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4. Mechanism of NK-cell mediated cytotoxicity 

PIERRE A. HENKART 

Introduction 

In this review I will summarize recent progress in understanding the lytic 
mechanism of large granular lymphocytes (LGL). This lymphocyte subpo
pulation has been shown to be responsible for two types of cytotoxicity: (1) 
Antibody-dependent cell-mediated cytotoxicity (ADCC), in which the LGL 
IgG Fc receptors recognize antibody bound to target cell membranes; and 
(2) natural killer (NK) cytotoxicity, which was recently defined [1] as spon
taneous cytotoxicity by non-cultured cells for various target cells unres
tricted by the MHC and which lack the properties of classical macrophages, 
granulocytes or cytotoxic T lymphocytes. The molecular basis of NK-target 
recognition remains obscure. For practical purposes, most workers studying 
the NK mechanism have used human blood lymphocytes killing K562 to 
MOLT -4, or mouse spleen lymphocytes killing Y AC, and there seems to be 
general acceptance of these as representing NK cytotoxicity. 

A major advance in the study of NK cytotoxicity came with the demon
stration that this activity was associated with the LGL subpopulation, which 
can be physically separated from the bulk of lymphocytes in peripheral 
blood. As the name LGL implies, these cells are larger than most lympho
cytes, contain cytoplasmic granules, and because they are less dense, can be 
purified using Percoll gradients from blood lymphocytes of humans [2], 
rats [3], and mice [5, 6]. The cytoplasmic granules appear to be important 
in the lytic process and will be described in detail later. 

While considerable effort has gone into studies of the surface antigens of 
NK cells in the human, mouse and rat [6], such markers have not been 
shown to be directly involved in the NK cytotoxic mechanism. Except for 
those cases where antibody binding inhibits lytic activity, such surface 
antigens and their implications for the developmental lineage of NK cells 
will not be considered here. 

Studies on ADCC mechanism have been complicated because this activ-
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ity is shared by monocytes [7], neutrophils [8], and apparently also by non
LGL lymphocytes [9]. Purified LGL have been little used for studies on 
ADCC mechanism, and experiments with NK cells will dominate this 
review. However, many studies have noted the similarities of ADCC and 
NK cytotoxicity with regard to drugs, mutations, and morphological 
changes. 

Experimental approaches to the lytic mechanism 

Stages of the NK lytic process 

A number of laboratories studying the CTL lytic mechanism have demon
strated that this process can experimentally be dissected into three stages: 
binding, programming for lysis or delivery of the lethal hit, and killer-cell 
independent lysis [10-12]. By combining this approach with others such as 
the use of drugs and antibodies, it has been possible to gain considerable 
understanding of the CTL lytic process, and the NK mechanism has recent
ly been successfully analyzed using such approaches. 

The binding stage of the NK lytic process is assayed by counting killer
target pairs or conjugates in the microscope, as first demonstrated by Roder 
and colleagues using a non-adherent fraction of mouse splenocytes [13]. 
Assessment of NK conjugates is optimally performed using Percoll-purified 
LGL from human blood [14]. Although there is a correlation of conjugate 
formation and NK cytotoxicity, application of the single cell cytotoxicity 
assay [15] has made it clear that in some situations many of the bound 
targets are not killed after incubation at 37° [16]. 

In spite of the difficulties in establishing a rigorous quantitative measure 
of NK-target binding, studies have established that this stage of the lytic 
process occurs within a few minutes after the cells have been centrifuged 
into contact with the target [17], requires magnesium [18], operates at 0°_ 
3 r [17, 18], and is resistant to drugs which block energy metabolism [17]. 
The latter two properties distinguish NK-target conjugates from CTL-target 
conjugates [17]. The effect of other drugs on NK-target formation will be 
discussed later. 

Early studies with the mouse NK system [13] suggested that target cell 
death occurred at some time after the calcium-requiring step in the lytic 
process, which is similar to findings in the CTL system. More recent studies 
of Hiserodt et al. [18, 19] have clearly demonstrated that the NK cell
mediated lytic process can be dissected into two post-binding stages which 
are very similar to those of CTL. Using the calcium pulse technique devel
oped for CTL [11], they showed that the initial part of the post-binding 
phase could be defined by its calcium requirement [18]. This was termed 
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the programming for lysis stage of the lytic process. Following program
ming, the target cells do not lyse for some time, even when the effector cells 
are removed and prevented from recycling [18]. This final divalent cation 
independent phase is known as KCIL, or killer-cell independent lysis. 

For human NK cells, target cell programming for lysis occurs with a half 
life of 5-20 min [18, 20], and is markedly slowed at 25° and negligible at 
4° [18]. KCIL has a half life of 2-8 min [20] (this is more rapid than CTL 
KCIL [10]), and is also temperature sensitive [18]. 

Thus, in attempting to delineate the overall mechanisms of the NK lytic 
process, an obvious starting point is to analyze each stage separately in 
terms of the biochemical and cellular events which are occurring. Unfortu
nately, many of the older published studies of the NK lytic mechanism have 
not taken this approach. More recently, quite a few studies have used the 
single cell technique in addition to the standard lytic assay in order to sep
arate the binding or recognition phase from the post binding events. 

Morphological studies of the NK lytic process 

A number of EM and light microscope studies of NK cells and their inter
actions with target cells have led to a fairly consistent picture of the cellular 
events occurring during the lytic process. The characteristic cytoplasmic 
granules ofLGL appear to playa key role in the events of lysis, and recently 
these organelles have been isolated for further study. The granules, which 
range in size from 0.2-1/1, stain blue with Wright's stain and hence are 
described as azurophilic. These granules were originally described in human 
T lymphocytes bearing the Fc gamma receptor [21], but were subsequently 
recognized to be the characteristic marker of LGL, including those which do 
not bind to sheep red blood cells [14]. Basically similar granules have been 
reported in LGL from human [22, 23], mouse [4,5] and rat [3,24], al
though species differences in EM morphology have been noted [24]. In 
addition to their presence in fresh LGL, granules have been identified in 
LGL tumors with NK and/or ADCC activity [24, 25] and in cultured lym
phocytes showing NK, ADCC and/or CTL activity [27-30]. LGL granules 
have been shown to contain lysosomal enzymes [23, 24, 31, 32]. In human 
LGL there are several classes of granules which have distinct morphology at 
the EM level [33, 34]. One class contains characteristic paracrystalline tubu
lar arrays which largely disappear when the cells are exposed to ammonium 
chloride [35, 36]. 

Several laboratories using different approaches have provided evidence 
for the participation of these granules in a secretory process during the lytic 
event. Neighbour and Huberman [26, 37] showed that pretreatment of NK 
effector cells with strontium resulted in a time and dose dependent loss of 
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lytic capacity, which was accompanied by a loss of cytoplasmic granules 
from LGL as seen in the EM. These Sr+2 pretreated LGL retain their 
ability to bind NK target cells, but show a diminished ability to lyse bound 
target cells and a decrease in recycling capacity, as would be expected if the 
granules contain a component involved in the programming for lysis stage 
of the lytic process. These results are interesting in light of previous work 
with mast cells and basophils [38], in which spontaneous degranulation and 
histamine secretion is induced by strontium. 

Direct observation of a granule rearrangement suggesting a secretory pro
cess came from studies of human NK-target conjugates incubated at 37°. 
The LGL granules fuse with each other as shown by the mixing of the 
morphologically distinct material previously in separate granules [33]. 
These mixed granule contents were deposited into the space between the 
effector and target cell. At high power this secreted material was seen to 
contain ring structures previously described to be associated with target 
membranes attacked by ADCC and NK effector lymphocytes [39]. These 
ring structures have subsequently been demonstrated to arise from purified 
LGL granules, as will be discussed below. These EM observations present 
clear evidence for a secretory process involving granules as part of the NK 
lytic process, and show that a granule product (the ring structures) becomes 
associated with the target cell membrane as a result of this secretory process. 
Similar observations using a cloned murine NK line have been re
ported [30], confirming the observation of ring structures associated with 
the lytic process. 

Another EM study ofNK-target conjugates showed that some of the LGL 
granules appeared to lose their contents during the lytic process [31]. These 
observations were quite similar to those of mast cells undergoing degranu
lation, and were interpreted as evidence for a granule secretory process. 
Other morphological observations supporting this concept include the local
ization of the granule lysosomal enzyme aryl sulfatase at the NK-target 
contact areas during the lytic process [32]. 

A number of investigators have noted a correlation of LGL granule num
ber of morphology and NK function. Thus, Nocera et al. [34] showed that 
the minority of LGL which bear C3 receptors contain granules of distinct 
EM morphology, suggestive of immature granules. These LGL bound target 
cells with the same frequency as those with no C3R, but the bound target 
cells were killed 3-4 fold less efficiently as those bound by the C3R negative 
LGL. Similarly, patients with chronic lymphocytic leukemia showing sev
erely diminished NK activity were found to possess a population of large 
lymphocytes which bound NK targets and had surface markers similar to 
NK cells, but which did not contain detectable azurophilic granules by light 
microscopy [40]. This was reminiscent of the finding of a population of 
large agranular lymphocytes which bind NK targets in mouse spleens of 
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strains of low NK activity [41]. It has also been noted that among human 
LGL reactive with HNK-l monoclonal antibody, the T3-cells contained 
more azurophilic granules and show greater NK activity, while the T3 + 
cells contained fewer granules and a correspondingly lower NK activi
ty [42]. 

It should be pointed out that some EM studies of the NK lytic process 
have failed to observe granules undergoing exocytosis [29, 43]. However, 
these studies did interpret monensin effects as evidence for secretion of 
Golgi-derived vesicles [43], or the unspecified involvement of granules [29]. 
The failure of some studies to observe a granule secretory, process should be 
interpreted cautiously, since only a fraction of the granules are involved in a 
single cytolytic event and the granules are not nearly as numerous as those 
in granulocytes or mast cells. Indeed, earlier studies of mouse NK cytotox
icity failed to find granules in the effector lymphocytes [13], although sub
sequent studies have made it clear that LGL are responsible for NK activity 
in the mouse [4, 5]. 

In summary, there is very substantial evidence in favor of a secretory 
event occurring after target cell binding and before the target cell is detect
ably injured. Since known secretory processes triggered by membrane recep
tors generally require calcium [44], it is presumed that this secretory event 
occurs during the programming for lysis stage of the lytic process. 

The secretory events described above are preceded by a major general 
cytoplasmic rearrangement in the effector cell. This was first observed in 
EM studies by Carpen et al. [43], who showed that in human NK-target 
conjugates, the effector cell Golgi apparatus was consistently located be
tween the nucleus and the bound target cell. This was confirmed by fluores
cent localization of the Golgi apparatus with wheat germ agglutinin; it was 
noted that NK cells bound to non-NK targets did not show such selective 
orientation. Golgi rearrangement was confirmed in cloned mouse NK cells 
using a Golgi-specific antibody [45]. Further documentation of a cytoplas
mic rearrangement came from fluorescent antibody staining of the cytoskel
etal proteins actin and vinculin [46] and tubulin [45], which showed rear
rangement towards the target cell within 0.5-1 hour of contact. In contrast, 
it was found that the cytoskeletal proteins myosin, vimentin, and spectrin 
did not rearrange in the effector cell during NK killing [46]. Both groups of 
investigators interpreted these findings in terms of a secretory model for 
lysis, postulating that the cytoplasmic rearrangement would allow a directed 
release of secretory products in the direction of the target cell. In support of 
this, it has been noted that the NK cell cytoplasmic granules tend to accu
mulate towards the target cell [29, 32]. 

A striking and rapid cytoplasmic rearrangement of human LGL bound to 
plastic surfaces coated with Ag-Ab complexes (modeling an ADCC target) 
has been described [47], and CTL cytoplasmic rearrangement has also been 
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well documented following target cell binding [48-51]. In the case ofthe NK 
cell, it is not yet clear whether cytoplasmic rearrangement occurs as part of 
the binding stage, or is part of the calcium and energy dependent program
ming for lysis stage. 

One consistent observation from EM studies of NK-target lysis is the 
pronounced interdigitation of the membranes of the effector and target 
cells [31, 43]. Such interdigitation has also been found in CTL and ADCC 
effector-conjugates [52-54], but a clear mechanistic interpretation of this 
phenomenon has not emerged. It seems possible that this interdigitation is a 
manifestation of the effector cell cytoplasmic rearrangement, and may pos
sibly allow the formation of a synapse-like area of effector-target contact for 
a directed secretory process. 

Mutations 

A genetic approach to understanding the mechanism ofNK cytotoxicity has 
been useful in two classes of natural mutations. One of these is chronic 
granulomatous disease, in which NK cell function is reported to be nor
mal [55-57], in spite of the demonstrated deficiency of these patients' neu
trophils and monocytes to produce oxygen radicals in response to phagocyt
ic stimuli. CGD patients have a genetic defect whose nature is unknown but 
which results in a clear deficiency in all measurable reactions involving 
reactive oxygen species [58]. The findings of normal NK activities in these 
patients argues strongly against a role for such intermediates participating in 
the NK cell-mediated lytic process. 

An interesting family of mutations in man and a number of animal spe
cies is that corresponding to the human Chediak-Higashi syndrome. These 
autosomal recessive mutations are characterized in their homozygous form 
by pigmentation defects, increased susceptibility to infection, enlarged cyto
plasmic granules in a wide range of cells, and increased morbidity and mor
tality [59]. The biochemical lesion in these mutations is not known, but has 
generally been assumed to be associated with the enlarged cytoplasmic gran
ules. The mouse mutation known as beige is one of this class of mutations, 
and was shown to be defective in NK cell function by Roder and 
Duwe [60]. It was subsequently shown that this defect is in a post-binding 
step of the lytic process, and that it could be transferred by reconstituting 
irradiated mice with mutant bone marrow [61]. Although spleen cell me
diated ADCC against tumor target cells was also defective in the homozy
gous beige mice, other cellular immune functions were found to be nor
mal [62]. These included CTL, skin graft rejection, macrophage-mediated 
tumor cell cytotoxicity, and ADCC against red cell targets. Thus the defect 
in NK cell function was found to be shared only by the LGL-mediated 
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ADCC and not by other lytic processes of the immune system. Conflicting 
results showing defective CTL generation in beige mice have been subse
quently reported [63]. 

Four other mouse pigmentation mutants have been shown to be defective 
in NK function [64]. These recessive mutations, all (including beige) occur
ring on different chromosomes, are associated with elevated lysosomal 
enzyme activities in the kidney but normal levels in spleen. An additional 
pigmentation mutant showing normal kidney lysosomal enzyme levels was 
shown to have normal NK function [64]. 

LGL of patients with the Chediak-Higashi syndrome appear to be very 
similar to those of beige mice in that they have impaired NK and LGL
mediated ADCC functions, while other types of cytotoxic leukocytes show 
normal functions [65, 66]. Suppressor cells did not appear to be responsible 
for this defect, and the subpopulation of cells with the surface phenotype 
and LGL morphology of NK cells were present at normal levels [67]. Peri
pheral blood lymphocytes of these patients showed normal binding to NK 
targets, but fewer of the bound effector cells went on to lyse their target 
cells [67]. The mean recycling time of those cells which were active was 
normal. The NK deficiency of these patients' cells was shown to be partially 
correctable by interferon [65, 68], and by agents which increase intracellular 
cGMP levels [69]. This effect could be seen after effector cell preincubation 
and did not occur by increasing target cell binding [68, 70]. These results 
make it clear that there is no absolute defect in NK lytic capacity in Chediak 
patients. Because of the many-faceted effects of the agents which tend to 
restore the defective NK activity, it is difficult to make definitive mechan
istic conclusions from these results. 

The results of studies of these mutants in mouse and man indicate a 
difference in the post-binding lytic mechanism of LGL and CTL. A more 
precise mechanistic interpretation of this difference awaits a better defini
tion of the basis of these mutations. 

Drugs 

The use of drugs to probe the biochemical pathways of the NK lytic process 
remains a major tool, although there are limitations to this approach. The 
lack of completely specific effects on a single biochemical event, and the fact 
that in many cases secondary effects are observed which are not directly 
related to the original site of interaction of the drug present complications in 
interpretation of data. It is not always possible to be certain whether the 
drug is acting on the effector or the target cell, although in some cases 
irreversible effects allow preincubation with effectors and target cells. Such 
cases have generally shown that the inhibitable processes are in the effector 
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cell. However, the processes of target cell resistance to NK cell damage have 
not been at all defined, and such processes may well account for the action 
of drugs at the target cell level. 

Many of the reports on drug effects on NK cells are tabulated in Table 1, 
and include the stage of the lytic process affected by the drug. It can be seen 

Table 1. Drug inhibition of NK cytotoxicity 1. 

Nominal Whole 
Drug target Process Conj2 Prog2 KCIL 2 Species 3 Ref. 

NaF glycolysis >.1 M >.1 M M 17 
Iodoacetate glycolysis 10mM ~1OmM M 17 
Dinitrophenol Ox. phos. .1mM ~lmM M 13,17 
NaN3 Ox. phos. 10mM ~1OmM M 13,17 
Acridine Orange DNA synth. ~ 10 11M H 71 
Adriamycin DNA synth. ~.2mg/ml H 71 
Mitomycin C DNA synth. ~.1 mg/ml H 71,72 
X-ray DNA synth. ~1500R H 72 
UV ? 3mJ/cm2 H 71 
Actinomycin D RNA synth. Illg/mi H 72 
Emetine Prot. synth. 111M H 72 
Puromycin Prot. synth. 50 11M H 72 
Cycloheximide Prot. synth. ~.I mg/ml H 72 
Glutaraldehyde cell protein ~.25% ~.25% M 17 
Cytochalasin B microfilaments 10 11M 10 11M NK M 17 
Cytochalasin B microfilaments 211M 5 11M ~30 11M ~30 11M H 73 
Colchicine microtubules .2mM ~.1mM H 73 
Vincristine microtubules 10 11M H 73 
Lipomodulin plipase A2 80nM ~100nM H 74 
Rosenthal's inhibitor plipases .1 mM H 75 
Deaza SIBA Me transfer .1 mM H 98 
3-Deazaadenosine + hct Me transfer 10 11M H 75 
Hydrocortisone ster. recptr. 5 11M H 75 
Prednisolone ster.recptr. 5 11M H 75 
Estradiol ster. recptr. ~1OnM H 75 
Insulin insulin rcptr. ~.1mM M 76 
Cholera toxin incr cAMP .5 ng/ml H,M 76, 77 
PMA prot. kinase 5 ng/ml H,M 76, 77 
PMA prot. kinase .111g/ml ~.1I1g/ml H 80 
Diamide SH groups 10 11M H 98 
gSSg SH groups 30 11M H 98 
Lidocaine ? lysosome ImM ~1OmM H 82 
Lidocaine ? membrane ~lmM ~lmM ~lmM ~lmM H 19 
Tetracaine ? membrane .1mM H 75 
Chloroquine lysosome <.1mM ~.1mM <.1mM ~.1 mM H,M 17,19 
Quinicrine ? lysosome 10 11M H 75 
Dansylcadaverine lysosome .lmM ~.1mM H 82 
Diphenylamine lysosome .2mM ~lmM H 82 
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Table 1. (continued) 

Nominal Whole 
Drug target Process Conj2 Prog 2 KCIL 2 Species 3 Ref. 

Monensin vesicles ll1giml H 100 
Verapamil Ca channel <.5mM ~.5mM >.5mM ~.5mM H 19 
Na2S04 sulfatases 12.5mM N H 32 
ATP 50 11M ~.3mM H 83 
cAMP incr cAMP <.1 mM ~.1 mM <.1 mM ~.1 mM H 19 
cAMP incr cAMP ImM ~1 mM M 76 
8Br-cAMP incr cAMP ImM H 98 
dB-cAMP incr cAMP 50 11M ~lmM H 84 
dB-cAMP incr cAMP 30 11M 30 11M H 85 
PGE, incr cAMP .5 11M .5 11M H 85,86 
PGE, incr cAMP 10 11M ~ 10 11M M 76 
ZK-62711 incr cAMP 5 11M 5 11M H 85 
Aminophylline incr cAMP 10 11M ~1 mM H 84 
Theophilline incr cAMP ImM ~lmM M 76 
Isoproterenol incr cAMP ImM ~lmM H 84 
W7 calmodulin 7 11M H 87 
WI3 calmodulin 6 11M H 81 
Haloperidol calmodulin 30 11M H 87 
Trifluoroperazine calmodulin 10 11M H 98,87 
2ME S-S bonds <5mM <5mM <5mM ~5mM H 19 
qBBr surf. SH grps .5mM 2mM H 81 
DMSO ? membrane 1M 1M M 17 
DMSO ? membrane .1M <.IM ~.1 M ~.1 M H 19 
DMSO OH radical 10 11M ~ 10 11M H 88 
BW755C Iipoxygen 5Ol1giml ~.I mgiml H 90 
GA lupoxygen 30 11M ~50 11M H 90 
Indomethacin cyclooxygen ~ 10 11M H,M 90, 76 
Thiourea OH radical 10 11M ~ 10 11M H 88 
Sodium benzoate OH radical 10 11M ~ 10 11M H 88 
Mannose-6-PO 4 IOmM ~50mM H,(M) 91,92 
Hexose-P04's 50mM ~50mM H,M 91 
Mannose ? 30mM ~50mM H,M 91,93 
Alpha-Anti-chymotryp protease .70mgiml H 94 
Limabean Tryp. Inhib. protease .2mgiml H 94 
Ac-L-Tyr-OEt protease .3mM ~.8mM H 94,98 
Ac-phe-ONaph protease 20 11M H 98 
TPCK protease 5 11M H 98 
TLCK protease .I-.2mM H 96-98 

, Approximate concentration of drug giving 50 % inhibition of the process indicated. 
2 For cases in which individual steps of the lytic process were examined. 
3 H = human; M = mouse. 
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from this table that drugs affecting a wide range of biochemical processes 
have been found to affect NK cell mediated lytic activity. In some cases, 
several drugs known to affect the same biochemical pathway have given 
consistent results, thereby lessening the possibility of a non-specific effect 
giving rise to the observed result. However, in some cases (e.g. protein syn
thesis inhibitors) drugs nominally acting on the same pathway give different 
results, pointing to the likelihood of non-specific actions of some of these 
agents. 

The pharmacological approach is most convincing when combined with 
other lines of evidence on biochemical mechanisms. Given the other evi
dence supporting the secretory hypothesis for NK lytic function, it is worth 
reviewing the evidence from studies with drugs. Inhibition of NK killing by 
a number of different agents, including protease and cytoskeletal inhibitors, 
was noted by Quan et at. to be generally similar to inhibition of mast cell 
secretion of histamine [98]. Even in well-defined systems such as the mast 
cell, there is still much controversy about the biochemical pathways respon
sible for triggering the secretory process after croos-linking of cell surface 
receptor. Thus it is not easy to assess the importance of similar but not 
identical patterns of drug inhibition between these two systems. 

One drug particularly relevant to secretory processes is the cationic iono
phore monensin, which has been demonstrated to disrupt the normal traffic 
of intracellular vesicles in a variety of cells [99]. Monensin has been shown 
to inhibit NK activity at a post-binding step [43, 100]. Pretreatment of the 
effector cells and washing gave good inhibition, and the cytoplasm of LGL 
underwent the characteristic morphological changes associated with the 
action of this drug [43]. These results were interpreted as evidence for a 
secretory process based on results in other systems. Monensin has also been 
reported to inhibit the lysis of target cells by NKCF [150], raising the pos
sibility that it may act on the target cell. 

Inhibition by antibodies 

Antibodies bound to a number ofNK cell surface antigens have been shown 
to block cytotoxic function without the addition of complement. Such stu
dies have been interpreted as evidence for the involvement of specific cell 
surface molecules in recognition of the later phases of the lytic process. 
However, inhibition of NK cytotoxicity via the Fc receptor has been well 
documented [101, 102] and some experiments demonstrating NK blocking 
by antibodies could be due to these FcR effects, which inhibit a post-bind
ing step in the lytic process [102]. Although it could be questioned whether 
an antibody bound to effector cell membrane antigen via its F(ab) region 
could also bind to the FcR by its Fc regions, B lymphocytes provide a clear 
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example of such an interaction in which the FcR exerts a strong negative 
influence on activation by antibodies to sIg [103] . 

Antibodies directed at the antigen known as T-200 have received the 
most attention in such studies. This antigen, defined in both mouse and 
human systems, is broadly expressed on hematopoetic cells, including T and 
B lymphocytes [104, 105]. In the mouse, an alloantigen known as Ly 5 was 
shown to be expressed on NK cells [106], and was later found to be a 
determinant on the T200 molecule [107]. Antibodies against some T200 
determinants have been shown to inhibit NK cytotoxicity by reaction with 
the effector cell [108-112]. Some mouse anti-T200 monoclonal antibodies 
inhibited NK cytotoxicity only partially, and a combination of these, which 
react with different T200 determinants, gave a more complete inhibi
tion [110]. A monoclonal antibody against human T200 was shown to inhi
bit NK cytotoxicity !igainst some but not most target cells [109]. Since this 
antibody did not block NK conjugate formation, but did act prior to the 
calcium requiring programming stage, it was proposed to define an interme
diate stage in the lytic reaction [109]. However, since human anti-T200 
MAbs were shown to block NK conjugates [111], it would appear that the 
T200 molecule is somehow involved in both target cell binding and later 
events. It is clear that T200 is not the receptor recognizing target cells since 
it is found on such a wide distribution of lymphoid cells. Studies with 
F(ab'}z antibodies are needed. 

A monoclonal antibody, 9.1C3, binding to cell surface determinants on 
human lymphocytes and monocytes, was shown to inhibit human NK cyto
toxicity against some but not all targets [112]. This MAb also inhibited 
lymphokine activated cytotoxicity against tumors, and monocyte-mediated 
killing to tumors, but not CTL. The authors interpreted the findings indi
cating a common lytic mechanism among the cells whose cytotoxicity was 
blocked. It is not clear if 9.1C3 recognized T200 or another antigen with a 
similar pattern of expression on lymphocyte subpopulations. 

Another MAb inhibiting mouse NK activity is 30-Hll, which reacts with 
T cells and null cells [110]. Inhibition by 30-Hll shows synergy with some 
anti-T200 MAb, but it is not currently known at what stage 30-Hll inhibi
tion occurs. Mouse NK activity is also inhibited by a rat antibody termed 
RAT*, which is prepared by immunization of rats with periodate treated 
C57B1I6 spleen cells [114]. RAT* IgG was shown to inhibit NK conjugate 
formation, and using the calcium pulse technique these workers also found 
blocking of the programming for lysis stage. However, it is not clear if 
RAT* can reverse pre-formed conjugates. The obscure nature of the deter
minants recognized by this antiserum also makes mechanistic conclusions 
difficult. 

Human NK cells are also inhibited by antibodies other than those against 
T-200. A MAb against the E rosette receptor has been reported to give 
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partial inhibition [115], but this was not reproduced in another laboratory, 
which also failed to observe inhibition with other MAbs against this recep
tor [116]. Two groups have also reported inhibition by xenoantisera raised 
against activated human lymphocytes. Partial inhibition of NK cytotoxicity, 
as well as CTL and ADCC, was reported by F(ab')z fragments of such anti
bodies, raised in rats [117]. These antibodies inhibited NK conjugate for
mation, but did not reverse pre-formed conjugates. The lysis of such pre
formed conjugates was inhibited, implying that the antibodies interfere with 
later phases of the lytic process as well as recognition [117]. Similar but less 
extensive data were presented by others [118]. 

The cell surface antigen LFA-1 was originally described after MAb against 
it were found to inhibit CTL function. This inhibition occurred by interfer
ing with target cell binding, and it was found that MAb against LFA-l 
inhibited many cell-cell interactions involving lymphocytes [119]. Human 
NK cytotoxicity was also blocked by anti-LFA-1 MAb [116], presumably 
due to inhibition of target cell binding. 

In addition to the above antibodies against cell surface components, rab
bit F(ab')z antibodies purified cytoplasmic granules from rat LGL tumors 
have been shown to inhibit rat LGL-mediated NK and ADCC activi
ty [120]. These antibodies did not have detectable reactivity against mem
brane components, and did not inhibit when effector or target cells were 
pretreated and washed. NK and ADCC conjugate formation was not af
fected by anti-granule antibodies. LGL granule cytolytic activity was specif
ically neutralized by these antibodies, suggesting that this lytic component 
mediates the lethal hit delivered by LGL [120]. 

Mediators of target cell damage 

Reactive oxygen intermediates 

It is well established that a major pathway in the destruction of bacteria 
phagocytosed by polymorphonuclear leukocytes (PMN) and macrophages 
involves a series of oxygen metabolites [58]. In spite of considerable effort, 
the final products which mediate bacterial death via this pathway are not 
known. Macrophages have also been shown to utilize these oxidative path
ways, and the antibody-dependent destruction of tumor cells by activated 
macrophages has been shown to be mediated by H20 2, a product of this 
pathway [121, 122]. Since LGL mediate both ADCC and NK cytotoxicity, 
and since these cells seem to have some macrophage-like properties [123], 
the possibility that lytic damage by NK cells proceeds by an oxidative path
way seems appealing. Experimental evidence for this was obtained by Roder 
and colleagues [124-126], principally using a highly sensitive chemilumines-
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cence assay with luminol to detect the oxidative intermediates superoxide, 
singlet oxygen and hydroxyl radical, as has been widely employed by labo
ratories studying such intermediates associated with phagocytosis. Chemilu
minescence occurred within a few minutes after mixing of purified NK cells 
and targets [124], and an impressive series of correlations was describ
ed [124, 125]. 

The evidence against a reactive oxygen intermediate participating in the 
NK mediated lethal hit now seems strong. As previously described, the 
strongest evidence is the finding that patients with chronic granulomatous 
disease show normal levels of NK activity. Other evidence against a role for 
oxidative intermediates includes the failure to observe blocking of NK lysis 
by superoxide dismutase and/or catalase [88, 127, 128], in contrast to one 
positive report [124]. Furthermore, Kay et al. [55] have failed to confirm 
the observation of chemiluminescence or superoxide production by purified 
LGL after addition of NK target cells. The observations which Roder et al. 
interpreted as LGL generated reactive oxygen intermediate production ap
pear to be explained by the study of Pohajdak et al. [129], who have 
demonstrated the rapid release of a soluble factor by LGL after contact with 
NK target cells. This factor induces a chemiluminescence response detecta
ble in small quantities of monocytes which presumably contaminated the 
LGL preparations of Roderet al. 

Lysosomal enzymes 

A role for lysosomal enzymes in NK cell mediated cytolysis was originally 
suggested by the observation that mice carrying the beige mutation have 
defective NK cells [62]. This mutation and other similar mutations affecting 
NK function were associated with abnormal lysosome structure and with 
elevated levels of some lysosomal enzymes in the kidney. The frequency of 
lymphocytes binding NK target cells appeared to be normal in beige mice, 
suggesting that the defect was occurring in a later step in beige mice, sug
gesting that the defect was occurring in a later step of the lytic process [61]. 
The inhibitioin of NK activity by lysosomotropic drugs has led to further 
implication of lysosomes. For example, pre-treatment of NK effector cells 
with chloroquine was shown to inhibit a post-binding stage of the lytic pro
cess [130]. Similar concentrations of this drug were shown to cause inhibi
tion of the lysosomal enzyme N-acetyl-B-glucosaminidase in spleen cells. 
Other lysosomotropic agents also inhibit NK lytic activity at a post-binding 
step [82]. 

The hypothesis that lysosomal enzymes per se are responsible for lethal 
target cell damage by NK cells has not been definitively tested to date, but 
the above evidence in its favor must be weighed against a number of con-
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siderations. First, there has been no demonstration of the lytic ability of 
lysosomal enzymes, and some experiments in which this was tested gave 
negative results [131]. While lysosomal enzymes are clearly capable of 
degrading material internalized by endocytosis, it is not clear that they are 
lytic to target cells in surface contact with effector cells. Second, the evi
dence in favor of this hypothesis is largely circumstantial. As discusses 
above, the beige and Chediak-Higashi mutations are not well defined and 
have not been shown to cause a decrease in lysosomal enzyme activity in 
purified LGL. The various lysosomotropic agents are not specific inhibitors 
of lysosomal enzymes, but act by neutralizing low pH intracellular compart
ments [132]. Third, all of the evidence in favor of' a role for lysosomal 
enzymes could be accounted for by a secretory process involving the NK 
cell cytoplasmic granules, which are known to be lysosomal in character. 
Given the presence of a potent cytolysin without known enzymatic activity 
in LGL granules, there seems little reason to believe that the lysosomal 
enzymes provide the lethal hit. It is possible that they may contribute to 
subsequent target cell damage. 

NKCF 

Wright and Bonavida have described a soluble cytotoxic factor, termed 
NKCF, which is secreted by NK cells after contact with tumor cells or 
mitogens [133]. The distinguishing characteristic of NKCF activity is the 
correlation of its target cell specificity with that of NK cels of the same 
species. This correlation has been demonstrated for both human and mouse 
NKCF recognition of a panel of tumor cells previously characterized as NK 
sensitive or resistant target cells [70, 85, 133]. The correlation was shown to 
extend to the NK cell resistant variant Y AC sublines [134], which like the 
NK resistant in vivo passaged Y AC cells, were resistant to lysis by NKCF. 
These impressive correlations argue that NKCF must possess a similar 
recognition mechanism to intact NK cells, and suggest that NKCF may be 
involved in the NK cell mediated lytic process. 

NKCF production can be elicited from appropriate cells by Con A, PHA, 
or viable tumor cells during a 4-48 hour culture [70, 135, 136]. A number of 
agents which inhibit NK cytotoxicity have been shown to inhibit NKCF 
release [150]. The tumor cells used to elicit NKCF can be NK sensitive or 
resistant [134, 135]. Interferon pretreatment of tumor cells, which makes 
them resistant to NK lysis, causes them to become less efficient stimulators 
of NKCF release [13 7]. Release of NKCF appears to require the presence of 
NK cells in the lymphocytes stimulated, since elimination of mouse NK 
cells by anti-asialo-GM1 or use of beige mouse spleen cells fails to elicit 
NKCF, while nude mouse spleens give enriched NKCF [70]. However, 
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NKCF appears to be generated in some low NK mouse strains [132]. In the 
human, Percoll gradient enriched human LGL were found to be the most 
efficient source of NKCF [135, 136]. NKCF can be detected in lysates of 
lymphocytes containing NK cells [138], implying that it exists in a pre
viously synthesized form prior to the culture period during which it is rel
eased. The activity of such lysates could be enhanced by prior culture of 
spleen cells with interferon under conditions which increase NK activi
ty [137]. Lysis of appropriate target cells by NKCF can be detected after 
16-20 hours of incubation, but optimum cytotoxicity is observed after 40-
70 hours [19, 70, 136]. An initial stage of the lytic process appears to be the 
binding of NKCF to the target cells, since lysis after 48 hours will occur 
when target cells are washed and resuspended in fresh medium after 4-10 
hours [70]. In further support of this idea, NKCF activity was shown to be 
specifically absorbed from the medium by incubation with NKCF sensitive 
but not NKCF resistant target cells [70, 134]. 

Preliminary characterization ofNKCF suggests that it is a macromolecule 
and is heat sensitive [133, 150], but a more detailed biochemical analysis of 
the active material has not been reported. 

Attempts to reproduce the mouse NKCF phenomenon in another labora
tory have resulted in the finding that tumor cells were capable of eliciting a 
cytolytic factor only when infected with mycoplasma [139]. Since a number 
of properties of the factor production and specificity appeared similar to 
NKCF, these results were interpreted as a serious challenge to models pro
posing NKCF as a mediator of NK cell mediated cytolysis. 

Although NKCF has many properties in common with lymphotoxins der
ived from T lymphocytes after antigen or mitogen stimulation, it is re
portedly distinct in that its specificity is closely correlated with that of NK 
cells, and that it is derived from LGL as opposed to T cells. However, it h.as 
been reported that some forms of human lymphotoxin (assayed on the L929 
fibroblast line) will bind to and lyse human NK targets [140]. This cytotoxic 
effect was reported to be inhibited by various sugars [141], as was NKCF, 
and the relationship between this lymphotoxin and NKCF is not clear. 

Wright and Bonavida [137] and Hiserodt et al. [18] have proposed mod
els to explain the lytic mechanism of NK cells on the basis of NKCF. In 
view of the impressive correlations of NKCF production and cytolytic 
activity with NK cell activation and lytic specificity, these models are 
attractive. The major drawback of these models is that NKCF causes target 
cell lysis very slowly, requiring many hours to release 51Cr even after bind
ing to the target cell. As previously described, studies of the NK cell lytic 
mechanism [18, 20] indicate that after the brief interaction with the NK 
effector cell, target cells lyse within a few minutes. In order to resolve this, it 
can be postulated that higher concentrations of NKCF show faster kinetics, 
the NKCF as isolated has lost most of its original activity, or that other 
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Figure 1. Lytic activity of LGL tumor cytoplasmic granules on various cells. In this experiment 
purified granules from LGL tumors [24) were diluted in phosphate buffered saline, and 51 Cr 
labelled cells in balanced salt solution added. Isotope release was measured after incubation at 
3r for 30 min. Reprinted from Henkart, et al. [131). 

effector cell components also contribute to the lethal damage [142]. The 
critical experiments to establish the role of NKCF in NK cell mediated lysis 
await the purification of NKCF so that it can be defined on a molecular 
basis. The basic evidence in favor of a role for NKCF is comprised of a 
series of impressive correlations; at present there is no direct evidence for 
transfer of NKCF from the effector cell to the target cell during the lytic 
process. 

NK granule cytolysin 

Because of the morphological evidence for granule involvement in LGL 
mediated lytic processes, granules from rat LGL tumors were purified to 
allow functional studies [24]. The biochemical properties of these granules 
were distinct from granules in mast cells or PMN, and contained 5 major 
proteins. LGL and LGL tumor granules contain a potent, calcium requiring 
lytic activity which has been termed granule cytolysin [131]. This activity is 
functionally distinguishable from NKCF by its potency, target cell selectiv
ity, kinetics of cytolysis, and calcium requirement. As shown in Figure 1, 
granule cytolysin activity is most readily detected on red blood cells, where 
it was shown that the amount of granules isolated from a single LGL tumor 
cell was capable of lysing more than 10 SRBC [131]. Nucleated target cells 
are also lysed, but require more granules. Lysis of both types of target cell 
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Figure 2. Divalent ion requirements of LGL tumor cytolysin. Purified LGL granules were 
diluted in saline followed by the addition of 51 Cr target cells plus divalent cations to the indi
cated final concentration. After incubation for 30 min at 37°, isotope release was measured. A. 
SRBC target cells. B. Y AC target cells. Reprinted from Henkart, et al. [131]. 

was shown to be very rapid, occurring within one minute at 3r. Such rapid 
kinetics are reasonably compatible with the speed of the NK KCIL [20]. As 
shown in Figure 2, the granule cytolysin is completely inactive in the 
absence of divalent cations; the calcium titration curve for cytolysin activity 
is similar to that of NK cell mediated lysis [143]. The effect of calcium on 
granule cytolysin appears complex, since incubation of granules with cal
cium prior to the addition of target cells causes an activity loss [131] . 

Addition of calcium to purified granules causes the appearance of target 
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membrane-associated ring structures visible in the EM after negative stain
ing [131]. Such ring structures were previously associated with cytotoxic 
activity by LGL [30, 33, 39] and appeared strikingly similar to those asso
ciate with the complement membrane attack complex, except that the diam
eters of the rings were larger. In the case of complement the internal diam
eter of the negative-stain filled central portion of the ring structure is about 
10 nm, while those seen associated with LGL killing have an internal diam
eter of about 14 nm [33, 39], or both 16 nm and 5 nm [30]. It had been 
previously demonstrated by using resealed red cell ghosts as ADCC targets 
that LGL damaged these target membranes so that they became selectively 
permeable to macromolecules resealed inside [144]. Globular proteins 
smaller than 500,000 d were all released from these ghosts, while all larger 
proteins were retained. These results suggested that pores with a maximal 
diameter of about 15 nm were created in the ghost membranes by LGL. 
Similar measurements on complement-treated ghosts revealed that marker 
proteins of 40,000 d or less were released, while all larger proteins were 
retained. Thus a correlation was demonstrated between the relative sizes of 
pores produced by complement and by LGL as measured by functional 
studies and by EM. The very large LGL pore size is compatible with the 
rapid lytic process mediated by granules or the cytolysin. 

LGL granule cytolysin was shown to be solubilized from freeze-thawed 
granules by treatment with high salt [131]. Biochemical studies of LGL 
cytolysin reveal that the activity runs as a 60 kd protein on gel filtration 
columns, and considerable purification has been effected (P. Millard et a/., 
manuscript in preparation). Cytolysin activity was heat-labile and Pronase
sensitive, suggesting a protein [131]. Clear evidence for a membrane inser
tion mechanism of the cytolysin was obtained in studies showing that lipos
omes were permeabilized to the water-soluble marker carboxyfluorescein 
under conditions very similar to those required for cytolysis, i.e., rapid 
kinetics and the same divalent ion dependence [145]. Examination of these 
liposomes in the EM (Figure 3) showed that cylindrical structures were 
inserted into the bilayers of liposomes permeabilized to the negative stain. 
These results strongly supported the hypothesis that granule cytolysin acts 
by creation of amphipathic structures which form pores in the lipid portions 
of membranes, in a manner strongly suggestive of complement. This hypo
thesis is also supported by studies of the potent inhibition of cytolysin 
activity by various compounds which are lipids or lipid-like in character 
(i.e., liposomes, detergents, and lipoproteins; C. Yue et ai., manuscript in 
preparation). Further support for this also comes from studies of the action 
of LGL granule cytolysin on planar lipid bilayers using electrical measure
ments which can detect the creation of single channels (Blumenthal et ai., 
unpublished results). The results show a calcium-dependent pore-forming 
ability which appears identical to that originally described by Henkart and 

/ 
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Figure 3. Electron microscopic appearance of liposomes treated with LGL tumor granule cyto
lysin. Small unilamellar liposomes were treated with cytolysin in the presence of calcium to 
cause the rapid release of carboxyfluorescein. The liposomes were examined in the electron 
microscope using negative staining. In panel A the cytolysin preparation contained Percoll par
ticles (arrow heads) which can be seen amongst the larger liposomes. Cylindrical structures 
appearing as rings (tailless arrows) and in side view (arrow with tail) can be seen inserted into 
liposomes. Panels Band C show higher magnification views with more purified cytolysin pre
parations containing no Percoll. Note the correlation of negative stain penetration into the' 
liposome and the presence of inserted cylindrical structures. Reprinted from Blumenthal, et 
al. [145). 

Blumenthal in studies of an LGL-mediated ADCC model system using an 
antibody-coated artificial membrane [146]. 

Granule exocytosis model for NK-cell mediated cytotoxicity 

Consideration of the studies on the mechanism of NK cell mediated cyto
toxicity reviewed strongly suggests a secretory model for the cytolytic pro
cess involving the effector cell cytoplasmic granules. This model was also 
proposed to apply to CTL mediated cytotoxicity [147], and is illustrated in 
Figure 4. The critical event in the cytolytic process according to this model 
is the exocytosis of LGL cytoplasmic granules, which occurs in a polarized 
manner as a result of the cytoplasmic rearrangement. The model as depicted 
would apply to any mediator of lethal damage which is stored in the gran
ules. At present the evidence points to the cytolysin we have described as 
the most likely candidate for such a mediator, but LGL granules may con
tain other biologically active molecules [129], perhaps including NKCF. 
Other mediators may inflict target cell damage subsequent to the permea
bilization of the target cell membrane by the cytolysin. One possibility is a 
DNAse, since it has been found that CTL target cells undergo a rapid DNA 
hydrolysis not seen during cytolysis by complement [148]. Such target cell 
DNA breakdown has recently been reported for mouse NK cytoly
sis [149]. 
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Figure 4. Granule exocytosis model for LGL mediated cytotoxicity. After binding the target cell 
via specific membrane receptors, cytoplasmic rearrangement occurs in the effector cell, bringing 
the granules preferentially to the vicinity of the bound target. Some of these granules fuse with 
the plasma membrane, releasing their contents into the space between effector and target. Gran
ule cytolysin, perhaps with the cooperation of other granule components, damages the target cell 
irreversibly. The effector cell recycles and is available to kill another target. 

One of the problems with secretory models for lymphocyte cytotoxicity 
has been the selective nature of target cell lysis and the absence of detectable 
'innocent bystander' lysis [130]. Furthermore the clear demonstration that 
NK cells do not themselves die while killing target cells means that they 
have some immunity to the lytic agent. If the lytic species contains a target 
recognition moiety such as NKCF, these considerations present no problem. 
For a non-specific lytic agent such as the granule cytolysin, the innocent 
bystander results can be easily explained by the unstable nature of the lytic 
activity and its inhibition by lipoproteins in blood (C.c. Vue et al., manu
script in preparation). To explain the lack of self killing, it must be proposed 
that the LGL have a tempJrary immunity to its effects, since LGL tumor 
granule cytolysin readily kills LGM (P.H. and C.W. Reynolds, unpublished 
observations). Such a temporary immunity to the lethal effects of cytolysin 
could be triggered concomitantly with the secretory process, but this has not 
yet been experimentally demonstrated. 

Acceptance of the granule exocytosis model for LGL-mediated cytotoxic
ity will come only with a further study of granule components and an 
understanding of the elements that control granule synthesis and exocytosis. 
However, this model provides an experimentally testable framework for an 
understanding of NK cell regulation and function, and such experiments 
will certainly be forthcoming in the next few years. 
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