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Abstract

Natural killers (NK) are a subpopulation of lymphocytes that are defined by
their pattern of cytotoxicity against other normal and neoplastic cells of
predominantly hemopoietic origin. Although they have been programmed to
recognize a limited spectrum of targets, their activity can be augmented by certain
immunoregulatory substances. The molecules that mediate the recognition events
have not yet been identified.

[ describe here the derivation and characteristics of a variant clone (Clone I) of
the human leukemic cell line K562. These cells, selected for decreased binding to
peripheral blood lymphocytes, were less sensitive than the parent to lysis by NK in
the resting, but not in the augmented state. Although their major plasma membrane
proteins appeared identical to those of K562, they contained an additional minor
group of fucosylated glycolipids. A later subclone of Clone 1, selected for resistance
to Concanavalin A, reverted to an NK sensitive pattern and exhibited the parental
profile of glycolipids.

These results illustrate in an in vitro model how a leukemic cell can modulate
its membrane to escape surveillance by NK cells, and suggest that the glycolipids

mignt be involved (directly or indirectly) in the mechanism.



Résumeé

Les cellules tueuses naturelles (cellules NK) constituent une sous-population de
lymphocytes qui exercent une activité lytique sur certaines ccllules normales ou
néoplasiques. L'activité lytique des cellules NK peut €tre stimulée par différentes
substances immunorégulatrices, méme si 'on ignore quelles sont les molécules qui
déterminent la sensibilité des cellules aux l"mphocytes NK, qu'ils sotent au repos ou
soumis a une stimulation. Les études dont nous rendons compte décrvent la
dérivation et la caruactérisation d’'une vartante (Clone I) de la cible habituclle des
lymphocytes NK (la K562) qui leur résiste. Le Clone 1 résiste spécifiquement aux
cellules NK qui n’ont pas €té stimulées et semble afficher une réduction, sinon une
absence ou une inhibition des structures que visent les cellules NK - La comparison
des membrancs plasmatiques de Clone 1 et de KS42 n'a fait ressortir ancune
différence au niveau des principales protéines de surface: toutefors, on a observé sur
le Clone T un groupe mineur de glycolipides membraraires fucosylés qui n'ctaient
pas présents sur K562, Un sous-clone de Clone I résistant au Con A, est redevenu
sensible aux cellules NK et a retrouvé le profil des glycolipides de la cellule mére.
Ces résultats portent i croire que la résistance a la lyse affichée par les cellules NK
serait le fait d'une modulation de la glycosylation des lipides de la membrane et
témoignait de I'existence d’un mécanisme par lequel une cellule tumorale peut
échapper 3 la vigilance immune des cellules tueuses naturelles  La sensibilite
différenticlle de ces souches cellulaires aux lyraphocytes NK, qu'ils soient au repos
ou soumis a une stimulation, en fait des intruments précieux dans 'étude de lu

spécificité des cibles de ces cellules effectrices.
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INTRODUCTION

It has been proposed that the immune system normally may be able to inhibit
the progression of neoplastic cells by destroying them before they proliferate further
and become clinically significant (25). This concept of immune surveillance against
tumors initially was formulated with cytotoxic T-lymphocytes as the central mediator.
These T-lymphocytes exhibit an extraordinary range of specificities, a result of
recombination events in the T-cell receptor gene family (31). However, the T-cell
receptor must interact with tumor-associated antigens presented in association with
major histocompatibility molecules (225). The T-lymphocyte consequently must be
activated and undergo a regulated clonal expansion to yield a functional population
of cytotoxic effector cells. These requirements are critical in directing, controlling,
and restricting the function of T-cell mediated immunity.  Although these
requirements do not preclude T-lymphocytes from playing a role in surveillance
against spontaneous tumors, their response is adaptive and evidence indicates that
T-cell mediated immunity is more efficient in the control of tumors induced by the
oncogenic viruses and chemical carcinogens (98). The discovery of natural killer
cells and the concept of natural immunity have led to the notion that such
mechanisms might be mediators of immune surveillance against spontaneous tumors
(72,73).

The phenomenon of natural killing initially was discovered during studies on cell-

mediated cytotoxicity in tumor-bearing individuals (154,183). These individuals were




expected to exhibit specific cytotoxic activity against autologous tumor cells or
against tumor cells of a similar type. However, control studies in healthy individuals
revealed significant lymphocyte-mediated killing of some tumor cells and tumor cell
lines. The cffector cells mediating this cytotoxicity were given the term natural killer
(NK) cells, and have been defined as a sub-population of lymphocytes with the
potential to lyse spontancously various types of target cells (72,73,154,189). The
natural killer cell lacks the properties of classic macrophages, granulocytes, and
cytotoxic T-lymphocytes, in that their activity does not require prior exposure to the
target cell, and is not dependent on interaction with molecules of the major
histocompatibility complex (72,73). Furthermore, natural killer cell activity can be
significantly increcased by a variety of immunoregulators (72,73). These
characteristics have presented the natural killer cell as a possible first line of defence
in the control of spontaneous tumor growth, particularly in the hematopoietic system.

Research over the past decade has produced much information about the
morphology, lineage, mechanism of action, and regulation of the natural killer cell
and has supported the hypothesis that natural killer cells are an important part of
the immune network. However, several key questions remain to be answered, one
of these being the nature of the target structures on the tumor cell membrane that
are recognized by the natural killer cell.

The studies described in this dissertation attempt to define the plasma
membrane components that are involved in determining target cell sensitivity to
NK-mediated cytolysis, and to determine if the specificity of NK activity changes

upon augmentation with immunoregulatory substances.




CHARACTERIZATION AND PROPERTIES OF NK CELLS

Morphology and Phenotype

Human natural killers initially were identified as nonadherent, nonphagocytic
cells with lymphoid morphology (204). Saksela et al (170) extended this definition,
using the technique of adsorption and elution of effector cells from targets. The
eluted effectors were large lymphocytes with abundant cytoplasm containing
numerous azurophilic granules. Almost all of the NK activity in the peripheral blood
can be attributed to cells with large granular lymphocyte (LGL) morphology
(186,187). However, some activated T-lymphocytes may also exhibit LGI.
morphology (55,103,104). The LGL population makes up approximately 5% of total
peripheral blood lymphocytes (187); such cells are also found in spleen, bone
marrow and lymph nodes (72,73,186,187). Natural killer cell activity correlates well
with LGL frequency in these organs.

Despite the homogeneous morphology of LGL, characterization of their cell
surface markers has revealed considerable l.aterogeneity. Most human NK activity
(>90%) is mediated by cells bearing the CD3; CD56 *(NKH1 %), CD16 * (Fc gamma
receptor) phenotype (138). Subsets can be derived according to the expression of
a vast range of surface markers, some shared with cells of the myelomonocytic
lineage (CD11b), some with cells of the T-cell lineage (CD2, CD7, CD§, CD2S5), as
well as other markers (CD11a, CDS57 or HNK-1) (73,137,138). None of these subsets
has any exclusive functional correlate, and a cell surface marker unique to natural
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killer cells has yet to be defined. The natural killer cell phenotype also can be
defined by what cell surface markers are not expressed. Among these are most, if
not all B-lymphocyte markers (CD20, CD21, surface Ig), as well as the T-cell
markers CD4 and the monocyte specific CD14 and CD15 (73,137,138,189).
Independent of other evidence, this heterogeneity in the expression of cell
surface markers implies that there may be some functional heterogeneity. This is
supported by observations that different subsets of the CD167, CD2* CD3"
phenotype produce different cytokines (138). Conversely, natural killer cell
heterogeneity has made it difficult to definitively study NK function because the
operating definition of the natural killer cell phenotype has varied arbitrarily among

different investigators.
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Lineage of NK Cells

The large granular lymphocytes that mediate natural Kkiiling share several
morphologic and/or phenotypic features with both T-lymphocytes and monocytes.
Because of this, various authors have assigned LGL. to either the T-cel! lincage, the
myelomonocytic lineage, or to a separate lineage with a precursor common to both
T-cells and monocytes. Alternatively, others have considered the NK population to
be a mixture of cells derived from both T-cell and monocytic precursors.

It has been argued that LGL belong to the myelomonocytic lincage based on
similarities in morphology, the presence of beta-glucuronidase and other enzymes in
cytoplasmic granules (72,137,170,186), apparent marrow dependence (02), and
expression of some common cell surface markers (e.g. CD11b) (9,93). However, this
evidence is not conclusive because some of these shared characteristics are not
specific to myelomonocytic lineage cells. When the expression of a more myeloid-
specific marker was analysed (i.e. cell surface CSF-1 receptors), there appeared not
to be phenotypic similarities between LGL and myelomonocytic cells (50).

Many other phenotypic and functional characteristics are shared by T’
lymphocytes and NK. Natural killer cells can form rosettes with sheep erythrocytes
(140,204), express some T-ccll associated markers (103,104,137,140), and are able to
proliferate in the presence of interleukin-2 (42,102,138). As well, NK cells and
cytotoxic T-lymphocytes appear to share a common lytic mechanism such as the
active secretion of perforin-containing granules (217). However, mature T-cells

mediate their effector function through the CD3 and T-cell receptor complex of
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mol. cules and exhibit MHC restriction. This is not the case for NK cells, which
express neither CD3, nor require T-cell receptor gene rearrangement for function
(105,137,213). Studies of IL-2 dependent NK cell clones have revealed some CD3*
cells with some rearrangement of T-cell receptor genes (103,138). These cells are,
by definition, activated by IL-2 which may result in activation of their lytic potential
in an antigen independent fashion. These cells appear with extremely low frequency,
and exhibit other differences from typical peripheral blood NK cells (103,138).
Therefore, it has been suggested that these clones represent activated T-cells and not
NK. cells.

Further divergence in NK and T-cell behavior is found in their pathway of
differentiation.  T-lymphocytes are typically thymus dependent (122,142).
Reconstitution experiments in mice have shown a different pattern of emerge.ce for
T-cell and NK mediated immunity. NK function appears well before T-cell function.
Athymic mouse strains often have normal NK characteristics and activity (75,96).
In contrast, NK cells appear to originate and differentiate in the bone marrow
(58,62,63,152). Experiments using lethally irradiated mice reconstituted with bone
marrow have shown that NK activity (either high or low) depends on the phenotype
of the donor marrow (18). Similar observations have been made in patients
following therapeutic bone marrow transplantation. Both NK number and activity
are initially depressed but are rapidly recovered after transplantation, unlike T-cell
mediated function (8,13,41,168,189). The appearance of cells with LGL morphology
closely follows the appearance of NK activity in these bone marrow recipients.

An hypothesis has been proposed suggesting that NK cells exhibit T-cell and
myelomonocytic characteristics because they are a mixture of cells representing both
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lineages (137,189). This hypothesis has not been disproven, and has not explained
how cells from two distinct lineages can share LGL morphology, cytotoxic
mechanisms, and other characteristics.

An alternative hypothesis has been presented by Grossman and Herberman (56).
They suggest that the differentiation of NK and T-cells are intimately related,
adaptive, and dependent on the nature of the self environment. Several key events
in the pathway of differentiation would decide the rate of maturation, phenotypic
plasticity, and subsequent functional activity. One of these events presumably would
be rearrangement of the T-cell receptor genes. This model accounts for most of the
shared and divergent characteristics of T-cells and NK cells. Grossman and
Herberman stress that knowledge of the NK recognition structures is a central issue

in defining NK cells and in furthering the development ot their hypothesis (56).

Regulation of NK cells

The most potent immunoregulators of NK function are the interferons
(73,76,187) and interleukin-2 (42,71,189), both of which augment NK cell activity
Activation by interferons does not require the proliferation of NK cells (190), but
does require de novo RNA (136) and p.otein synthesis (190). In mice, a subset of
NK cells has been described that is not activated by interferon (123). A parallel
observation has not been made in humans. Many other physiological substances are
able to modulate NK function (72,73,86,189,and refs. within). These include beta-

endorphins, arachidonic acid metabolites, corticosteroids, growth factors such as
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platelet-derived growth factor, and a variety of other cytokines and hormones. Viral,
bacterial and tumor cell products also have been shown to modulate NK activity.

The functional consequences of activation of NK by either interferon or
interleukin-2 may include the following. 1) An increase in the proportion of LGL
that bind to target cells (especially targets with low susceptibility to unactivated NK)
(47,57,176,187).  2) An increase in the proportion of lytically active LGL
(57,176,187).  3) An increase in the rate of Kkilling by Iytically active cells
(47,176,187). 4) An increase in recycling of LGL (187,194), or at least an inhibition
of the LGL inactivation process following effector-target interaction (1,145). 5) An
increase in the range of susceptible target cells. 6) An increase in secretion of
cytokines (137,138,and refs. within). Transient expression of the proto-oncogenes
c-myb (100) and c-fos (32) has been observed in NK cells undergoing functional
activation with IFN and IL-2. However, this enhanced expression may not be an
absolute requirement for the activation process.

Activated NK cells are more efficient effectors, and may commur’ “ite more
readily with other cells of the immune system. Responsiveness to interferon and IL-
2 suggests that in conditions where interferon and/or IL-2 ievels are elevated,
activated NK cells are generated. Such conditions could include viral and bacterial
infections, exposure of NK cells to tumor targets, or activation and proliferation of
T-lymphocytes.

NK cells, as well as being targets for cytokines, are themselves able to secrete
the IL-1, IL-2, IL-4, BCGF, BCDF, interferon alpha, beta and gamma, MAF and
CSF (91,97,138,150,172,199). Studies using NK cell clones show that most NK are

able to secrete at least interferon-gamma (137,138). Many of them secrete other
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cytokines, with a few secreting multiple cytokines. This functional segregation is
supported by studies using fresh unactivated NK cells (138).

All of the cytokines secreted by NK cells are able to modulate other immune
cells, and this firmly establishes the NK cell as an important immune regulator. The
fact that NK cells themselves can be targets for many of the same lymphokines

suggests that self-regulation may play a central role in NK physiology. Figure 1

illustrates some components of this regulatory network.
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Figure 1. Lymphokine pathways in the immune system.
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In vivo Functions of NK Cells

A large body of circumstantial evidence has been accumulated and suggests that
natural killer cells can exert their cytotoxic activity against tumors in vivo. Although
in vitro studies had shown that NK cells could effectively lyse tumor cells, the first
clue that this system could function in vivo came when it was discovered that
athymic, T-cell deficient mice could still eliminate tumors (96). These mice have
increased levels of NK activity (202). Further experiments using animal models have
shown that the metastatic capability of tumor cells correlates well with their
resistance to NK-mediated lysis (49). Conversely, in strains of low-NK and high-NK
mice, the development of metastases following a tumor challenge exhibits the
expected pattern (160). Natural killer cell activity in mice can be significantly
reduced by cyclophosphamide (158), treatment with ¥§r (63), split dose irradiation
(144), and anti-asialo G \gantisera (92,174). In mice rendered NK-deficient by these
means, there is an increase in tumor takes and metastatic spread following
inoculation with tumor cells (50,92,158,174). In some cases, mice rendered NK
deficient have been reconstituted with bone marrow (50), or the injection of purified
NK cells or NK clones (201). These animals then are able to limit the development
of primary tumors and metastatic spread as effectively as normal mice. In animals
reconstituted with bone marrow, the ability to inhibit tumor growth is dependent on
the NK activity of the donor strain (49). The beige mouse exhibits a genetically
determined defect in NK function, and NK cells from these mice are not lytically
active (164). There is a significant increase in the appearance of spontaneous
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tumors in these mice, particularly tumors of lymphoid origin (60). As well, the
ability of NK susceptible tumors to grow and metastasize is increased in beige mice
(60,89,184). In general, increases in spontaneous tumors are seen in mouse strains
with low NK activity. Together, these studies show that NK cells can be effective
in vivo in the control of tumor growth in animals.

Evidence supporting the role of NK cells in tumor control in humans is not as
extensive. Most of the data is correlational, a disease or condition correlating with
an alteration in N¥ runction and/or number. Conversely, an alteration in NK
function and/or number may be associated with certain diseases or conditions.
Natural killer cell activity is altered in a wide range of clinical conditions including
infectious, endocrine, neurological, immunological, as well as other systemic
conditions (see refs. 72, 73 for examples). The cause-effect relationships are not
clear in any of these cases. As well, in many of these studies cytotoxicity against a
limited number of cultured target lines has been used as the sole indicator of NK
function These limitations are apparent in studies of many forms of cancer where
NK function often is depressed, such as some advanced solid tumors and leukemias
(179,182,224 for example). The examination of cumuiative data in cancer patients,
careful investigation of NK function, and analysis of both tumor-infiltrating
lymphocytes and lymphocytes from tumor-draining lymph nodes does not yield a
consistent picture, and does not allow conclusions to be made about the in vivo role
of NK cells in humans.

The Chediak-Higachi syndrome in humans represents a condition similar to the
beige mutation in mice. There is a drastic reduction in NK activity in these patients
(61,99), and a concomitant increase in the incidence of neoplasia, again primarily of
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lymphoid origin (37). Patients with severe combined immune deficiency present a
similar picture (130,146). These cases provide a somewhat clearer correlation
between NK activity and the incidence of tumors.

Another role that NK cells may play in the control of neoplasia is to serve as
precursors of lymphokine-activated kiiler cells (LAK). Lymphokine activated killer
cells appear to be distinct from resting NK cells in that they are an interleukin-2
expanded population of cytotoxic lymphocytes with a broader lytic capability and a
more heterogeneous phenotype (116,138 and refs. within). There has been some
controversy concerning the nature of the precursor cell for LAK activity, based
mostly on interpretation of cell surface markers. However, it has become
increasingly clear that NK cells can function as LAK precursors, although perhaps
not exclusively. The cumulative data from mouse, rat and human studies indicate
that LAK cells derived from the blood and bone marrow of these species display
morphologic and phenotypic characteristics of NK cells (74,116,139,198,211). In the
human, this includes I.GL morphology, and a CD3/NKHI '/CDI16 phenotype
(116,139,147). Rat lymphocyte populations depleted of NK cells serve as very poor
sources of LAK activity, whereas purified LGL yield high levels of LLAK activity
(198).

Interleukin-2 is potent in its ability to augment the cytotoxic ability of the
precursor population of lymphocytes and to support the proliferation of these
activated effector cells. These LAK cells are important because they are able to kill
freshly isolated autologous and allogeneic tumor cells, as well as tumor cell lines
(53,117,138). This characteristic suggests that these cells may be more important
physiologically than ’resting’ NK in the control of tumor growth. The availability of
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recombinant IL-2 has made it possible to produce enough LAK cells to attempt
adoptive transfer experiments. This procedure has advanced to the stage where IL-2
and LAK have been used in the therapeutic treatment of cancer in humans (169),
with some success in patients with melanoma, renal cell carcinoma, and certain other
tumor typas (reviewed in 138). Concerns about limiting the side effects and
increasing the efficacy of the treatment regimen have led to the proposal that only
purified NK cells be used in the production of the LAK effector population (116).

In summary, there is increasing evidence that NK cells may play a major part in
the natural resistance to neoplasia, both in their role as lytic effector cells and as
precursors for LAK.

Natural killer cells appear to interact with a variety of normal cells in mouse
(159) and human bone marrow (65) and in the thymus (66). These cells are
immature undifferentiated .2lls, and their ability to serve as targets has led to the
hypothesis that natural killer cells have a regulatory role in normal hematopoiesis.
This hypothesis was supported by the work of Cudkowicz and others, who described
a radiation resistant lymphocyte in mice capable of inhibiting the graft of parental
bone marrow into an F, progeny recipient (33, and refs within). Subsequently, it
was shown that NK cells were the effectors responsible for this in vivo phenomenon
(95). Later experiments by Warner and Dennert confirmed this observation, showing
that reconstitution of mice with NK clones could prevent the take of a parental
marrow graft in F; recipients (201). Further evidence of the capacity cf NK cells
to actively kill bone marrow cells came from studies measuning the clearance of
intravenously injected, JUdR-labelled bone marrow cells (139). As in the
experiments measuring tumor take and metastasis, the rejection of parental marrow
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grafts and the clearance of radio-labelled bone marrow cells correlated with the NK
activity in the murine strains that were used. A parallel line of evidence exists in
humans undergoing bone marrow transplantation. The likelihood of developing
acute graft-versus-host disease is associated with a high level of NK activity prior to
the transplant (114), and to the subsequent early reappearance of NK activity (41).
NK activity often 1s enhanced in patients exhibiting conditions of depressed marrow
function, most notably aplastic anemia (10) and in patients with NK lymphocytosis
there often is an associated 1ed cell aplasia (109) or neutropenia (143). However,
attempting to draw conclusions about human NK function from this kind of
correlation is necessarily simplifying a complex, multifactorial clinical picture.

In vitro experiments have not yet clarified the role of NK cells in the regulation

of hematopoiesis. In some studies, purified LGL have enhanced the formation of
erythroid burst forming units (BFU-E) from human peripheral blood and bone
marrow (94), while in other studies inhibition of erythroid and myeloid colony
formation has been reported (12,38,79). For example, the monoclonal antibody
(9.1C3) is capable of blocking NK mediated cytolysis (87). A marked enhancement
of BFU-E is observed when this antibody is added to cultures ot unfractionated bone
marrow cells (87). This result suggests an inhibitory role for NK. However, purified
LGL and expanded LGL clones have been shown to produce colony stimulating
factors (34,177). The apparent differential effects of NK on hematopoiesis may be
a reflexion of the ability of NK cells to influence their microenvironment both by
secreting soluble factors and through direct cell-cell contact. Thus, both inhibitory
and stimulatory signals may be generated by the same cell population. Also, recent
work has suggested that modulation of myelopoiesis by human LGL may depend on
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the maturation stage of the progenitor (121).

The dual role of NK cells in the modulation of hematopoiesis, and as effectors
limiting the development of tumors may be especially important in an organ like the
bone marrow where both differentiation and proliferation occur. Aberrant
hematopoictic cells that escape the control of regulatory systems (including
modulation by NK cell products) and threaten homeostasis subsequently may be
recognized as aberrant and be killed by NK effectors. It follows that one of the ways
leukemia may develop is for these early aberrant cells to escape modulation and/or
detection by NK cells, possibly through changes in their cell surface. In addition to
their role in the control of tumor growth, as precursors for LAK, and in the
regulation of hematopoiesis, NK cells have acquired many other functions. A

summary of the proposed functions for NK cells in_vivo is shown in Table 1, based

on data derived from experiments in both human and animal systems.




Table 1. Functions of Natural Killer Cells

(adapted from 156)

1. Control of tumor cell growth
- inhibit the development of primary tumors
- control the development of metastases

2. Precursors of lymphokine-activated killer cells (LAK)

3. Control of hematopoietic stem cell growth and differentiation in:
- bone marrow
- thymus
- spleen

>

Immunoregulatory properties:

- production of cytokines

- regulation of the antibody response

- regulation of cell-mediated immunity
- natural suppressor cells

bt

Involvement in allograft rejection:
- bone marrow transplantation

- hybrid resistance

- organ transplantation

o

Involvement in disease states

- development of graft-versus-host disease (GVH)

- contribution to some forms of aplastic anemia

- potentiate autoimmune and neurological disease

- contribute to the development of some forms of diabetes
- involvement in various gastrointestinal disorders

7. Control of microbial infections
- viral infections
- intracellular and extracellular parasites
- fungi
- bacteria
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MECHANISMS OF CYTOTOXICITY

The nature of the interaction between natural killer cells and susceptible targets
is a central issue in the definition of the NK cell, the characterization of its cytotoxic
function, and the specificity of this function. Despite intense research effort, little
is known about the nature of the molecules involved in the effector-target interaction
cascade. However, a model that divides the effector-target interaction into several
intrinsic phases has been proposed based on accumulated information. This model
is represented in Figure 2.

The sequence of events depicted in Figure 2 is essentially an elaboration of the
stimulus-secretion model, whereby initial recognition of the target is followed by
directed emiocytosis of cytoplasmic granule contents (26,163,165). The cytolytic
nature of the granule contents further characterizes a primary function of the
natural killer cell (215).

The initial step in the sequence of events is the recognition of, and subsequent
binding to the target cell. This is followed by activation of the lytic process: an
increase in intracellular free calcium concentration (43), possible involvement of the

phosphatidylinositol response (205), reorientation of the microtubular organizing
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Figure 2. Directed-exocytosis model of NK-mediated cytolysis.
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complex (101), rcarrangement of the granules (210), and polarization of the Golgi
apparatus towards the target cell (29,101). The cytoplasmic granules fuse with the
cell surface membrane of the natural killer cell at the point of communication with
the target cell, releasing their contents into the intercellular space (210). There also
may be active secretion of cytolytic molecules independent of those packaged in
granules. The Iytic molecules secreted and released from the granules then interact
with the target cell membrane, perhaps through both nonspecific and
receptor-mediated mechanisms. Some target cell-dependent activation of lytic
molecules also may take place. Disruption of the target cell membrane leads to cell
death (215). Once the natural killer cell has released its granule contents, it has the
potential to recycle and begin the cytolytic process anew.

It is presumed that the initial recognition step is central to the expression of
specificity by the natural killer cell; without effector cell recognition of a target cell
there cannot be subsequent cytolysis. While this point is justified, and while
recognition may serve as a prime regulation point, specificity may be expressed at a
number of steps in the cytolytic sequence. The natural killer cell may recognize
specific molecules on the cell surface of susceptible target cells. In turn, specific
molecules on the target cell membrane may be required to activate the natural killer
cell, which can then proceed with the cytolytic process. Once the lytic molecules
have been released, they may have to bind to specific molecules on the target cell
membrane, and they may have to be altered or activated before they can inflict
damage to the target cell membrane. One consequence of this complicated picture
is that natural killer cell specificity may be a reflection of the sum of these individual

specificities and may involve a number of molecules on the cell surface of both
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effector and target cells. Studies of the molecules involved in the process of target
cell recognition must acknowledge this apparent complexity and should not focus

simply on one species of molecule in isolation of the others.

Recognition of target cells

The effector-target binding step is the first in the sequence of events that
ultimately may lead to the death of the target cell. It is the most obvious step where
expression of specificity can be displayed, and where modulation may lead to tumor
target escape from recognition. A central issue in the study of natural killer cell
function is the nature of the recognition structures present on susceptible target
cells. This issue remains unresolved and has hindered progress in the understanding
of all aspects of NK physiology.

A number of different approaches have been used in attempts to define
NK-target interactions, and some general characteristics of target cell recognition
have been described.

A wide variety of normal (65,135,159), virally infected (18,124), and syngeneic,
allogeneic, and xenogeneic tumor cells (reviewed in 137) are lysed by natural killer
cells. However, there is some specificity in target cell susceptibility to NK cells;
many cell lines and cell types are clearly resistant to NK-mediated lysis. In general,
undifferentiated cells are more susceptible to NK-mediated lysis than are mature
cells, although there are many exceptions (72,73,137 for review). Furthermore, there
appears to be some heterogeneity in the specificity of target cell recognition by NK
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cells. This observation is supported by three types of evidence. First, cold-target
inhibition assays indicate which target structures are shared among different target
cells. In thess assays, a variation of the *Cr-release cytotoxicity assay, varying
numbers of unlabeled NK-sensitive target cells are added to a mixture of effector
cells and labeled target cells. Information about the identity and relative density of
recognition structures between two target cells can be inferred from their
competition patterns. Results from this type of experiment indicate that there may
be a number of different target stuctures recognized by subsets of NK cells (181).
Second, cellular immunoadsorption studies use monolayers of NK-sensitive target cell
lines to deplete target-specific NK cells from the lymphocyte population (84,148).
Analysis with a number of different target cell lines have confirmed the results with
the cold-target competition assay, and have indicated that at least seven different NK
specificities might exist (148). Third, interleukin-2 dependent NK clones have been
used in an attempt to definitively describe the heterogeneity of NK target
recognition. Natural killer cell clones typically are NK cells of a predetermined
phenotype that have been clonally expanded and maintained in long-term continuous
culture in the presence of a supporting concentration of interleukin-2 (6,137,161).
NK clones differ from classic activated NK cells in that activated NK are merely
resting NK cells whose activity has been activated or boosted by short-term exposure
to an effective activating substance (IFN or IL-2, for example). Some of the NK
clones do display selective reactivity against some NK-sensitive targets, and some
clones are able to lyse target lines that are resistant to fresh NK cells, suggesting that
sensitivity to NK cells is a only a matter of degree (6,78,137,161). These data appear
to support the heterogeneity of both NK cell specificity and NK target structures,
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and most studies assume that NK-clone specificity accurately represents NK
specificity. However, NK clones are IL-2 dependent, and therefore may be defined
as a form of activated NK. There is little evidence to support the belief that resting
and activated NK share the same target cell specificities. Many NK clones exhibit
a broad reactivity, not unlike activated NK. Also, many NK clones display unstable
reactivity, many are not cytotoxic against any of the target cells tested, and many
exhibit a cell surface phenotype uncharacteristic of resting LGL. Despite the
technical advantages of using NK clones, these observations call into question their
suitability as being representative of resting NK cells, and perhaps also of IFN and
IL-2 augmented NK.

Several approaches have been used in attempts to further define the molecular
nature of NK target structures. These include modification of the target cell surface
with various enzymes, chemicals and biological agents, chemical induction of target
cell differentiation, studies correlating the expression of certain target cell surface
molecules with NK susceptibility, and attempts at blocking effector-target binding
with simple sugars, glycosides, and target cell membrane components. Evidence
linking the recognition of NK-susceptible target cells with any specific cell surface
determinants has been indirect and necessarily inconclusive.  Treatment of target
cells with proteases decreases their susceptibility to NK cells, suggesting that the
target structures are membrane proteins (165,166). Investigation of the glycosylation
requirements of NK target structures has not proven a role for N-linked
oligosaccharide components in NK target recognition. Simple sugars, phosphorylated
sugars, and glycosides have been added to assays of NK function in attempts to
define a role for specific carbohydrates (2,4,118). The concentrations of

30




carhohydrates required to detect inhibition are quite high, and most inhibitory effects
are seen at post-binding stages in the lytic process (77,197). Treatment of NK-
sensitive K562 target cells with »~ ° i is followed by an increase in their sialic
acid content and a parallel decrease in NK sensitivity (14). An inverse relationship
between neuraminidase releaseable sialic acid and NK sensitivity also has been
reported in the mouse (212). This type of study suggests that sialic acid residues are
involved in determining sensitivity to NK cells. However, as with other carbohdrates,
sialic acid and sialo-oligosaccharides were shown to inhibit most effectively at a
post-binding stage (195).

The use of cell line mutants with induced defects in glycosylation, and studies
using inhibitors of oligosaccharide processing have led to conclusions that NK cells
recognize target cells depending on the type of oligosacchari-'es presented at the cell
surface. A wheat germ agglutinin . (WGA) resistant  variant  of the
metastatic/NK-resistant murine lymphoma cell line MDAY-D2 becomes NK
sensitive (129) and also less metastatic (35). This shift in phenotype correlated with
the appearance of premature truncation products of more complex oligosaccharides
(36). These incomplete oligosaccharide complexes were found to be a mixture of
bi- and triantennary, Concanvalin A (Con A) binding structures, terminating in
N-acetylglucosamine residues. One conclusion from these studies was that N-linked
oligosaccharides, including high mannose and some incomplete complex structures,
may be recognized by NK cells as part of glycoprotein target structure. Similar
results have been reported by Ahrens and Ankel (3,4) using a series of lectin
resistant mutants of Chinese hamster ovary cell lines. Sensitivity to untreated or
lymphokine-boosted NK cells and the ability of specific oligosaccharides to block NK
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lysis were both linked with high-mannose type structures. Similarly, Pospisil ¢t al
(153) have defined triantennary oligosacharrides in some conformations which block
pig NK activity against K562 target cells. However, it may not appropriate to equate
changes in NK-sensitivity with altered NK-recognition, based solely on data from the
chromium-release assay.

A number of NK-susceptible target cell lines can be induced into limited
differentiation by various chemical agents; hemin (40,203), bleomycin (59), sodium
butyrate (40,203), cytosine arabinoside (59), and phorbol esters (203). Although the
extent of differentiation often was correlated with a decrease in NK-sensitivity,
supporting the view that NK activity is predominantly directed against immature
cells, differences in growth rate upon differentiation may have influenced the
changes in susceptibility (59).

Several molecules have been proposed to be involved in NK-target recognition,
based either on experiments correlating cell surface expression of a specific molecule
with NK susceptibility, or on inhibition of target cell recognition with specific
antibodies and specific molecules. Examples include stage-specific embryonic
antigen one (SSEA-1) (68,223), class [ histocompatability antigens (88,149),
ganglioside G yX7), and transferrin receptor (TfR) (11,196). The work investigating
TfR involvement in NK-target recognition is in many ways representative of this
approach. Initial studies showed a correlation between cell surface expression of
TfR and both NK suscepiibility and the ability to compete against K562 target cells
(K562 cells express high numbers of TfR during exponential growth) in cold cell
competition assays (196). It was also apparent that TfR fragments and transferrin
(Tf) saturated with iron could inhibit NK-target interactions (11). Alarcon et al (5)
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have reasoned that if TfR was an NK target structure it could interact not only with

transferrin as the natural ligand, but with an NK cell receptor sharing similar tertiary
structure to transferrin. Their experiments indicate that 1) LGL treated with an
anti-human-Tf antibody lose much of their lytic activity against K562, 2) 80% of
LGL immunoselected on anti-human-Tf coated plates reacted positively with Leu-11
antibodies, and 3) the ability of LGL membrane extracts to block NK activity against
K562 could be removed by pretreatment of the extracts with anti-human-Tf
antibody. Although together these data imply a possible target structure function
for TfR, this issue is not without controversy. Were TfR an effective target
structure, modulation of TfR expression on NK-susceptible cells should affect their
sensitivity. Dokhelar et _al (39) measured NK sensitivity of KS62 cells during
exponential growth phase where TfR are expressed in high numbers, plateau growth
phase or hemin-induced differentiation where TfR are significantly reduced, and
after treatment with cycloheximide or actinomycin D which abolishes TfR
expression. Significant changes in NK-sensitivity were not observed. Blocking the
TIR active site with the monoclonal antibody 42.6 or with transferrin did not affect
NK activity against K562 (39). Similar results were obtained by Bridges et al (24).
They induced a twofold increase in KS62 TfR by treating the cell culture for 24
hours with the iron chelator desferrioxamine, and a twofold reduction of TfR by
24-hour treatment with hemin. Again, changes in NK sensitivity were not observed.
Furthermore, several types of target cells selected for similarity of TfR expression
exhibited a wide range of sensitivities to NK cells and varied in their ability to
compete in cold-target inhibition assays (24). Zanyk et al (222) used phorbol esters
to induce changes in the TfR expression of target cells, and also concluded that TfR
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expression alone does not determine NK sensitivity. Three monoclonal antibodies
specific for the human TfR have been used by Lopez-Guerrero gt al (115) to define
functional epitopes on the TfR molecule. Antibody FG 2/12 blocked transferrin
binding to the celluiar receptor, whereas FG 1/5 and FG 1/6 did not. FG 2/12
inhibited NK activity (cytolysis and conjugate formation) of CD3” LGL against Hel.a
and Molt 4 target cells, but not against either K562 or U937, whereas FG 1/5 was
effective only against HelLa targets, and FG 1/6 was ineffective against all targets
tested. The authors concluded that NK cells reccgnize an epitope different but close
to the transferrin binding site, and that although TfR is a target structure for NK
cells, it may function only for some target cells. This last point would help explain
the contradictory reports on the correlation between cell surface TfR expression and
sensitivity to NK-mediated cytolysis.

The notion that inappropriate expression of a receptor linked to prohferation
could lead to the recognition and killing of a cell is appea'ing, although recognition
may not necessarily lead to target cell lysis. Natural killer cells may only partially
recognize cells with increased expression of certain types of TfR, but may require
an additional structure in order to complete recognition of a appropriate cell and
proceed with the cytolytic cascade. This proposition is supported in part by the
demonstrated heterogeneity of TfR (115,191) and by experiments using mouse
L-cells transfected with human TfR c¢DNA (131). These human-T{R-positive
transformants are not susceptible to lysis by NK cells, but are effective competitors

The relationship between the cell surface expression of major histocompatibility
complex (MHC) molecules and susceptibility to NK is unusual in that it is the lack
of expression of these molecules on target cells that has been correlated with NK

34




sensitivity (88,149). Consequently, it has been postulated that NK cells may function
as a defense system against tumor cell variants lacking cell-surface MHC molecules
(86). This defense system would thereby complement CTL-mediated immunity,
which must recognize MHC molecules to kill a target cell. Evidence supporting this
hypothesis comes from experiments in both mouse and human systems. Piontek et
al (149) selected H-2 deficient variants of the murine lymphoma YAC-1 and showed
that these sublines became highly NK-sensitive. These, and other H2 loss variants
exhibit a less malignant phenotype when injected into syngeneic host animals (90).
Further characterization of these variants has indicated that despite three distinct
defects in H-2 expression all result in the NK-sensitive/less malignant phenotype
(112). Similar variants have been derived from human T and B-lymphoblastoid cell
lines, the loss of Class I but not Class I HLA expression correlating with increased
NK-senrsitivity and conjugate formation (67,180). The human cell line Daudiis HLA"
and has been transfected with cloned human betaymicroglobulin DNA that allows
these cells to express Class I molecules on the cell surface (155). The Daudi HLA
Class 17 transfectants showed a modest but increased resistance to NK and
LAK-mediated lysis. However, transfection of HLLA K562 cells with human HLA
Class I DNA has produced contradictory results. K562 transfectants with varying cell
surface Class I expression did not show any changes in NK-sensitivity or
competitiveness in cold target inhibition studies (106). Although the data supporting
loss of histocompatibility antigens as a determinant of target susceptibility in mouse
is compelling, a different mechanism may be predominant in humans. Regardless,
it has been suggested that H-2/HLA expression may only be influential at
post-binding stages in the lytic cascade (111,113).
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A more direct approach to the identification of possible NK target structures has
been isolation of membrane components from NK-susceptible target cells and the
study of their effects on the binding of NK cells to target cells. Roder, ¢t al
(162,167) reported in 1979 that high molecular weight (130-240 kDa), Concanavalin
A-binding glycoproteins eluted from SDS-PAGE gels could inhibit NK-target
conjugate formation. Further characterization of these inhibitory molecules has not
been reported. Obexer, et al (133) and Henkart, et al (69) have reported similar
findings using purified LGL in the inhibition assays and improved techniques of
membrane protein isolation and fractionation. Once again, the inhibitory molecules
were glycoproteins capable of binding to Concanavalin A and covered a wide
molecular weight range; 10 kDa and 80-200 kDa from Obexer, 30-165 kDa from
Henkart. It is interesting that Henkart could achieve significant inhibition of
LGL-target formation only if the isolated membrane glycoproteins were reconstituted
into micelles of endogenous membrane lipids. This suggests the involvement of a
number of membrane components in NK-target recognition. Again, there has not
been any further characterization of these molecules since they were initially
reported.

Despite considerable research effort, the molecules involved in target cell
recognition remain unknown. The study of target structures and the ability to gain
useful information has been hampered by the lack of a definitive and objective assay
to measure recognition, by a reluctance to accept that the recogmition event might
involve a complex of molecules on the cell surface and not just a single target
molecule, and by the inveterate belief that any specific receptor or target structure
of consequence must be glycoprotein.
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Activation or triggering of cytolysis

Once a natural killer cell has recognized and bound to its target, it must in turn
be triggered to lyse that target. The reorientation of the microtubules, Golgi
apparatus and cytoplasmic granules is a part of this process, and only occurs in NK
cells that interact with susceptible targets (29,101). Modulation of the NK target
K562 with IFN renders it less sensitive to NK-mediated lysis, and also defective in
its ability to induce both reorientation of the Golgi and increases in intracellular
calcium in NK cells (54). These ultrastructural changes seem to be required before
lysis can occur. Increases in intracellular free calcium (43), and an increase in the
metabolism of several cyclic nucleotides and the phosphotidylinositols (PI) (178,205)
have been observed following effector-target interaction and may play a role in
linking recognition to cytolysis. This idea is supported by the observations that
natural killer cytotoxic factor (NKCF) (51), and perhaps perforin (216) can be
released from NK cells by stimulation with the phorbol ester TPA and calcium
ionophore, a combination that mimics the physiclogic consequences of increased PI
turnover.

The requirement of a triggering step in the cytotoxic mechanism also has been
suggested by studies using various inhibitors. For example, inhibitors of
serine-dependent proteases and/or sulphydryl-dependent enzymes inhibit the release
of NKCF, but not effector-target binding, or target cell susceptibility to NKCF (20).
This suggests that triggering of NKCF may be mediated by a proteolytic event.
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Antibodies against the human equivalent of murine 200/Ly-5 (94,132), and inhibitors
of arachidonic acid lipoxygenation (22) block NK-mediated K562 lysis at the
post-binding effector cell level, indicating a role for these molecules in the
intermediate steps of the lytic sequence. In a series of experiments using a calcium
pulse technique in combination with & dextran suspension assay and S1Cr-release,
Hiserodt, Targan and colleagues used a series of inhibitors to further dissect the
stages in the mechanism of cytotoxicity, and their cation requirements (80,81).
However, the concentrations of some of the inhibitors (verapamil, DMSO, EGTA)
far exceed those required to ensure specificity and minimize effects on membrane
integrity, intracellular pH, and intracellular calcium metabolism. These limitations

call into question the conclusions made from these types of experiments.

Lytic molecules and their interaction with target membranes

The stimulus-secretion model of NK-target interaction implies that information
about the nature of the cytolytic effector molecuies may be found by examining the
granule contents of the natural killer cell. Support for this hypothesis comes from
studies that point to degranulation as a necessary prerequisite tor target celi lysis.
Natural killer cell activity in humans and mice can be inhibited by treatment of NK
cells with monensin (28,29), which blocks the intracellular transport of newly
synthesized molecules from the Golgi, with degranulation inducing agents (127,128),
or with lysosomotropic agents (175). Ultrastructure studies also have indicated that
degranulation is a consistent feature in the cytotoxic mechanism of NK cells
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(reviewed in 29). The isolation of cytoplasmic granules from LGL and the
demonstration of their potent ability to lyse cells have established granule-release
as the likely mechanism for delivering cytotoxic molecules (215).

The cytoplasmic granules of natural killer cells have been shown to contain three
serine esterases (human granzymes 1,2 and 3) (64), a T- and natural killer
cell-specific trypsin-like serine protease (45,48), perhaps another unique serine
esterase (BLT-E) (126), protease-resistant proteoglycans of the chondroitin A type
(119), and cytolytic pore-forming protein or perforin (215), all of which may take
part in the killing of a target cell. As well, a range of other molecules has been
described whose functions in the killing process are not clear. These include
beta-glucuronidase (55), arylsulfatases (276), lipo-oxygenases (82), and a urokinase
type plasminogen activator (27). There is no evidence that all of these molecules
reside in the same type of granule, and are not functionally segregated within the
cell.

Perforin. Perforin has been isolated and purified from the granules of rat,
mouse and human Il-2-dependent NK and CTL derived cell-lines (70,110,220,215),
its cDNA sequence and deduced amino-acid sequence have been described (108),
and its function has been well characterized. Perforin is a single protein species with
a molecular mass of 70 kDa under reducing conditions (215). The perforin
monomers, once released from the effector cell, bind to and insert into the lipid
bilayer of the target cell where they polymerize into macromolecular tubular
complexes or pores (215,217). Only perforin monomers can insert into a membrane,
and polymerization must take place entirely within the membrane for them to be
lytically active. As well, the polymerization of perforin monomers is strictly
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calcium-dependent (215). These characteristics insure that perforin monomers
escaping into the surrounding extracellular fluid polymerize quickly and therefore are
rendered incapable of inserting into, and damaging the membranes of non-target
cells.

The pores formed by the progressive aggregation of perforin monomers are
functional, displaying a large unitary conductance and a high voltage-resistance
(215,219). Target cells appear to depolarize rapidly, undergo an influx of water, and
lzakage of electrolytes and some macromolecules (215,218). The cells swell and
ultimately burst.

Perforin does not appear to display any intrinsic specificity for type of target
membrane. Although an intact effector cell containing perforin-rich granules
displays target cell specificity, the isolated granules or the purified perforin are able
to kill a wide range of cell types, and exhibit activity against liposomes and
reconstituted planar lipid bilayers that would not be sensitive to the intact NK cells
(110,215,218,219).

Considerable evidence has accumulated relating perforin to complement
proteins, particularly those of the membrane attack complex (MAC). The MAC 15
the name given to the C5b-C9 group of complement protems that is responsible for
membrane disruption and transmembrane tubule formation. Perforin and the
complement protein C9 share many characteristics including molecular mass, unit
conductance and electrical characteristics of the pores formed, functional size, and
immunologic cross-reactivity (214). Anti-C9 antisera have been used in the affinity
purification of perforin from human lymphocytes, and have been shown to block
killing of K562 target cells by human LGL (220). Ultimately, description of the
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c¢DNA sequence of human perforin has revealed 17-20% homology with the human
complement proteins (C7,C8,C9) that form the transmembrane channel of the MAC
(108). This relationship between perforin and complement proteins has raised the
issue of homologous restriction. Natural killer cells and CTL, as well as other
nucleated cells, are resistant to lysis by homologous but not heterologous
complement (85). It appears that the activity of perforin also may be restricted in
this manner, thereby protecting functional effector cells from self-inflicted damage.
A soluble form of homologous restriction factor has been isolated from the
cytoplasmic granules of cultured human LGL (221). However, it also has been
shown that NK and CTL are resistant to lysis by both homologous and heterologous
perforin (85). This suggests that the protective mechanism associated with
complement and with perforin are different. Regardiess of this controversy over the
nature of the protective effect, it is clear that the cytotoxic cells that use perforin as
an effector molecule are protected from lysis, and are able to recycle.

Most of the biochemical and functional studies have used IL-2 dependent
NK-derived cell lines or clones as a source of isolated cytotoxic granules and purified
perforin. These cytotoxic cells are by definition activated, and may not represent
primary or resting NK cells. This view is supported by studies that failed to detect
the complement-like perforin pore structures on lysed targets or the presence of
cytolytic granules and perforin in freshly harvested, unactivated cytotoxic cells
(15,218). Moreover, the process of IL-2 activation and cell line production has been
shown to lead to the acquisition of cytoplasmic granules, and the development of
perforin staining and activity (64, for example). It appears that the expression of
perforin can be induced by IL-2, and therefore may be predominantly a characteristic
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of activated cytotoxic cells.

Further evidence disputing a predominant role for granule perforin in
lymphocyte-mediated killing comes from studies using cytotoxic T-lymphocytes (CT1.)
as effectors. Although initially calcium was saic to be necessary for the CT1L lethal
hit (120}, and although perforin-mediated target membrane damage is entirely
calcium dependent (215), a reexamination of this relationship has suggested that
calcium dependence may be dictated by target cell type (141,188) and also by the
different CTL populations used (83). For example, Ostergaard and Clark have
shown that the antigen-specific CTL clone KB1.24 can lyse EL-4 targets in the
absence of extracellulai calcium, whereas B-6 blasts require the presence of calcium
in order to be lysed (141). In general, antigen-stimulated, Il-2-dependent CTL and
primary CTL are able to kill some targets in the absence of calcium; cloned CTI.
lines that behave like LAK cells can kill all targets in the absence of calcium,
murine LAK appear to require calcium for all target killing (30}. Other studics have
shown that CTL clones are able to lyse target cells in the complete absence of
extracellular calcium, and under conditions where intracellular calcium stores have

gen depleted (141). The secretion of cytoplasmic granules is entirely
calcium-dependent, and therefore should not be possible under these conditions,

Similar studies have not been performed with natural killer cells  However,
antibodies raised against human perforin apparently are able to block both ADCC
(200) and spontaneous cytolytic activity of human LGL (220). Antbodies raised
against the cytoplasmic granules of rat LGL tumor cells also block NK and ADCC
activity, but are not effective against CTL activity (157).

Despite convincing evidence supporting perforin as the lytic mediator in cytotoxic
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cell lines (CTL and NK-derived), the role of perforin in vivo remains unclear. It is

becoming more apparent that cytotoxic lymphocytes may possess more than one type
of lytic mechanism.

NKCF. NK cells release natural killer cytotoxic factor (NKCF) after they have
been incubated with susceptible target cells (206). The active component is a
protein of apparent molecular weight of 15-40 kDa (17,20,171), and appears to
require both disulphide bonds and its oligosaccharide chain for lytic activity (20).
NKCF may consist of more than one species of cytotoxic molecule (20,171). It has
not yet been determined whether NKCF is present in the granules of unactivated NK
cells or if emiocytosis is the mechanism of its release from NK cells. Treatment with
monensin or Sr**has been shown to interfere with the secretory process of cells, Sr?*
by causing a degranulation of the cell (128), and monensin by interrupting tne
transport of newly synthesized membrane proteins and secretory molecules from the
Golgi apparatus to the cell membrane (52). Both of these agents also inhibit NK
activity (29,127), and both have been shown to inhibit NKCF production (19).
However, granules from NK-derived celi lines have not been shown to contain
NKCF, although the presence of significant amounts of perforin in these granules
may mask the activity of NKCF. The small percentage of LCL in peripheral blood
has not permitted isolation of enough granules for adequate analysis.

NKCF-mediated and perforin-mediated cytoxicity differ from one another in a
number of characteristics. The stimulation of NKCF release seems to be rather
nonspecific. Some target cells that bind NK effectors but are resistant to lysis have
been shown to stimulate the release of NKCF (207,208,209). Although the release

step may be nonspecific, NKCF itself demonstrates inherent specificity. Cell-free
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supernatants containing NKCF are selectively cytolytic for NK-sensitive target cells
(206,207). Therefore, it has been proposed that the majority of NK target specificity
(with target cell death as the end result) may be determined by target sensitivity to
NKCF, most likely through NKCF-specific membrane binding sites. In contrast,
perforin is presumably released upon direct interaction of NK cell receptors with
specific structures on the target cell membrane. Once released, perforin displays
little specificity in the membranes with which it interacts.

Subsequent to its interaction with a specific binding site, NKCF may require an
activation step before it can inflict damage to the target cell (20). Perforin activity
can be enhanced by the simultaneous secretion of a 60-kDa serine protease (126),
but this does not represent an essential activation process and is not dependent on
the serine protease activity of the molecule.

It is not yet known how NKCF mediates lysis of target cells. Further, insight
into the biochemical pathways involved will require the more rigorous purification
and characterization of the NKCF molecules. Overall, biochemical information has
remained elusive beyond the initial description of NKCF.

The possibility of natural killer cells possessing two distinct cytolytic mechanisms
raises the issue of their relative roles in mediating NK function. There is no clear
evidence revealing either NKCF or perforin as the predominant lytic mechanism in
unactivated NK cells, It has been observed using a double conjugate modification
of the single cell assay that a single LGL can lyse both NK and ADCC targets
simultaneously (21). If NKCF is the predominant lytic molecule, then a mechanism
for sidestepping the target specificity of NKCF must exist in order for the ADCC
target to be killed. Thus far, this has not been addressed. Perforin, once released,
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would not have to overcome any specificity barriers. However, perforin cannot be
immunolocalized in the granules of unactivated NK (218). This may represent an
inability to physically detect minute yet functional quantities of perforin.
Alternatively, the NK cell may be capable cf a sufficient level of intracellular
organelle sorting to allow the cell to specifically direct two distinct lytic mechanisms.
Evidence for the independent degranulation of two different granule fractions exists
for CTL effector cells. Clark et al have shown that the lytically active CTL cell line
L3 (with demonstrable perforin-containing granules) is not able to lyse
CD3-derivatized red blood cells, although they have measured proteoglycan and
serine esterase release from these CTL effectors (30). If perforin is found in the
same granules as serine esterase and proteoglycans, then the CD3-RBC-induced
degranulation of the CTL effectors should have led to lysis of these targets. This
dissociation of the lytic and degranulation events in CTL supports the hypothesis that
different populations of granules may exist within the cell and may be under
independent control. Precedent for this mechanism is found in cells of the anterior
pituitary where growth hormone and prolactin are packaged in separate granules
(46), and in primary versus secondary granule release in human neutrophils (107).

Antibodies raised against perforin have been shown to block both the NK and
ADCC activity of LGL (200,220). This type of antibody will block also the activity
of NKCF (19,77). The reasons for this apparent cross-reactivity have not been
determined.

Serine proteases. A number of serine proteases have been isolated from the

granules of NK-derived cells. Those with identified catalytic activity have neutral pH
optima, suggesting that they may be most active after exocytosis (64). They are not
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directly lytic to target cells, and may be involved in the activation, release or
modulation of cytotoxic molecules (126). Protease inhibitors do inhibit the release

of NKCF, implying a role for serine proteases.

Proteoglycans. Protease-resistant proteoglycans of the chondroitin A type have
been shown to be present in NK cell-derived cytoplasmic granules, and are actively
exocytosed during contact with NK-sensitive target cells only (119,173). A number
of functions have been proposed whereby proteoglycans may indirectly participate
in the cytolytic process (192). Proteoglycans may facilitate transfer of cytolytic
molecules to target cells. However, pure perforin is as effective as intact granules,
which suggests proteoglycans are not required. Proteoglycans may be involved in the
packaging and condensation of cytoplasmic granules, and may protect the effector
cell from autolysis by inactivating cytolytic molecules within granules. The latter
possibility is supported by observations that proteoglycans bind and inactivate
perforin, especially at the low pH present within cytoplasmic granules (193).

In summary, research over the past ten years has confirmed a role for natural
killer cells as effectors and regulators in the immune system. Despite this progress,
many areas of NK physiology remain speculative. It is essential that there be a
better understanding of the molecular and biochemical nature of natural killer cell

specificity before one can fully exploit them for therapeutic ends.
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MATERIALS & METHODS
RESULTS

DISCUSSION

The three papers that follow represent the Materials and Methods, Results and

Discussion sections of this dissertation. These papers are reprints of articles

published in the established literature and subsequently will be referred to by the

following labels:

Publication 1:

Publication 2:

Publication 3:

Target Cell Specificity of Human Natural
Killer (NK) cells I. Development of an
NK-Resistant Subline of K562

Stephen L. MacDougall, Chaim Shustik and
Arthur K. Sullivan

Cellular Immunology 76: 39-48 (1983).
Target Cell Specificity of Human Natural
Killer (NK) Cells II. Apparent Change with Activation

Stephen L. MacDougall, Chaim Shustik and
Arthur K. Sullivan

Cellular Immunology 103: 352-364 (1986).
Increased fucosylation of glycolipids in a
human leukemia cell line (K562-Clone I) with

decreased sensitivity to NK-mediated lysis

S. L. MacDougall, G. A. Schwarting,
D. Parkinson and A. K. Sullivan

Immunology 62: 75-80 (1987).
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The initial step in the interaction of an NK effector cell with a susceptible target
cell is the formation of effector-target conjugates. This intimite intermembrane
communication is thought to be specific, and to involve distinct membrane-associated
molecules. Although a variety of experimental approaches have been used to try to
gain insight into the nature of these molecules, they have not produced firm
knowledge about the membrane characteristics that define sensitivity to
NK-mediated cytolysis.

Our experimental approach to the study of NK-target interactions has been to
raise NK-resistant variants of the standard NK-susceptible target cell line K562, and
to compare these variants with the parent ceil line in order to discern the
biochemical nature of their resistance to NK-mediated lysis. The selection
procedure for deriving NK-resistant variants was designed with the hope of limiting
the basis of NK-resistance to the initial recognition events. This was attempted using
a modification of an experimental method developed by Saksela et al (170), and
described in the Materials and Methods section of Publication 1. The Saksela
method used the formation of effector-target conjugates as a means of isolating the
lymphocytes that bound to KS62 target cells. Briefly, they mixed peripheral blood
lymphocytes (containing NK effectors) with K562 target cells and allowed
effector-target conjugates to form. This mixture was then layered onto a cushion of

17% Percoll and gently centrifuged, sedimenting the NK-K562 effector-target
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conjugates and leaving the free lymphocytes and free K562 cells at the interface.
The NK-K562 effector-target conjugates were collected, the conjugates were
disrupted and the lymphocytes that had bound to K562 cells were isolated and
subsequently characterized. Our modification of this approach sought to remove
NK-K562 effector-target conjugates and to isolate K562 cells that did not form
conjugates with lymphocytes. We reasoned that if some K562 cells did not form
conjugates they may represent variant cells that were not recognized by the majority
of NK lymphocytes, and therefore they may be resistant to NK-mediated lysis.
There are a number of advantages to our approach. First, and most importantly,
NK-resistant cell variants selected in this manner allow direct biochemical
comparison between cell lines (the K562 parent and an NK-resistant variant) that
may differ only in their sensitivity to NK-mediated lysis. This circumvents many of
the shortcomings of indirect comparison of unrelated cell iines. Second, the
NK-sensitive/resistant cell line pair allows comparative analysis of a number of cell
membrane components and their interactions. Third, the selection procedure does
not involve treatment of the taiget cells with mutagens and can be considered an in

vitro parallel to selection mechanisms that may operate in vivo.

'nblication 1 describes the derivation of an NK-resistant subline of K562, and
its initial characterization. The development of such an NK-resistant cell line and
its differential sensitivity to resting and activated NK cells raises two important
issues. First, what is the biochemical basis for the resistance to NK-mediated lysis,
or conversely, what determines the NK-sensitivity of a given target cell? Second, is
there a change in target cell specificity as NK cells are activated, and how may this
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change in specificity manifest itself biochemically? Publication 2 and Publication

3 address these issues.
These three publications represent the deliberate development of a research

approach to these two central and unresolved questions in NK cell physiology.
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Publication 1: Target Cell Specificity of Human Natural
Killer (NK) cells 1. Development of an
NK-Resistant Subline of K562

Stephen L. MacDougall, Chaim Shustik and
Arthur K. Sullivan

Cellular Immunology 76: 39-48 (1983).

The following statement regarding experimental contribution and authorship is made
in accordance with the "Guidelines Concerning Thesis Preparation, Section

7. Manuscripts and Authorship”, Faculty of Graduate Studies and Research:

The ideas, experiments, and writing represented in Publication 1 were produced by
Stephen L. MacDougall, with the supervision and input of Arthur K. Sullivan as
thesis supervisor. Chaim Shustik worked out the conditions for protein A activation
of effector cells (Figure 5) and performed these initial experiments. All subsequent

repeats and modifications were done by Stephen MacDougall.

Publication 1 reproduced by permission of Academic Press, Inc.
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By depletion of effector-target conjugates and cloning a vanant ot the human levkemic hne
K 562 that 15 partally resistant to lysis by natural Jaller (NK) cells when tested under conditons
of culture and ass.ay 1dentical to that of the parent has been derved Tts haryotype shows markens
sirmilar to the onginal K562 The resistant phenotvpe remans stable after over 1 vear of con-
tinuous passage and persists in multiple rephicate subclones However, it can be kalled to a degree
equal to the parent by antibody-activated complemnent, antibody -dependent ceflular mechanisms,
and by effector cells activated by staphylococcal protein A These observations and expenments
on cold target competition suggest that on its surface there 1s a significantdy decreased, absent,
or blocked effective target structure for a major population of unstimulated penpheral blood
NK cells

INTRODUCTION

In rodents and 1n man there appears to be a natural mechamism that may contribute
to the control of hematologic and solid tumors (reviewed 1n (1, 2)) This phenomenon
1s mediated by a subpopulation of lymphoid cells that have the capacity to lyse n
vitro a wide range of tumor-denived target cells (2) These same effectors may lyse
also a small number of normal cells from the thymus and bone marrow (3, 4) Thus,
1t has been proposed that these “natural killers” (NK) may function to regulate
hematopoiests and to defend the organism against neoplasia in the early stages of
growth

The molecular mechanism by which NK cells recognize susceptible targets 1s un-
known Through studies using techmques of competitive inhibition among susceptible
cells (5), depletion of effectors on immobilized targets (6) and direct observation of
single target-effector comugates (7), a multicomponent model has evolved that in-
cludes binding as an essential first step in the activation of the lytic mechamsm (§)
Within the munne system, others have sought 10 decipher the heterogeneity by de-
veloping resistant vananis of susceptible target cell lines Attempts to select resistants
by serial passage i vive Las been mhibited by reversion orce the cell hne has been
returned to culture 121 vitro (9) Others have reported stable resistant variants of munne
lymphoma lines which appear to lack a surface recognition structure (10, 1) Collins
et al. (12) have described a line, denved from transformed fibroblasts, which putatively
has acquired resistance on the basis of an effector-inactivating mechanism However,
direct companson of these studies must be made with caution since difierent systems
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may be operating in the recognition of icmatologic and sohd tumors (13) At present,
no ssmilar model has been developed with human cells

We report here the charactenstics of the first stable human leukemuce cell line that
has been made resistant to spontancous lysis by penpheral blood lymphoid cells
This denvative of the myeloid—erythroid leukemic line K562 (14) has remained phe-
notypically stable for over 1 year of continuous passage and through two further
cycles of recloning

MATERIALS AND METHODS

Selection of variant hine Target K562 cells were mixed with a twentyfold excess
of fresh penpheral blood lymphocytes and incubated at 37°C 1in 5% CO,-air at-
mosphere for 2 hr in a total volume of 6 ml Three milliliters of the suspension were
then layered onto 3 mi of 17% Percoll and spun for 10 min at 50g as modified from
Saksala er al (15) This procedure effectively sedimented all of the lymphocyte-K 562
conjugates and left very few free K562 cells at vanous levels above the interface
Layers of 0 5 ml were taken from above the interface and cultured 1n 24-well plates
Those wells in which vigorous growth was observed were tested for sensitivaty to
natural lysis The cells from the lcast sensitive wells were then used to repeat the
entire procedure  After two cycles of conyugate depletion with the same effector cell
donor, the most resistant of the sublines was incubated with fresh penpheral blood
lymphocytes at a 20 | lymphocyte target ratio and cultured at 37°C without further
separation to allow maximum cytolysis Withi 14 days after regrowth of unkilled
targets, cells were passaged until debns was no longer observed At this stage, the
subline was cloned by placing 0 2-ml aliquots of cell suspensien at 1 cell/ml into
cach well of flat-bottomed 96-well culture plates All wells that grew up were tested
for resistance and the most resistant was recloned Cell line 3C3 onginated from the
first cloning procedure and was the most resistant of the Iines tested Clone [ descrnibed
below was obtained as a subclone of 3C3 Al cells were grown 1n RPMI 1640 media
with 10% fetal calf serum (FCS) and were passaged twice a week

Of note 15 the fact that we were not able to obtain stable resistant lines, without
the binding step, by selection through regrowth after two cycles of exposure to ef-
fectors

Cell ine and culture condintons The human tumor cells used as targets were the
erythroid-myeloid line K562, the B-lymphoblastoid line Rajp. and the K562 vanant
3C3 or Clone I. Culture conditions for all of the cell hines wore 1dentical Cells were
passaged two or three times weckly in RPMI 1640 supplemented with 10% FCS and
kept at 37°C 1n a humidified 5% CO, incubator Penipheral blood lymphocytes for
effectors were obtained from healthy donors by venipuncture The separation of
lymphocytes from whole blood was by centnfugation on Ficoli~-Hypague barmers
(Lymphoprep. Pharmacia) Lymphocytes were washed three times in RPMI-FCS
and resuspended at the desired concentrations

For some studies, cultures of the Ray, Clone I, and K562 lines were passaged 1n
RPMI-FCS supplemented with 24 up/ml tylocine (Gibco) After 1-2 weeks of ex-
posure to the agent, the cells were harvested and used as targets 1n the cytotoxicity
assay described above.

Karyotypes were analyzed by standard methods of Giemsa binding by Dr. M Jean-
Jacques Vekemans of the Prenatal Diagnosis Unit of The Montréal Children’s
Hospital
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Annsera W6/32 (anti-HLA p44), EC-3 (anti-g,-microglobulin), and anti-H1.A-DR
(DA-2) were a generous gift of Dr W Bodmer, Impenal Cancer Research Fund,
London, England Fluorescent conjugates were obtained through commercial soutces
(Cappel Laboratories) Rabbit anti-K562 was obtained by immunizing New Zealand
white rabbits on two occasions 2 weeks apart with 107 parent K562 cells suspended
in complete Freund’s adjuvant

Cyrotoxicity assay. The cytotoxicity assay was modified from Pross er al (16)
Target cells were harvested from suspension cultures in log phase of growth, incubated
at 37°C for 1 hr with 100 xC1 3'Cr (New Lngland Nuclear), washed three times n
RPMI-FCS, and resuspended at the desired concentration Appropnate numbens of
penipheral blood lymphocytes were mixed with 5 X 10" labeled target cells in 150 pl
of RPMI-FCS 1n 96-well polyvinyl culture plates and incubated for 4 hr at 37°C 1n
a hurmdified 5% CO, incubator Afier mild centnifugaticn, 75 ul of supernatants was
recovered and counted 1n a gamma counter (Nuclear Chicago, Inc) Percentage
specific lysis was calculated from counts per minute according to the following
equation

sample — spontancous release of *'Cr

% specific lysis = X 100%
maximum control — spontancous release

Spontaneous release consisted of supernatant from wells lacking effectors Maximum
control consisted of resuspended samples from replicate wells

For analysis of antibody-dependent cellular cytotoxicity, the target cells were ra-
diochromium labeled as above, incubated with a 14 dilution of decomplemented
rabbit anti-K 562 antiserum, washed thnce tn media, and assayed 1n a manner 1den-
tical to untreated cells

Complement-mediated lysis was measured by incubating the cell mixtures for 90
min at 1 X 10* 3'Cr-labeled cells with 10 ul of anusera at the noted dilution and 10
ul of rabbit complement (Low-Tox-H Rabbit Complement, Cedarlane Laboratories
Ltd , Hornby, Ontano, Canada) at a dilution determaned for each individual lot

Cold cell inhubition Cold cell competinons were performed by a modification of
that descnbed by Masuccr er al (17), using K562, Rap, or Clone 1 cells as cold
competitors against labeled K562 or Clone I Appropnate numbers of unlabeled
compeang cells were mixed with 25 X 10 PBL as effectors in 100 gl RPMI-FCS
(10%) in 96-well polyvinvl culture plates and mcubated for 1 hr at 37°C 1 a CO,
humidified incubator Labeled target cells, 50 gl at 1 X 10°/ml, were then added to
all wells Plates were incubated for a further 4 hr at 37°C and analyzed as above

Actvation of NK cells. Lymphord celis were activated as described by Catalona ¢t
al. (18) by incubation for 12 hr with 50 ug/ml of Staphylococcal protein A (Pharmacia)
in RPMI-FCS at 37°C, washed three umes 1n media, and used as effectors 1in the
standard cytotoxicity assay

RESULTS

Analysis of Lineage Derivation

For the studies reported here, we used Clone I denved from Clon: 3C3 These
cells grow 1n suspension and by light microscopy appear 1dentical to the parent K562
By fluorescence microscopy, they bear no surface immunoglobulin, 8,-microglobulin,
HLA p44, or la-like antigens Karyotype analysis of K562, 3C3, and Clone 1 all show
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F1G | Natural cytotoxicity agamnst cell lines by effector cells from seven subjects Each point represents
the mean of tnplicate values for each subject, the bars represent the overall mean + | SD The arrows
denote one subject whose activaty against the resistant line was markedly different from all others, no similar
finding was noted 1n over 20 other subjects At effector to target ratios of 5, 10, 20, and 100, the differences
between K562 parent and Clone 3C3, and between 3C3 and Rap are all sigmficant with P <0001 by
Student’s ¢ test

a modal number of 66 chromosomes, and all possess the Philadelphia-hike and E-
group anomalies onginally descnbed (14) Thus, we conclude that these clones are
denved from K562 and are not an unrelated contammating line

Susceptibility to Lysis by NK Cells

Shown 1n the graph 1n Fig 1 1s the specific lysis of parent K562, selected vanant
3C3, and Ray cells plotted as a function of effector cell number Even at an effector/
target rat1io of 100 1, the K562 vanant 1s sigmficantly less sensitive to kill than 1s the
parent, yet, at all points 1t remains significantly more sensitive than Raji. A similar
pattern results from both the standard 4- and 12-hr assays Thuis resistant phenotype
has been stable when assayed several times over a peniod of 18 months using effectors
from multiple donors A similar degree of resistance shown by subclones of 3C3 (Fig
2} 1s further evidence 1n support of the phenotypic stability of the vanant.

Recent reports (19) have implicated mycoplasma 1n the activation of NK activity
Although both parent and resistant lines wére negative for mycoplasma as determined
by staining with Hoechst 33258 (24), to minimize the possibility that the character-
1stics of the variant represents simply a mycoplasma-free status, we grew both lines
1 anti-PPLO media Upon retesting, the difference 1n susceptibihty remained un-
changed To assess this further by direct transfection and to eliminate the possibility
that the vanants may secrete a product that would mask the target structures, the
parent and denvative lines were retested after two passages in supernatants in which
the other line had been grown Again, the resistance of Clone I 1n the NK assay
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FIG 2 Lysis of subclones of 3C3 From 3C3 cells cultured at himiting dilution, ten subclones dostgnated
by letters A-J, were selected at random and assayed as in Fig | Lach bar represents the speaific lyss in
companson to the parent K562 and Rap hines Lffector target ratio 20 1

remained unchanged (data not shown) On the basis of these expennments, we con-
clude that this line 1s a stable denvative resistant to NK-mediated lysis on the basis
of an alteration intninsic to the cell

Suscepubility of Clone 1 to Other AMechanisms of Lysis

Shown 1n Fig 3B 1s the titration curve of sensitivity of parent K562 and Clone |
to complement-mediated kill by different dilutions of a rabbit ant-K562 antibody
The supenmposable curves indicate that the resistance of Clone I 1s due not merely
to a generally stronger membrane or to a slower capacity to release chromium dunng
the ime of incubation Shown in Fig. 3C 1s the behavior of the two lines 1n a
companson between spontancous and antibody-dependent cellular cytolysts Again,
Uoth parent and vanant are killed equally well by the effectors of ADCC Thus, the
NK-resistant cells can be killed by cellular mechamisms 1f the effectors are armed
appropnately. We conclude that the vanant 1s resistant or the basis of a mechanism
other than refractonness to a cellular lytic mechanism

Competition between Suscepuble and Resistant Lines

Studies companng the capacity of parent K562 and Clone | 1o inhibit the lysis of
the other 1n the cold cell competition assay 1s shown 1n Fig 4 Figure 4A shows that
while Raji does not inhibt the lysis of >'Cr-labeled K562, Clone I does so 1n a manner
itermediate to that observed for K562 against 1tself In contrast, when the targets
are >'Cr-labeled Clone I, there 1s shght inhibition by Rap but equal inhibition by
itself or parent K562. We conclude that the resistance to lysis of Clone I 1s based
upon a surface difference that renders 1t unrecognizable by the major population of
unstimulated penpheral blood NK cells

Lysis by Activated Effector Cells

Interferon activates NK cells through possible mechanisms 1nvolving maturation
from precursors, augmentation of target binding, or increased efficiency of lysis (20,
21) Staphylococcal protein A also has been reported to activate through the stim-
ulation of interferon secretion (18) Shown in Fig 5 1s the acuvity against Clone I of
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FiG 3 (A) Lysis of target hines as a function of effector cell number 1n the standard cytotoxicity assay
shown for companson Solid dots, parent K562, open dots, Clone I, tnangles, Raji (B) Lysis of target lines
as a function of dilution of a rabbit anti-k 562 antiserum 1n the presence of complement Solid dots, parent
K562, open dots, Clone I {C) Lysis of target cells as a function of effector cells 1n the ADCC assay Sold
lines, untreated target cells, dashed lines, cells pretyeated wath a 1 4 dilution of the rabbit anti-K562 antibody
Sohd dots, parent K562, open dots, Clone |

lymphoid cells that had been ncubated for 12 hr in the presence of protein A These
data indicate that, although the lysis of the parent K562 1s slightly increased, that of
the vanant 1s sigmficantly augmented to within the range of the parent Thus, Clone
I can be killed by effector cells whose efficiency or number have been increased by
the activation process

DISCUSSION
These data show that resistant vanants of NK-sensitive human leukemic lines can
be selected without prior exposure to mutagen by repeatedly depleting effector-target
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cell conjugates and cloning Furthermore, the new hnes that grow maintain the re-
sistant phenotype indefinitely Since these vanant cells can be klled at a level equal
to that of the parent by complement, antibody-dependent celluiar cytotoxicity, and
by protein A-activated effectors, the resistance occurs through mechamsms other than
a general refractonness 1o cytolysis Because of the close similanty of NK and K cells,
it 1s probable that the mediators of lysis are the same 1n both Thus, we must seck
an explanation for resistance at the level of simulation of the toxic reaction The
expenments on the effect of cold cell competition shown 1n Fig 4 suggest that the
lesion 1s 1n a cell surface target structure This would be consistent with the claims
of others that recognition and binding of the NK cell 1o 1ts preprogrammed target 1s
a necessary first step 1n the activation of the lyuic mechamsm (8) However, these
studies do not enable a differentiation between the possibilitics of an absent versus
a masked binding site

There have been previous claims to the denvation of NK-resistant lines of mouse
cells (9-12) but, to our knowledge, this 1s the first description of such a system in
man. A companson of their charactenistics with the K562 hines descnibed here point
to potentially instructive differences. Furst, at some point atl of the munne lines werc
subjected to tn vivo passage where selective pressures may operate other than those
caused by endogenous NK cells In fact, some of them revert to the sensitive state
when returned to i vitro culture (9) Moreover, nerther group published cytogenetic
data to venfy that their denvatives truly were denved from the alleged parent and
not from a tumor ansing de novo in the host ammal dunag passage Indeed, Durdik
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et al (10) noted size and serologic differences that might lead one to suspect that
possibility On the other hand. the K562 clones descnibed here evolved totally through
in vuro selection techiques based upon the functional parameter of binding and
maintained surface antigenic and karyotypic markers of the parent Conversely, the
report by Herberman (22) of unsuccessful attempts to obtain resistant K562 lines by
cloning alonc may have been due to the lack of statistical advantage enabled by
presclection

The resistant munne lymphoma hne of Durdik er af/ (10). designated a cl 27av,
was observed to be totally refractory to NK action This complete resistance was
interpreted, with their other studies (23). to support the hypothesis that the general
capacity of various lines to compete against each other was due to a unispecific effector
population and not to subgroups with different target-directed specificities This
contrasts with our observation that Clone 1 15 partally sensitive 1n relation to the
morc absolute resistance of the B-lymphoblastoid line Raji Since our initial negative
selection procedure was based upon interaction of sensitive targets with a relatively
large number of lymphoid cells with high affinity receptors for binding, 1t 1s possible
that we have 1solated K562 cells with either decreased, absent, or low affirity target
structures for the quantitatively prcdominant NK-cell population We consider low
affimty to be unlikely for, were a singic NK-cell population attacking such a target,
one would expect Clone 1 to compete against itself to a lesser degree than would the
parent This 1s not what was observed 1~ the expennment illustrated in Fig 4B Fur-
thermore, the faillure of prolonged incubation of 12-16 hr to narrow the kill ratio
between the components of the cell pair makes untenable an explanation based upon
kinetic considerations alone Assuming that multiple accumufative mutations did not
occur 1n these clones, we find our data to be most consistent with the hypothesis
tllustrated in Fig 6 In this model, Clone 1 lacks an effective target structure present
on 1ts parent that 1s recognized by a majonty NK pepulation 1n unstimulated pe-
npheral blood, but retains another common site recognized by a minonty subpop-
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16 6 Graphic representation of target and NK-receptor structures consistent with the results presented
here Trnangles and half-circles on the K562 cells represent target structures the reaprocal ssmbols on the
NK cells represent their complementans receptors For further explanation, see tet

ulaton Within the limits of sensitivity of the tecimiques used 1n the conventional
competition studies and in those of Durdib ¢r al (23), the eflect of such 4 minor
population may be masked as long as cells beaning the major target were present

In summary, our present interpretation proposes that the parent K562 may bear
two target structures, onc of which 1s recognized by a predominant and one by a
lesser subpopulation of fresh human penpheral blood NK cells In contrast, Clone 1
1s equally sensitive to lysis but appears not to be recogmized by the major group
Interferon stimulation of lymphoid cells could increase the number and/or actisity
of both effector types to a level where there would be masimal hihng for both parent
K562 and Clone 1 These studies do not negate the possibility that other types of
cells exist with totally different or polymiorphic targets that are recognized by the
same or other NK cells that bear the complementary receptors We anticipate that
experiments observing the effecis of punfied and cloned NK cells upon similar de-
nivatives of other cell hnes and 1ts modulation by interferon will define these structures
further
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Target Cell Specificity of Human Natural Killer Cells
il Apparent Change with Activation
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Fhe activiy of natural hiller (NK) cells can be augmented by incubation with interterons, or
with other compounds, such as staphylococaal protem A, which stmulate interteron produc-
tion In the experiments desenibed here we compared the patterns of Ivuc activity of human
hmphod etfector cells before (NK-BY and atter (NK-A) short-term activation Target cells used
were K362 Clone T(a partially NK-rosistant K562 variant) and those that had been preincu-
bated with neuranunmidase or trypsin The results ovtamed nclude the following (1) proteases
but not reuramimidase, decreased Ivsis by NR-B butnot by NK-A ot both K362 and Clone Lin
the standard Crerelease assay  (2) In the single cell assay, trypsin mimimally decreased conjugate
formation and the traction of bound «ells that were hifled by NK-B but did not reverse the
mcaredsed hvtic ethaercy of NK-A (3) In the cold-target competition assay, Clone I, which does
nat competeas well with K562 tor NK-B did so equaliy well tor NK-A (4) Trnvpsintzed targets
regardless of their equal sensitivity to bosis by Nk-A | were not as active competitors for NK-A
We condlude that the most reasonable interpretation 1s that K362 cells bear surface structures
which can induce release of Iyvtic mediators from NK-A under conditions that are not suthcient
to stimulate NK-B Although it appears that NK-A may respond to a smaller number of the
same target molecules recogmized by NK-B the process must be better defined at the molecular
level to exclude the possibility that there are qualitiative differences between the proposed recog-
mtion structures for these two states of NK actvity 1986 Academic Press Inc

INTRODUCTION

I vmphuoid cells that lyse susceptible targets in vizro without dehiberate prior expo-
sure to an anuigen have been called natural killers (NK) (1) This activity 1s not indis-
cniminate but shows specificity in the tvpes of cells that can be attacked (2) Although
recognition and binding are thought 1o be an essential first step (3), the molecular
nature of the imvolved higands and receptors are largely unknown (4, 5)

It has been obsernved that NK activity can be increased by the immunoregulators
intetleukin 2 (I1-2) (6) and interferons (7. 8), which may operate through intercon-
nected pathwavs (6 9) Other compounds, such as staphvlococcal protein A (10, 11).
stimulate interferon productien A consequence of this dugmentation tn vifro 1s an
exvpanded range of vulnerable cell lines and a greater number of cells killed at a faster
rate Experniments using the single cell cytotoaicity assay have shown that contribut-
g factors include recruitment of nonfunctional “pre-NK’* cells as well as increased
effector cells reevehing (12-15) Although these observations account in part for the
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greater degree of target Lysis, they do not explam how the extended speaihiaty ocous
Given the | aal role of the mterferons and 11 -2 as tumor and immunotharapeutic
agents, 1118 1 o nt to understand how activated cells behave toward tareets that
are less sensitive + anstitmulated NK

Since multiple subpopulations of NK cells may exist (16) and cach potential target
may possess moie than one recognition site (17) turther ssmphiiication could helpto
dissect such a multicomponent system Iven when two ditferent cell lines ot the same
lincage are compared. many uncontrolled vanables remam 1 or tnsicason wo devel-
oped variants of K362 which differed in then mteraction with NK o The Tine called
Clone [ was selected tor decreased Tysis by unticated PBE and showed equal sensttis-
1ty to antibody-dependent cytotonicity and to protein \-activated eflcctors ¢18) In
this paper we describe further studies on these cells using augmented NKoand com-
pare them to the behavior of protease-ticated targets Somie of these resubis have been
reported 1n a prelimimanry communication (19}

MATERIALS AND M THODS

All reagents were obtained trom routine commercial sources exeept tor leukoovie-
derived recombinant interferon-a which was a4 gift rom Dt D Parkinson ¢ fults
Umversity. Boston. Mass ) Cell culture was by standard methods The denvation
and characteristics of the NK-resistant K362 subhine Clone 1, and the oy totoniaty
and competition assays hase been described elsewhere (18) 1 aposure of NK celis to
staphylococcal protein A (Pharmacia) was accordimg to the method ot Catadona e al
(1) as used previousiy  Activation by terferon was carned out by mcubation of
PBL from healthy donors tor 12-18 hrin RPMI 1640 media supplemented sath 107
FCS and 1000 U/ml ot interferon  All of the representative graphs shown are the
result of at least three reproductble expernments

Enzvime treatment of target cells Target cells were labeled with 'Croas descnbed
previously (18) and were resuspended m 2 ml PBS contamimy either | mg mil tivpsin
(TPCK-treated. Worthington), 5 mg/ml chymotrypsin (49 2 U/mg Worthimgton),
or 0 I U/ml neuraminidase (protease free from 1 ihrio cholerae Calbhochemy After
10 min of incubation at room temperature the enzyme reactions were taminated by
ditution ot the minture to 12 ml with RPMI 1630/100 FCS when chvemotr pan an
neuraminidase was used. or by the addiion of 2 5 mg ml soybean tvpain mhibiton
(Millipore) when trypsin was used  Cells were washed thiee times i complete media
and then checked for viability by trvpan blue exclusion whiuch toutindds was over
939 Control targets were incubated i enzyvme-tree butler and washed 1 a tashion
identical to the treated cells The NK assavs with these cells were as dosanibad 1R)
but were shortened to 3 hr to nummize ettects of membrane repan

Preparanion of I G traction b arge pranubar lymphoovies (1 GEyware obtaned by
following a combination ot deseribed methods (20 20 indluding Pereots (Pha
macia) gradient fractionation of peripheral blood Iymphocytes preseparated on g
Ficoll-Paque (Pharmacia) barrier, and depleted of adherent cells on o nylon wool
column (22) Breetls. 1-2 > 107 cells im0 5-1 0 ml from the column were loaded onto
a discontinuous Percoll gradient in 15-ml conical polvstyrence tubes The wradient
consisted of sivsteps 11 2 Sencrements from 42 5-33% (v /vy over a0 S-ml 10O
cushion, 100% was detined as nine parts Percoll and one part 10 - concentrated PBS
to maintain sotonicity  The tubes were centrituged at room temperature at SH0g ot
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P11 Natural eytotonaty aganst cell lines by eftector cells incubated with targers tor 18 hr without
prios exposure to protemn A ormterferon Solid dots, K562, open dots Clone T trianeles Rap

30 muin The highest NK activity was found to be at barners 3-4 and 4-3, and the
cells with hittle activity, the majority, were at barrier 5-6 In all experiments using
1.GGL the cells at the 3-4 and 4-5 interfaces were pooled washed three times in 1640/
10 FCS medium, and used for further expenments

Swnele cell asvay Determunation of conjugate-forming cells and Iytic conjugates
was as described by Bradley and Bonavida with minor moditicatons (23) Briefly 0 |
m! of effector cells (fracionated as large granular Iymphocovtes) at 5 > 10%/ml was
mined with 0 1 ml of target cells at 2 X 10%/mlin 10 » 75-mm polystyiene culture
tubes. centrifuged for 3 nun at 250g, and incubated for 30 nunat 37°C After incuba-
tion the supernatant was removed, 50 ul of RPMIEE640/105 FCS was added. and the
pellet was gently resuspended by minvng four times with a 30-u! Eppendorf micropi-
pette Agar, 50 ul at 37°C. was added and the mivture was lavered onto glass shdes
for incubation and subsequent enumeration

RLSULTS
Competiiton berween K362 and Clone Itor Activated Lflccaor Cells

Previous studies have shown that the K562 vanant, Clone 1, was not killed to the
same degree as the parent by fresh peripheral blood tymphoid cells and did not com-
pete asethoe oy mthe cold target inhibition assay (18) To chminate the possibility
that the differont sensitivity 1o Iysis between K562 and Clone T was merely due o
differentrates of killing, the cytot 1 assay was prolonged trom d 1o 18 hr The results
in big 1 ndicate that although the overall killing of both hines was increased. the
difterence between the two lines remamed In contrast to this pattern 1i was found
that 1f the etfector cells were incubated 1n the presence of protein A for i2-18 hr
betore assay, the two target cells were killed equally well The experiments shown in
Fags 2 and 7 extend these observations to show that 1in addition to being as sensitive
10 hysis, Clone T became a potent competitor of KS62 The observations that Rap
cells remained both a weaker target and competitor indicated that some selectivity of
Killing was retained  These findings on the behavior of protein A-activated NK have
been confitmed usimg reccombinant interferon « (data not shown)
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Fi 2 Cold target competition assavs with protemn A-activated eticctons Solid dots koo unbibated
competitor open dots Clone I solid tnangle Rajpp A Ko bbeled tarect B Clonc T hibdded tinct

Competition between Other Lones for Aciivated Lifector s

Subpopulations might exist within the resting NK pool which could have ddlerent
spectra of target discrimination and different responses to dactivators (16) Relative
changes in thetr proportions could have led to the aboyve observations To assess this
further. the abihity of the K562 lines to compete was compared to that of 4 lvmphoid-
dertved target CCREF-CEM, selected for intermediate sensttivity to byvsis by untreated
effectors (1 ¢, between that of K362 and that ot Clone 1) but of equal sensiuvaty 1o
Ivsts by augmented NK In these evpertments with activated NK (Fig 3 both K62
and Clone I competed equally well with autolopous targets and with €A on the
other hand. CFM was not as potent ¢ competitor Were there simply g relatise shity
in the proportion of eftector subpopulations with dstterent speaiticities one could
have anuecipated that the increase in kithing of CE M would have been retlected also
1n 1ts capd iy to compete againstitselt [ hese results continm that the assay can reseal
a degree of inhibition greater than that ot an autologous combination (re CF M
against CE M), and that the abilitv to compete does not necessaniy follow trom what
might be predicted trom the pattern of sensitivity to hvsis (24)

Effects of Newranumdase

It has been reported that the quanuty of neuramimidase-releasable stalic aad corre-
lates inversely wiath effector—target binding and subsequent Ivas (25) To ehminate
the possibihity that such structures may contribute to the differences between the twao
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K362 I'nes we studied the eflect of this enzyme on lysis by both basal and augmented
ciector cells (Fig 4) Neuraminidase treatment resulted in a shght increase in kil ot
both Iines. but 1t did not change their relative sensttivities to either basal or activated
NK This indicates that changes other than those involving enzy me-sensitive siahe
acid and the etfects of therr negative charges onintercellular distance must be respon-
sible for the patterns observed with Clone I argets

Elecs of Proteolviic Enzymes

Cell surface target structures for NK recognition are sensitive to certain protedses
(26.27) Exposure of K362 and Clone 1 to either trypsin or chymotrypsin, under
conditions suthcient to remove greater than 95% of the ethanol-precipitable 'l
counts incorporated by lactoperovidase, resulted 1in dinunished Ivsis of both lines
untreated etfectors However, K362 remained shghtly more sensiuve than Clone |
When the same enzyme-treated targets were exposed to activated cells, both lines
were hilled as well as the parent K562, which had not been subjected to external
proteolvsis (Figs S, 6) Thus, the surface structures needed to activate and respond
to the ytic mechanisms of untreated eftectors were rendered le - potent by treatment
with protease, whereas those involved with augmented NK e 1 uned suthicient

It the capacity of protease-treated K562 and Clone | to mitiate hilhing by aug-
mented effectors were mediated through a set of target structures diftferent from those
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targets A unticated etfectors B protemn A-tre sted etfectors

recognized by basal NK cells, the new pattern of competition should be simudar tor
all four states of K362 (1 e, K362 and Clone | treated and not treated with enzvmes
Whea trymein-treated cells were assessed tor therr capaaty to retard Bvsis of K362 by
protemn A-treated effectors in the cold-taiget assay . the patterns shown in g 7 were
obtamned  In neither combinaiton of labeled indicator cells were the typsin-tieated
competitors as etherent as the untreated Moreover teated Clone T competed less
against both the parent and isell than did teated K362, suggestng that there was o
dissociation between the quantity of membirane components needed tor inttiating the
Ivtic process and those required to dimimish the accumulated binding events med-
sured by competition

Behavior tnthe Sinele Cell twan

Exposure ot Nk cells tonterferon has been shown to mcrease therr rate of recvding
and. m some undetined manner, to increase the ethcienos of killing Concavably the
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mathed increase 1in katl of Clone T and the protease-treated targets could have been
due to augmented eflectors having a more rapid rate of Ivsis and recveling The single
cell assay measures NK activity of target/etlector conjugates immobihized 1in a semi-
solid matriy where recveling can not occur The results of several such assavs, summa-
nzed i hig 8 show the patterns of binding and kiang atter acuvation of effectors,
ot trypsin treatment of targets  The changes 1in binding after activation ot effectors or
protease treatment of targets were mimimal  More detinite trends were observed 1n
the capacity of bound cells to kill Although killing ethciency by basal NK cells was
decreased by trypsin, the increased activity of augmented eftectors was not

DISCUSSION

Using two mamipulations of K362 cells that decreased therr sensitivity to lysis by
unstimulated NK (1 ¢, selection of vanants and protease treatment), we have shown




SPECHICTTY OF ACTIVATEDNATURAL REEFERCETES

801
.
60
L
401 /
o/
/
20«//
Oy T T T u
1 5 10 20 50
“n
3
2 ET Ratio
2
g
‘% Entyme Treatment
of Target Cells
T
o
v
@
%
804
.
601
404 ‘ -
8
209
J/
II'/
[
Oy T v T
1 5 10 20 50

£ T Ratio

Fio o ot of proteases on target cells assaved ward procein 1 actated effecciors Graphic de sy nateon,
intorbe S

that such targets can be hilled 1na *'Cr-release assay by eftectors that have been acu-
vated by short-term incubation with protein A This mught occur tf NK-Afactvated)
and NK-B(basal) could recognize different 'arvet structures or 1f NK-A could re-
spond to a less potent stmulus The single eld assavs indicated that there was not
great ditference in the guanuty of bmding ot erther ettector cell to Clond Tor tes psin-
1z¢d K362 Although trvpsin decredased the percentage of bound K562 that were kabled
by NR-Boitdid notdimunish kiliimg by NK-A Thiscould impiy withun the sensttivaty
of this techmque, that the etlects occurred after the bindig step Resulis of the com-
petition assays suggested that the surface structures recopnmized by NK-A were similar
on parent K562 and Clone . but those on protease-treated targets were fewer in num-
ber Since all of this inference 1s subsect to alternate interpretation and should not
extended beyvond the hmitations of the compley assavs mvobved, these considerations
will be discussed below within the framework of current moders tor NK action

It has been proposed that a complex sequence of events leads from mimal recogni-
tion of a target by an NK cell. to transter of a “hviic complex™ to the target cell surtace
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and finally to local release ot cytotovic factor (NKCE) which must bind to a receptor
to etlectits damage to the membrane (27) The recognition site and “lytic complex”
were sensitive 1o the proteases trypsin and chymotny psin, but the putative receptor
for cytotoxic factor was not (27) Other studies have implicated proteases as well as
complement-like components at intermediate steps in lysis (28, 29) Although most
of those studres used untreated lvmphoid cells, eaperiments on Sr° inhibition of
etfector degranulation and killing indicate that the toxin secretory mechanisms of
both iterteron-exposed and basal eflectors possess common features (20, 30) consis
tent with the granule exocytosts model (31) Also, Wright and Bonavida (32) have
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found that the NKCF activity increases in cultures that contamn interferon. Thus, 1t
appedrs that the final lethal molecules may be the same tor both basal and activated
klthing

It has been shown that NK cell activity can be augmernted so that known targets are
hilled more vigorously, and resistant lines become sensiive Mechanisms proposed to
explain these findings have included the recruitment of active cells, increased rate
of kilhing, and increased recyehng (13, 14) Were the greater kill of trypsinized K562
and Clone 1 by activated NK simply due to a greater rate of recyching. a longer time
of exposure to unactivated cells should have brought it closer to that of the oniginal
line. which it did not Nesther would one have expected the pattern of competition
to have changed atter eftfector cell sumulation as 1t did Purthermore, the increase 1n
killing of trypsimized targets oceurred also m the single cell assay in which recycling
was prohibited

To explam why the Iysis of trypsinized cells by basal NK decreased and that by
augmented NK remained intact, the following two possibilities must be considered
First, the target structures recognized by activated effector cells might be different. as
well as protease resistant Alternatively, activated cells might be stimulated to release
thewr Iviie mediators after interaction with fewer of the same target structures Such
suggestions are compatible with some of the known effects of interferon, such as stim-
ulation of cells to produce new cyvioplasmic and surtface protems. in a time period
stmilar to that of the present studies (33-35) However, an independent receptor-
hgand svstem leaves unexplained why the protease-treated cells did not compete
proportion to thetr kill The second possibility might occur through a more sensitive
coupling of stimulus to secretion of the lytic apparatus, such as might result through
changes in membrane fluidity (36. 37) Since interferon has been shown to siimulate
refease of measurable NKCF (32). and the secretion of NKCF and interferon-vy to be
under ssmilar control (38), further experiments could be designed to determine 1f the
quanttauve requirements of target cells to sumulate NKCF are different in basal and
interteron-treated eftectors

Were the Ivtic process of cell-mediated cytotoxacity analogous to that followed by
complement, as has been proposed, one might expect that such a cascade, 1nittated
by contact and consequently amplified, would include sites where alternate pathways
could mteract In such systems the early steps with the greatest specificity serve to
tocus dilute ambient activities (e g, complement or coagulation factors) to where
there 1s immediate need, the later alternate pathways are less discriminating Many
characteristics of the NK response to interferon appear to follow this paradigm  early
specthic recognition of target by eflector, sumulation of interferon-y production by
NK cells. and augmentation of Ivtic activity by several mechanisms, including one
in which sttimulaton and action of the final lvtic complex may short crrcuit the usual
route Indeed, Rosse and co-workers have shown in another system that trypsin treat-
ment of erythrocvtes leads to increased C3 binding and activation, and that the aber-
rant ernythrocyte plasma membranes of some patients with paroxysmal nocturnal he-
moglobinuna can passively absorb C5b-9 from the fluid phase (39) without prerequi-
site anttbody binding From the experiments described here, we can not exclude the
possihdity that augmented NK cells kil trypsinized ¥.562 and Clone I by an alternate
pathwav, such as one which mught circumvent the trypsin-sensitive components of
the “Ivtic compley™ (27) However, to explain the results of the competition assays,
we would vet have to imphicate a further change at the recognition level
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The NK phenomenon has been studied by several diflerent techmigues which may
lead to conflicting interpretations Many extrapolations have been made from studies
of lysis, binding, and cold-target competition, but there 1s hittle known at the molecu-
lar level of the requirements necessary for each activity Tor example, although it has
been reported that “*NK-patterned binding™ without lysis mayv occur in a panel ot
cell lines (24), the specificity and affintty of the surfiace molecules mvolved may be
sufhiciently different to give divergent results among the three methods Because of
the greater number of cells involved, competition may be more sensitive, and mote
accurately reflect accumulated interactions between potential target and ettector cells
than do the somewhat subjective single cell binding assays Such a distinction could
explain why the ability of Clone I to compete with basal NK correlated more closels
with 1ts decreased sensitivity to lysis than did its tendency to form conjugates with
lymphotd cells 1n the single cell assay When the potency of eflector cells, measuied
in the standard Cr-relcase assay, was wncreased by activauon, and the sensitivity of
target cells was decreased by protease, the ditterences between kill, binding. and com-
petition became more evident At this end of the spectrum, try psinized targets tormed
conjugates and were killed as efficiently as the untreated, but they were not able to
compete to the same degree Alternatively, it 1s possible that the proteases nught have
decreased the number of specific binding sites, but concurrently mcreased the general
stickiness of the surfiace All of these possibilities will remarn speculative unul the
relevant cell surface molecules have been identified and characterized, and it can be
shown with precision what and how many are required for binding, whait interactions
are necessary for etfector stimulation, and what are the quantutative relationships
between binding, competition, and killing
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Increased fucosylation of glycolipids in a human leukaemia cell line
(K562-Clone 1) with decreased sensitivity to NK-mediated lysis

S UMM DOUGATT * G A SCHWARTING T D PARKINSOND & v K SUTTINVAN® A Gill Cancer
Conter Mol Unacrsiy and Diciaen of Haomatoloey Roval Victora Hoywal - Montreal Quebec Canada A Department of
Boochomnuy A St Conter Waltbano OS5 1 and $Dwsion of Hematology Oncoloey Tty Uit erany School of

AModicme Boston Massachuivetn LS 1

Locopted too prodicatien (3 dpra 1987

SUANATARY

A subpopulion of human hmphord cells called natarad Kddlers s able to Ivse certain normil and
neoplisbe Ligeds 11 an it o G otonta iy dassay The molecules which enable them to recogmse
sasitive eells, or permit tumour cldbs to csaape reman unknown In the studies deseribed here we
have compared some of the plasmy membrane characteristies of @ NKesensitive human leuhaenna
ool hine (KS62) with those of a partnlhy ressstant subclone derved trom it (KS62-Clone 1) Gel
cectrophorests o0 cell surtace protans adolibddled by lactoperonid ise catihvsed 1odination
period it borohvdnde titetion o tnosvathencad v buincubation with [PHjtucosc dia not reveabam
reproduable diforonce s bonwean the sansstine and rasst it ines However andysis of glycolipds
showed that Clone Tincorporsied seeminc it more fucose thin did the paontad hine and that o
syithoesized d nunot popahation of comploy stiuctutes not tound i the ongmal KS62 A subclone ol
Clone I (Clone | Con AT miade rosstint to the tove etects ot concanivabin A bocame sensiting
once agam to Nkoand showed the parentad eheolipnd profile These results suggest that the Clond |
hne selected tor resistance 1o Nh - may hnve altered one or more of its intermediate ohgosacchandes
a1 pathwavs of lucase incorporation imto ghvcolipid  and points to one process by which 4 tumour cell

might modalate its surtace o oscape recognition by natural bilas

INTRODUCIION

Niturtl Mlla cells tdentiied as a subpopulation ot hiree
rranubir bvmphocytes, possess the capacity o Ivse certan
normal hacmopoietic cells (Hansson Kiesshng & Andarsson
19851) and tumour <clls (Herberman & Holden 1978) i vuro
without the prerequisite of deliberate host immumzation It has
buer proposad that they mav perform o role 1in tumour
sanvellance m teo (Warner & Dennert 1982) or such a
process 1o ocear, susceptible cllis must possess speaific elements
that enable therr sclective recognition from the main mass ot
nerm l tissues, and evole the subsequent vtic events (Hiserodt
Bty tn & Tarpan 1982) The sdenuty of such target moloeules
has teen dusne Althourh Roder er af (19791 and Oba,
Rumpold & Krate (195 hose dlamed to hancsolited po wblo

Abbrevations ADCC, antibody-dependent cellular cytotoxicty,
NGy asialo Gy CDH  ceramude dihexostde, CMH ceranude
monohexaade Con A voncanasalin A CTH, ceramide tnihexoside,
GLOB globoudes SDS PAG sodium dodecyl sulphate polyacnyd

anude pod

Correspondence D A K Sullvan MoCall Cancer Center Rm
14365 Doummond St Montrad, Que H3G Y6 Canada

target pepudes 1t remains uncertam if such partially denatured
or altered products are those that mediate speaific receptor
hgand recogmiion Other workers have suggested that receptons
for transternn (Batr 25, Lafleur & Holbein, 1983, Vodinelich er
al  1983) might enable binding and activation of fysis

Another approach has been to denve and analyse cultured
cell hines refractory to NEK-mediated hvsis Young er af (1981)
and Yogeeswaran er al (1981) have shown that cells of munne
lines resistant to both unstimulated and actinvated NK lack
astalo Gy Howe they concluded that these glveoliptds were
not the targets themselves Using human cells, we bave derned a
vanant of theleuhaennic line K562 which 1s partally-resistaint to
bemny killed by fresh panipheral blood lymphoid cells but s
soititve toantibody and comploment, ADCC and interferon
activated effcctors (MacDoupall, Shusuk & Sullivan 19835
Since this subline was selected primanty for mefticient binding,
and competed less well with the parent K562 1n the cold target
assay, we preposed that it might bear decreased or deficient
target structures, and be less compeient 1n activating the )yt
mechanism of the mayor population of unaugmented NK celly
This paper describes an initial brochemical comparnison of the
surface components of these NK-sensitive and resistant K 562
hnes
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MATIRIALS AND NETHODS

Mamipadation of cells and dovication of <t linc

Cldl cubture methe Iy and the dernvation and chiactanstios ol
the NKoresistant K562 subhine Clone b v baan dosanibad in
1953

For flow eytometric anabvsis 22 100 colls worc incubated 1og
30 nun on e with 05l ot the dituted antibods contamne
ascitic flued and after wastime with 0 2 mil ot the Nuorosanated
second antiserum (goat anti-mouse 1pGo Cappdd abor stonies
Westchester, PA)

Dernvation of colis resistant to prowth mhibitory oitcets ot
concanavalin A (Con A} was by o step wise micthod o the
absence ol any added mutagens Tntally clis were grosn o
concentration ol 10 mban 10 mileulture 1y Ao RPANT 1nto
10 ECS medium with 25 goml ot Con v Most o the ot
died but those which sunvinvad wac e sded and sccultarcd
media with S0 g ml Con A

detail elsewhere (MacDougalb cral

Those steps ware ropeated i h
e mereasing the fectin concantiation by S o nl wnnl 2o
pg mlwas taached Cldls then werc grown mabsencc o Con A
tor 2wecks werere-ovposed 1o 20000 mib and did notshow gy
stsunal signs o tovaaty Atter this cvposure ramo 3l avdde wois
repeated four times the cells were ranoved lrom the leetin for
o passages and an aliquot was cultured at T cldis wodl m sy
well culture dishes containmg 028 Wihen wolonies
becam vistble macroscopically samples weire picked randon Iy
and expandad lor turther study AlE cones wore setosted tos
sansitivaty to Con A and remaned tulls vibic atier tour
passages i 20 e ml

agar

dnalysis of cell protens

Cells with a viabihty of greater thar 953'. by Invpan blue
exclusion were used from g culture subdivided 2da s previowly

For analysis of surface proteins, 107 cells were rads nodinated by
lactoperoxidase catalyvsis and ethanol preapitztion trom g
Tritont X-100 extract, accordimg to Walsh & Crumplton (1977)
with modifications described by Pesman, Schwarting & Sullnan
(1986) Detergent solubhzation and lecun athnity chromato-
graphy were used according to published methods (Sullivan ef
al, 1979) wath the modification ot a two-step cluton trom
Sepharose-Con A (Pharmacia) The low athnit. ghcoproteins
were eluted by 50 mm a-miethyl mannoside and the more tightly

bound components by 3 M KSCN Tntauon o ceill membrane
glycoproteins was according to the procedure of Gahmbery &
Andersson (1977) Gel electrophorests was cainied out by the
method of Laemmh (1970) Samples conteiming equal quantities
of radhovactivity were added to each lanc

Bsvitheuc labelling of gl coprotemns

For fucose incorporation inte glycoprotein, 150 pCrol 1 -fucose
(5.6-’H) (ICN Radiochemucals Canada 1td. Montreal
Quebec), were added to 2 5 x 10° cells/ml in 10 ml o! RPMI-
1640/10% FCS medium and incubated cvermght at 37  After
washing three times with PBS, stock Triton X-100 was added to
make a 1% final concentration Nucler were sedimented, and
particulate matter removed by centnifugation at 10* g for 60 nun
tor clectrophoresis, proteins were preapitited in absolute
cthanol at —20 overmght and removed by centnfugation
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Tualv s of elycoly oy
Foranmibyssotiguds s 10" 6 1000 worc vt sctod i St
of chlorotorm mothnol (2 1) tar > b blcead than e
adracted mchlotoform mathmoltd Trtor 1 he The combundd
extiacts warc thandndd tahkanupmmath ol and phiccd on s
an S mmocobimn of DAL Scphaday A " The ncat vy
phoblipids wore duted wieth 30 ml o mcthanel ad i
vanghosidos waorcdutad wath 30 mlbol 0 semmomum wet v
i methanol and desalted s provionshy doscnbad (Williums &
McClure 1980 The ncutial vlveoliprds were base tre ited e
temose phosphobpids desaltad md parihad on sibiae acd o
desaribod ohawhare (Schw e & Sumimcr, Bas
Fartnhobibdhm ot elveolipids 10 call waomouboaicd 1o
IS e owath 1oe p 0y of ather [ Htaeo o o [l
Fvestod imdiaovtneted v vbove Thin e ce Choanino gl
plates contumne adioon v
Ul il ¢ KRB Boo o
lompan 1t

chcobipid woe avpood o

Swedont tor bt dny o

RISULITS

Majoe surface peptides

Lactoperonidase catabvses the vadioodim stion of pongn ol
Berosine-contais ny surtace protans that nueht bhe cvpectad o
hve a rolc i mtaedinb i mtcntons (Walh & Cramgpton,
19771 Shown e ber Lo a reproantative comparison of i,
myjor bibclled polvpeptides of puont K6 and Clone |
Nathor quabititine nor cortun quanttatiy e ditferonee could b
distimgushad bomaen the 2y mgar bands of the two in o Tha,

the phcnotyprc ditaaneam sensitimai 1o Losia by Nk b

not hiem pross chmeas an the membi eac protan compesitgon

Carbobydrate<ontaiming peptides

Roder s dumed that the tarect stioctures he has edentti
bind to Con A (Roder eraf
nather of the electiophorctic pattans of tadio wodinated pop
Udes that were duted trom Con A Scphirose by oz nicthid

mannoside or 3 M thiooy 1n e were any consistont dittorene

1979 Asshownan by Thwd o

noted between the sensitive and resistant codls Since thismcthodd
detects onlv o subpopulaticn of ehveoprotans that hve v bk,
coptent of mannose the more bieavily stals lated structures wor
hibelled by the panodate borolndnde teechmgue and the oogor
fucose-cont nminge stroctures by bossnthaotic ncarponition of
the tntidted monoswcchinde Avun i nonc of more than 0
clectrophorctic bands shoswn an Figs Td or 2 wore any mogon
differences noted botweon the products of the two k6 e,

Ghvaohipid stroctures

Although taect Gl consitivaty s suseeptible to protans
(Pross, Tuk A Ranes
process alterations i the glycolipidenvitonmentmay modulate
the function of the binding sites (Bremer er of , 1984, Muller &
Shinwtzky, 1979) To asscss possible changes in the glycohpids,
both the total ipid fracuon and those biosvnthetically labedicd
with radioactive moy osacchande were extracted and analysed
by thn Laver chromstography e te ulting profiles of Ko

were very sumlar to what has baon repodted for thas cdl i

1978) amplving o protan mediate d
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prectpitatad protans of cedls brossathono by Lebched by tntiated tucose

chsowhiore (Suzuha craf 19813 In both hinds the major nouund
ghycohipids had mobilines naar those of CMH CDH and
poaaplobosides (i 3a), and the major ganghosides near those
of Gy Guze Gay and Goy (i 3b) However, Clone |
possessed a group of glycolipids of low mobility that were not
seen i parent K562 (Figs Jaand b) Consistent differences were
not evidentin the posttion for asialo Giyg ,which wois a rdotingh
nnor compone it This was conhirmed m the patterns obtainad
atrer incubation of cells with the radioactive monosacchanides
galactose and fucose Overallincorporation of galactose nto
both neutral glvcolipids and ganghosides was the same for both
Lines, but that of tucose was many times greater m Clone 1 1 able
B The chiomatographic patterns shown i Fg 3¢ demonstrate

thte el ictose ws distrthbuted into smud i componants in both
el ines Howaver Clone f contamed o proup of fucossbtdd
structures that were not seen i the prent K2

Fapression of 4 major fucosilated surface antigen

Fodatarnnat thoditlcrenccn fucosc contentwas rdlccted ma
magor tucosylated tnisacchande ol surface anugen the two
RS62 hines were compardd for therr capaaity to bind a mono

donal antubody (H30 71 Peyman eral  19a0) reactive with the
lactoncotucopentaose  [II determinant This davddopmental
abyo called N-determimant  stage-spaafic embryvome
antigen and My 1, can be barne on both lipnd and protan, and
consists of palactose b4 and fucose in 13 hinkage to A

acety lgiucosamine (reviewad by Fas, 1985) Hans oral (1989)
Have sugeoted that this structure masy funcbion as o targct o
NK cells Asshownan Fag 4 of the profifes obtancd trom low
avtometnic anahvsts of parent K302 ond Clone T both hines
apressed essentiadly idenuaal quantitics ot the antiees on thar
surface Thus, the iereascd fucose mcorporation observed in
Clone s not followed by a general ncre ise in production of
fucose-baanng glycolipids, and the new structures shownn bag
3 may reprosent a spectfic subpopulanon

dntigen

Keversion of the resist wat phenoty pe

Subctones of Clone T oware saiccted tor rasstinee 1o growth
mhibiton by Con A and thun teed tor sensiivity to NK lys,
Ot 12 randomly selected subddones picked from agar and
expanded i cultere (descnibed i the Matenals and Methods),
five were as sensttive to NK lysts as the parent K562, six were
swithin 75 and onc remanmed resistant hike Clone T One of the
five winch had rop vned full seosinvity, designated Clonc | Con
AL was sadected for further study (Fag 5) To detarnunc af the
altered pattern of fucose icorporation mto glycolipid persisted
in those revertant’ cells, biosynthetie labelhing studies were
performed as desaribed in the section above In these expen-
ments the degree ot fucoscmeorporation (Table 1) as well as the
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Figure 3 (a) Thin luver chromatogram of the neutri ghveolipids from
K562 cedls Lane | K562 parent hne lane 2, K~ Clone 1 lane 1
standards The standard markers are labelled Solvent system chloro
form mcthanol-water (60 35 8) Detection with orcinol spray on
HPTLC sihaa plates (Merck, Darmistaff, FRG) The nomendlatur
structurc andmobilt es of standard ncutral ghveolipids and g inghosides
are as dosenbed by Sozuka er af (1981 The mobility of ¢ MH (not
shown) 1 above that o CDH (ncar tha smtiad band of lanes 1 and 2
paraglobosides, betweer that of globostdes and Al on the figure
astalo Gpyr tetween that of CTH and globosides (see Young ¢t al
1981) (b) Thinlayer chromatogram of the ganghosides from K 562 cells
Solvent system  chloroform methanol water (55 45 10) containing
025% CaCl; Detection with resorcinol spray The Gur and Gy,
ganghoside standards (not shown) migrate above the position of Gy on
the figure () Autoradiogram of thin layer chromatogram of *H-
labelled ganghosides Lanes 1 and 2, K 562, lanes 3and 4, Clone Ilanes i
and 3, cellsincubated with PHjgalactose, lanes 2 and 4, cells incubated
with [*H]fucose, lane 5, standards
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Figure 4 Analysis by flow cvtometry of immunofluoiocnt st imng of
KSe2 und Clone | wldls by anubody (H16 71) reactive with the
lactoncofucopent HI structure: Honrontal axis s e luoresence
Intensily, expres that 10 of the smallest divisions represents o
doubling of the intensity  The vertical axis 15 the relstive ol number
normalized to parcentage of total Rapiss o B Tymphohlistond celt hine
liching the H36 71 antigen and usd here as s nepative control all




Glicolipid frucosvdation ur N K-rcsisiant Ao

[TV

[T

al
Cheae | tan A /

~

3 — . .-
g o Pl

AT LIRTIS TR 3 R

Forure S Ropro antane profile of the scnsitivaiy 1o Nk Bvsis ot csubiing
e o Dt tose Cont tothe o etlacts Con A Suhbne desennatdd
e bton v

Chirom stoer phie prticins (notshow o were esentialy identieal
botween the Con A resistant hoe and parent Koo The Tow
mobihity peacs sean e the poyducts of Clone Toweare not
vistlizad

DISCUSSTON

T thus papor we hove s ompared soae of the plasin iy mombirane
propatics ol o b an kuk wemryeell hae (K S62) wath chosc ol a
yvinnt (R562 Clone I selected for relative rosstance to Jvsis by
ponphudl blood NK o cells Nonc of the major externalhy
onented proteins decessible 1o radio-odination by lactoperoxy
dase produced any differences in thei band pattern on acivla
mide vels anduding those peptides with suthaent mannose
contont to be corrched by athimty chromatography on immotn
lized Con A Nathoer were any differences noted in the major
stalvbuted glveoprotans labddled by the perrodate -borohyvdude
technque o the magor fucosvlated structures labedled by
brosynthatic incorporation of totuated fucose These roesults
mdic ate that the altered sensitaty of Clone Feells to NK was
not the tesult of 4 gross changeoin the protein composition of the
phsmimembrane or i a general modification in the complex-
ity of protem olieposacchandes However, this does not negate
the possibility that the changes relevant to NR may be subtle
and mipht be visuahzed using more sensitive or speciic probes

Analvsis ol the phyeolipids indicated that the overall pattern
ot thesestructures were very similar between the two K562 hines
However n both the neutra! glycolipids and the ganghosides
thcre was annnor group of bands of low mobility that were seen
m the product, of Clone T but not i those of parent K562
Incubation with radivactine tucose showed that Cleac Tincor
norated saveral imes more of the label into pd than did K562
Since m both hines simular quantities of fuwse were tound
protems of simmlar composition, 1t 15 unhkely that the hpid
dittarences were due to vartations in transport capz bility or pool
size of the unlabelled monosacchande Asshown m Fig 3c, the
predonmunant species of galactose-labelled gangliostdes were
wdentical m the two cells, but the nunor bands that labelled with
tucose were seen onldy e exaracts of Clone |

The Clone I varmmt was dersved by depletng the paont
populition of conpute tormung ey and subscquenthy clonmy
1983) Since the
progens of those calisworchibed to the s ime cvtentas the parant
by ADCC id compated Joss wldl e unst the onmad Kol

the unbound traction (M wDougall o7 af

the cold trpet ass iy we proposed thiat thoy remamcad tully
sensitve tocellul ey voe mechanisms but bore ather decreased
blochud or otharwise imalective target structures for the mayo
popultiion of unstmub ed dicctor colls That the dedect was
Quite schective wos suceostad by the obsenvation that imtaitaron
winatcd electors milled Clone Faswedl is K02 (MacDouedler
al 19S0) Ware s roast e to NK dac toabch ot oncof the
mjor Con A bindine elvcopeptides dosaihad by Roder or at
(197 o woukd e aypeatad thet the protans which dutad
trom columns of i nobidizaod focan would hve boon ditfaranm
botwean the two hines Since thes w s not obsaved altcrnitng
avplanions gror exnple Lolur of the rd vt structure o
bind 1o Con A Sephuosdd o more sensiive techingues ol
an sty miast bo soueht

Recent work by Depnis and colhiborators (Donns &
1 otterte Byay)
MDAY D2 lvmptoma hes shown that m contrast to the
hights metstitic SKoosstmt paont s apoorbv-mictastatie

st 1osarres of munime hines derved trom the

vactantas hiehly scensiive to NK hvais Thes hive demonstrmatad
turther that the resstant eldls boir v truncated torm of o
triantennany S hnked  gheoprotan ohgosicchinde which
whonsohited imd addad o 19 heavtotonaty ass iy mediates o
shizht decrease 1 the Ivtic activaty of stmubied doned eflectn
cetls B ised on these indos thas have proposad thiat the tarect
structure dor this tvpe of NRcddlh e nor sinele bomoazencous
spectes but hrosder mroup ot Con A bindine elvcoconyu vates
The daita shown aare with human leukaenie edls of myelod
denv ation do not contorm to this moddd, since thicee were not
any stithing diffcrences boween the sensitive and resistint Ks62
lines an the Con A binding of therr myjor protuns

On theothar hand the Con A-resistint Clone H(Clone ECon
A"y returned to the onpimal level of K562 sensittivaty and lost
the added proup of fucosylated ghvcolopids Likewise, Pohajdak
hs reported that @ Con A-resistant € imese hamster ovary el
hine hs incrcased sensitivity o munin® NK b (Pobaydak
Wnght & Greenberg 1984) This is cons stent with the possiby
ity that thac mav be ghycolipids whicn wan be moditid to
render o NKotarget structure mactive A potential role for
plycohipids i modulating the NK recognition process has been
suggested by the work of Younp s af (1981 with another set of
murine tumour hines Although they obsenved o decrcase i the
quantty ot astalo G, in their NK-resistant hne (¢ 27av), direct
sensttivily From ths they
concluded that the altered hiprds were not the actug! binding

lipid transler did not reconstitute

sites Bisad on other studics in the mouse system, Yogeeswdran
(1983) proposad that changes in cellular ghycolipids indluding
mncreased sihvition, may contnbute to the neoplastic pheno
tvpe metastasts and the escape from immune surveillance In
the K502 modcl used here, the asialo Gy fraction was of simifar
intensity on the chromatograms of the two hnes, and the
decreased sensiivity of Clone 1 remamned unchanged afier
treatment with neuramur.dase (MacDougall et al, 1986)
Nonethdless, it ts possible that modulation of the lipid environ-
ment surrounding a target protan may alier its conformation,
exposure, or mobihity within the membrane and lead to altered
funciion Such effects hive been reported for receptors for
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CONCLUSIONS

‘This series of publications presents the results of an integrated approach to NK
etfector-target recognition. An NK-resistant subline of the standard NK-susceptible
target cely K502 has been derived and used to address the issue of target specificity,
both biochemically and as 1t relates to NK cell activation.

Clone 1, an NK-resistant variant of K562, was selected without prior exposure
to mutagen by repeatedly depleting effector-target cell conjugates and cloning. Such
cells can be killed at a level equal to that of the parent by complement and
antibody-dependent cellular cytotoxic mechanisms indicating that they are resistant
specifically to NK-mediated cytolysis and are not generally refractory to cytolytic
mechanisms, Cold cell competition experiments show that Clone I 1s not able o
compete as eftectively as K562 for labelled K562 targets, although both K562 and
Clone I compete equally well for labelled Clone 1 targets. Together, these data
indicate that Clone 1 1s specific i ity resistance to a major population of
unstimulated NK cells, probably through an absent or masked NK recognition site
Ettector cells activated by staphylococcal protein A are able to kill K362 and Clone
I cqually well Clone T and K562 share wdenucal cell culture characteristies,
morphology, haryotype profile, and a lack of expression of ~urface immunoglobulin,
betaymicroglobulin, HLA pd4, or la-like antigens as determined by flourcescence
MICTOSCOPY.

Together, these characteristics describe a cell line pair that may differ only in
their susceptibility to NK cell recognition and cytolysis. The comparison of these cell
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lines has fed to a number of observatons addressing several central i1ssues in NK cell

physiology.

Biochemistry of interactions between NK and target cells

A comparative analysis of the plasma membrane propetrties of K562 and Clone
I cells has not revealed any differences in the expression of any of the major cell
surface proteins, or in the nature ot the protemn ohgosacchanues  This includes
SDS-PAGE analysis of cell surface proteins accessible to lactoperostdase-catalvred
radioiodination, proteins enriched by affimty chromatography on immaobilized
Concanavalin A, sialylated proteins labeled by the periodate-borohydride technque,
or protem-bound oligosacchandes biosynthetically labelled by trinated fucose - KSo2
and Clone I are wdentical 1n therr levels of expression of lactoneotucopentiaose 11t
determinants (also known as SSEA-1 or CDI15), and do not change their NK-
sensitivity profile after incubation with neuraminidase  Further analysis of these cell
lines has been undertaken by Bernier and Sullivan (16) using « variety of lectins as
probes tor difterent sugars. They have shown that nitrocellufose blots of protens
from plasma membrane enriched fractions ot KS62 and Clone T give rdentical
staining patterns when either Con A (mannose), wheat germ agglutinm (WGA
N-acetylglucosamine /sialic acid), soybean agglutinm (SBA - N-acewvlgalactosamine/
galactose), peanut agglutinin (PNA - galactose), or Ulen curopacus agglutinm
(UEA-1 - fucose) is used as a probe.  Treatment of the membranes with
neuraminidase before electrophoresis and nitrocellulose blotting did not unmask any
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differences in the staining patterns.  In their study, K562 and Clone I also were
identical in their lectin resistance properties when assessed with the lectins Con A,
WGA, UEA-1, and Ricinus cummunis lectin (RCA). Together, these data suggest
that although Clone [ appears to be resistant to a major population of NK cells, this
resistance cannot be associated with any detectable change in cell surface
glycoproteins.

Analysis of cellular glycolipids by thin layer chromatography indicated that in
both the neutral and ganglioside fractions, the products uf the NK-resistant Clone |
variant contained a group of low mobility bands that were not seen in those of the
parent K562, Clone I had a several-fold higher incorporation of trittated fucose into
both groups of glycolipids than did K562, and this incorporation was localized to
those low mobulity bands that were not present in the K562 parent. The Con
A-resistant Clone T vanant returned to the original level of K562 NKk-sensitivity, and
concurrently lost the added group of fucosylated, low mobility glycolipids. Thus, it
is possible that these comples glveolipids are themselves NK target structures, and
that the increased fucosylation could interfere with their recognition fuiction and
render the cells NK-resistant. However, the experiments described i Publication
2 (Figs. 5,7 and 3) show that the <ensitivity of K562 and Clone I to resing NK
decreases markedly upon treatment of these target cells with the proteases trypsin
or chymotrypsin. Although these data suggest that protein structures are involved in
the recognition sequence, they do not preclude the possibility that the putative
peptide NK target structure may require a distinet glycolipid envi-oniment m order
for its function to be expressed. It 1s important to note that putative K562 target

proteins isolated by Henkart ¢t al (09) require reconstitution into endogenous
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glycolipid micelles before they can inhibit effector-target interactions  Modulation
of membrane glycolipids, such as those that occur in the Clone 1 cell, may render an
NKharget structure neffective.  Such a modulation of cell surtace protemn function
by changes in the glycolipid environment has been reported for receptors tor
transferrin (125,134) and platelet-derived growth factor (23)

The NK-resistance of Clone I does not conform to any of tie described models

of NK target recognition, almost all of which focus on membrane proteins o

glycoproteins Both Roder et al (162,167), and Henkart et al (09) have described
the isolation of Con A-binding glycopeptides thut appear to mhibit etfector-target
interactions. Were the resistance of Clone I due to a aack of one of these
glycopeptides, the proteins which eluted from the mmmobilized Con A columns
should have been different between the two cell ines. No differences between K562
and Clone I Con A-binding proteins were observed.

Lactoneofucopentaose HI structures (Le’ SSEA-T antigen or CD1S) have been
proposed as NK target structures. Harris et al (68) demonstrated that the ability of
an anti-SSEA-1 menoclonal antibody to inhibit NK-mediated ly<is of target cells was
proportional to the expression of SSEA-1 on the cell surface A more receat study
has suggested that targets capable of binding NK cells express lactoneotucopentaose
hapten, and de not express surface L-fucose residues capable of interacting with the
Ulex europaeus agglutinin (223). Our data shows that K562 and the NK-resistant
Clone I are cqually reactive with a monoclonal antibody (H36/71) that recognizes
the lactoneofucopentaose HI structure. These cell Tines incorporate tritiated fucose
into protein equally well, and exhibit 1dentical profiles when these protemns are
separated by SDS-PAGE. Furthermore, Bernier and Sullivan (16) have shown that
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plasma membrane tractions of Clone Iand K562 are equally reactive with the Ulex
europaeus lectin.  Conversely, the Clone I Con A™ cells are as sensitive to
NK-mediated lysis as the original K562 parent, yet do not bear a detectable quantity
of membrane SSEA-1 antigen. This clear dissociation between SSEA-1 antigen
expression and NK seasitivity argues against this type of structure as a unique NK
target molecule in K562 cells.

It has been suggested that the ganglioside Gy, is recognized as a target structure
by natural killer cells. This is based on the ability of this ganglioside to specifically
inhibit NK binding to K562 cells, as well as a correlation between the quantity of
Gy 0n a given target cell and 1ts sensitivity to NK-mediated lysis (7). Thin layer
chromatography of ganghosides did not reveal any differences in the intensity of the
Gz bands between K562 and Clone 1.

Other cell hnes have been described with altered sensitivity to NK-mediated
cytolysis. The work of Dennis and Laferte with WGA-resistant mutants of the
MDAY-D2 murine lymphoma (35,36), and the work of Ahrens and Ankel (3,4) with
a series of lectin resistant mutants of Chinese hamster ovary (CHO) cells has
demonstrated that in these systems natural killer cells recognize and kill targets
dependmg on the nature of N-linked oligosaccharides present on the cel! surface.
Specifically, those mutants most sensitive to NK-mediated lysis (and subsequently less
metastatic in the Dennis and Laferte model) exapressed higher densities of
high-mannose type, hybrid-type, or incomplete complex-type (overall decrcase
gatactose and/or sialic acid m glycoconjugates) oligosaccharides. Ahrens and Ankel
(4) have subsequently shown that only high mannose-type glycopeptides and none of

the complex-type block the lysis of NK targets Many of these proposed NK target
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structures are, or would be, capable of binding to Con A. The three KS62 lines
described here are similar in their complement of immabilized Con A-binding
proteins, as well as i their expression of fucosylated and sialylted proteins as
described in Publication 3. This suggests that the biochemical basis for the
differences in their sensitivity to NK cells results from another mechanism,

The K562/Clonel/Clone I Con A™model can be instructive in that changes in
susceptibility to NK-mediated cytolysis occur in parallel with changes in cellular
glycolipids. While this model does not entirely negate any of those previousiy
discussed, it raises the issue of how sensitivity 1o NK cells is determined. Our model
suggests that target cell recognition is a more complex process than has been
addressed in the literatute. Clearly, a number of plasma membrane components
acting in concert may determine whether a target 1s sensitive to NK cell-mediated
lysis.  Resistance to NK cell-mediated lysis may not have to be accompanied by u
loss in some cell-surface glycopratein companent, even though this component may
function as a requisite target structure. Furthermore, our model mdicates how
readily, and by what mechanisms a tumor cell may modulate its membrane

components to avoid detection by natural killer cells.

Changes in specificity of natural killer cells after activation

It has been assumed that activation of NK cells with either IFN or 11-2 leads to
an increase in the efficiency or vigor of the cytotoxic response (see Regulation of NK
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cells) with little change in the recognition specificity of the response. The increase
in cytotoxic efficiency has been used as an explanation for the increased range of
target cell types following NK activation. This implies that susceptibility of a given
target is not a recognition-limited event, but may be a result of differing thresholds
of susceptibiltty to cytotoxic molecules  The issue of target cell specificity in relation
to resting or augmented NK cells has not been resolved. The data presented and
discussed in Publication 2 suggest at least two possibilities. Although trypsin
treatment of Clone I and K562 significantly reduced their sensitivity to basal NK, it
did not affect sensitivity to augmented NK. Results in the single cell assay were
similar; trypsin decreased conjugate formation and the fraction of bound cells that
were killed by basal NK, but did not affect the increased lytic efficiency of
augmented NK  Trypsinized targets, regardless of their equal sensitivity to lysis by
augmented NK, were not as active competitors for augmented effectors. The most
reasonable explanation for these data is that K562 cells exhibit surface structures
that can trigger release of lytic molecules from augmented NK cells under conditions
that are not sufticient to trigger their release from resting NK. Although this
suggests that augmented NK may respond to a much smaller number of target
molecules than resting NK, it is also possible that the two states of NK activity
respond to different target structures. Clearly, the glycolipid structures present on
Clone I that may be responsible for modulating the function of target structures for
resting NK are rrelevant to augmented NK. - A similar situation 1s presented by the
trypsin treatment data (Publication 2, Fig. 6), where greater than 90% of the surface

proteins accessible to lactoperoaidase catalyzed radioiodination were removed.
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Analysis of target cell recognition by NK and LAK effectors has been attempted
using K562 (NK target) and FEMX cells (LAK target) in cold-target competition
assays (138). When KS62 cells were used as the labelled target with fresh LGOI,
unlabelled K562 but not FEMX were able to inhibit the lysis of the labelled K562,
The same pattern was obtained when LAK effectors were used. However, when
FEMX cells were used as the labelled targets, FEMX and K562 competed equally
well for both NK and LAK effectors. In further experiments, LAK effectors were
separated into FEMX binders and nonbinders and then tested for lytic activity
against K562 and FEMX. FEMX binding effectors lysed only FEMX, whereas both
FEMX binding and nonbinding effectors lysed K562 targets. The data from these
experiments were interpreted to indicate a difference in recognition structures
involved in NK and LAK activity., However, the distinction between
lymphokine-activated killers und augmented NK has not been clarified, and therefore
differences in specificity between these two may also exist.

The characteristics of NKCF-mediated in contrast to perforin-mediated lysis
suggests that a shift in the predominance of these lytic molecules may be )
functional consequence of activation. The characteristics of NKCTF-mediated killing
appear to reflect those of resting NK cells: relatively slow kineties of lysis and a
limited range of specificities. The characteristics of perforin-mediatea killing appew
to more closely resemble those of augmented NK cells: rapid kineties of lysis and
a reiative lack of specificity. Were target cell spectficity demonetrated in both a
recognition step and in the relative specificity of the lytuc molecules themselves, then
such a shift in the predominance of these lytic molecules would eaptain many ot the
observations previously discussed. The presence and activity ot pertorin has been
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closely linked to cytolysis mediated by LAK and NK-derived cell lines.

The continued use of IL-2 dependent NK-clones and NK-derived cell lines
without regard to their activated status, lack of a unified definition of NK cell
activation, and a lack of knowledge about the molecules involved in effector-target
interactions have impeded progress in the analysis of NK cell activation and ta. et
cell specificity. The use of closely related cell lines such as the K562/Clone 1/Clone
I-Con A" series described here offers an important alternative, and allows the
complex issue of target cell specificity of augmented NK to be more effectively
approached experimentally. Insummary, the study of K562, the NK-resistant variant
Clone I, and Clone I Con A" provides a unique model for the investigating NK
effector-target interactions. Analysis of these variants, selected in the absence of
mutagen, indicates that altered sensitivity to NK-mediated cytolysis may not
necessarily be accompanied by major changes in the predominant cell-surface
glycoprotein structures. The biochemical definition of NK-sensitivity may be
complex and involve several plasma membrane components, including both proteins
and glycolipids. Furthermore, the modulation of cellular glycolipids under selective
environmental pressure may be one means whereby a tumor cell can escape
surveillance by NK. Further investigation of these K562 variants should provide
additional insight into the regulation of this mechanism as well as the mechanism of

effector-target interactions of resting and augmented NK cells.
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Statement of Originality

The three published papers contained herein represent the following contribution to

original knowledge:

1. A subpopulation of cultured human leukemia cells contains spontaneous

variants that are resistant to the cytotoxic effects of NK cells.

2. In this K562 model a quantitatively minor subgroup of fucoslyated
glycolipids of Clone 1 and Clone I Con A™ appears and disappears
concurrently with changes in sensitivity to NK-mediated lysis. This association
is suggestive of, but not proof that the glycolipids may be related to or

modulate one or more of the early events of the recognition process.
3. The differential sensitivity between K562, trypsin-treated K562, and Clone

[ to unstimulated and augmented NK activities suggest that the early steps in

the recognition mechanism are different for the two states of cytotoxic cell.
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