-CTL FUNCTIONS

Experiments to determine the effects of M7/14 in various sys-
tems (69) have led us to the working hypothesis that LFA-1 is crucial
in the interactions of T cells with other cells. 1In addition to
blocking CTL-mediated killing, M7/14 MAb inhibits ‘allogeneic and
xenogeneic mixed lymphocyte culture proliferative responses, the
macrophage—dependent, antigen—specific proliferation of primed T
lymphocytes in vitro, and T cell dependent primary antibody (plaque-
forming celij—}esponses to sheep red blood cells. On the other hand,
responses of LFA-l-bearing cells (B lymphocytes) which do not in-
volve known cellular interactions are not inhibited, showing that
M7/14 is not generally inhibitory for proliferation: LPS—induced
proliferation of B cells and the T cell-independent primary anti-
body (PFC) response to haptenated-Ficoll are not inhibited. Further-
more, addition of M7/14 to mixed lymphocyte cultures at one day or
later is not inhibitory, showing that M7/14 does not block T cell
proliferation per se.

MECHANISM OF INHIBITION OF CTL-MEDIATED KILLING BY ANTIBODY TO
LFA-1 ’

The unlikely possibility that M7/14 is an autoreacive anti-
body which could bind to the rat lymphoma target cells used in the
Cr-release assay was excluded by quantitative flow cytofluor-

ometry (45),
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The density of LFA-1 oun lymphocyte populations high in CTL
activity is 2.5-fold less than the density of H-2, and 10-fold less
than Thy-1 (all based on quantitation with IgG2, MAbs, 68). Since
MAbs to H-2 and Thy-1 do not block killing, blocking by anti-LFA-1
cannot be accounted for by a non—-specific blanketing effect resulting
from high antigen density. Also, the density of Lyt-2,3 is slightly
greater than that of LFA-1.

"Blocking of xenogeneic C57BL/6J anti BN-lymphoma killing aver-—
aged 90% in 17 experiments (45). Inhibition was not diminished even
when highly active CTLs or high effector/target ratios were ea loyed:
94% inhibition was found iun 6 experiments in which corrected Sler-
release was 88-99% in the absence of M7/14 (45). Inhibition of allo-
geneic killing was somewhat less (50-80%, 69). The purified immuno-
globulin inhibited as well as the dialyzed hybridoma culture super-—
natant. Half maximal inhibition in the xenogeneic system occurred at
600 ng IgG/ml (69). M7/14 was not toxic to the effector cell (69).

The possibility that the inhibition might be a result of CTL
agglutination, preventing intermixing with target cells, was ruled
out by microscopic observation. Whereas M7/14 gave profound inhibji-
tion of killing with little or no agglutination, anti-Thy-2 (M5/49)
agglutinated half of the lymphocytes but produced little or mo
inhibition of killing (69).

The formation of shear—-resistaunt, microscopically counted CTL-
target conjugates was inhibited by M7/14 (69).

ROLE OF THE LFA-1 MOLECULE IN CTL FUNCTION

It is not excluded that M7/14 recognizes the specific antigen
receptor on CTL, but this is rendered highly unlikely by the expres—
sion of LFA-1 not only on B lymphocytes and 80% of bonemarrow cells
(68), but on the macrophage-like cell line P388D1 and on the masto—
cytoma P815 (unpublished data).

It appears unlikely that M7/14 intecrferes directly with the
mechanism of programming for lysis, sluce it inhibits conjugate
formation (strong adhesion formation) and this seems sufficient to
account for the inhibition of killing. Although CTL-target contact
in the absence of stroung adhesion may permit limited killiang under
certain circumstances (70,71), it seems clear that the strong ad-
hesion triggered by antigen recognition (25) greatly increases

the efficiency of killing (9,70).

The most likely role for LFA-1 would thus appear to be a role
in adhesion formation between T cells and other cells (target cells,
and macrophages and/or B lymphocytes) . This is curreantly under
investigation. It is interesting to note that while macrophages
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appear to lack LFA-1 (68), they express the Mac—-1 molecule (72) which
may be homologous to LFA-1. Not only are the molecular weights of
the polypeptide chains quite similar between Mac-1 and LFA-1, but
the smaller polypeptides in each case appear closely related or
identical on the basis of recent peptide mapping (Kurzinger, Ho and
Springer, submitted for publication).

SUMMARY

During the past decade the mechanism of CTL-mediated killing
has been resolved into 3 steps, and its cation requirements, and
general nature have been well defined. However, biochemical under-
standing of the CTL-target interaction has made little progress.
Recently, we have developed a monoclonal antibody (MAb) which blocks
killing by binding to a previously undescribed molecule on the CTL
membrane, a molecule which we therefore have termed lymphocyte
function—associated antigen one (LFA-1). LFA-1 and Lyt-2,3 are
the only presently identified sites for such blocking; antibodies
to over a dozen other molecules expressed on the CTL do not block
killing. Present evidence suggests that LFA-1 is crucial in the
adhesive interaction of T cells with other cells (e.g., targets,
macrophages, perhaps B cells). The continuing search for blocking
MAbs provides a systematic way to link specific molecules with CTL
function.
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ABBREVIATIONS USED IN THIS PAPER

CTL, cytolytic T lymphocyte; LFA-1, lymphocyte function-assoc-
iated antigen one; M7/14, the blocking monoclonal antibody (or more
properly the hybridoma which secretes it) which recognizes and
defines LFA-1; MAb, monoclonal antibody; M., relative molecular mass.
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