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HUMAN LYMPHOTOXIN: STUDIES ON ITS MECHANISM OF ACTION

Constantine Demetrius Tsoukas

ABSTRACT

Lymphotoxin (LT) is a soluble cytotoxic mediator produced

by antigen- or mitogen-stimulated lymphocytes in vitro.

h 125 3When LT was radioactively labeled wit I or ‘’H-acetic

anhydride, the latter method yielded a much more stable pro

duct. A comparison of *H-labeled and unlabeled lymphotoxin

on sucrose density gradients (pH 7.0) indicated that both

LT's sediment in a near-identical fashion.

This cytotoxic lymphokine interacts with two types of

target L-cell receptors -- one, a high-affinity, low-capacity

receptor; the other, a low-affinity, high-capacity receptor.

The former type is present in LT-sensitive target cells, but

absent or greatly diminished in LT-resistant cells, as evi

*H-LT to target cellsdenced by inhibition of the binding of

when they were first incubated with the unlabeled mediator.

The high-affinity, low-capacity component is saturated with

levels nearly identical to those which cause progressive

cytotoxicity. Thus the presence of this component in sensi

tive cells, its absence or diminution in resistant cells, and

its coincidence with cell lysis, strongly suggest that the
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ABSTRACT 2

high-affinity, low-capacity receptor is responsible for LT

binding with resultant cytotoxicity. By contrast, the low

affinity, high-capacity receptor was found to be present in

both sensitive and resistant target cells, and may represent

nonspecific binding. These observations are analogous to

those involving hormone receptors.

N-acetylgalactosamine and N-acetylglucosamine, two amino

sugar moieties located on mammalian cell surfaces, failed to

neutralize the lytic effects of lymphotoxin on target cells;

this is in contradiction to the findings of other workers

studying macrophage cytotoxin, which is inhibited in activity

by the above-mentioned agents. Hence the fact that LT and

macrophage cytotoxin are separate entities is confirmed.

Dextran of high molecular weight (80,000) protected target

cells against the cytotoxic effects of LT, whereas dextrans

of lower molecular weights (40,000 and 10,000) afforded no

protection against cytodestruction by the lymphokine.

Details of the development of a radio-immuno-assay for the

quantitation of human lymphotoxin are described and sugges

tions for its improvement discussed.
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CHAPTER I

LYMPHOCYTE-SOLUBLE PRODUCTS WITH CYTOTOXIC PROPERTIES

INTRODUCTION

In the past decade, it was generally agreed that the

lymphocyte and the monocyte/macrophage were the cell-types

most often found in delayed hypersensitivity lesions (l).

This broad observation led to several investigations in dif

ferent laboratories, culminating in the discovery of a num

ber of biologically active products called "lymphokines",

elaborated by sensitized lymphocytes (2-4). These sub

stances were considered as chemical mediators of delayed

hypersensitivity reactions, operative in vitro and probably

in vivo. In this first chapter, I will mainly discuss a

cytotoxic product of the lymphocyte called lymphotoxin (LT).

However, before beginning, I will describe some of the other

lymphokines secreted by sensitized lymphocytes.

Abbreviations used in this thesis: LT, lymphotoxin; MIF,

migration-inhibitory factor; SRF, skin-reactive factor; PHA,

phytohemagglutinin; PIF, proliferation-inhibitory factor;

CIF, cloning-inhibitory factor; DEAE, diethylaminoethyl;

Con A, concanavalin A; MLR, mixed lymphocyte reaction; DNP,

dinitrophenol; PPD, purified protein derivative; cAMP,

3',5'-adenosine cyclic monophosphate; m-RNA, messenger RNA;

HSA, human serum albumin; CU, cytotoxic unit; FCS, fetal

calf serum; BSA, bovine serum albumin.





Migration-inhibitory factor: The most extensively

studied lymphokine is migration-inhibitory factor (MIF),

first detected in cell-free supernatants of sensitized lym

phocytes by Bloom and Bennett (5). MIF is an acidic glyco

protein (6) with a molecular weight of 35,000-55,000 (7).

Its activity can be destroyed by digestion with chymotrypsin

or neuraminidase, but not by DNase and RNase (6, 8). It is

released from lymphocytes stimulated with antigens or mito

gens such as PHA or Con A (9). MIF has been reported to in

hibit the migration of macrophages by binding to a trypsin

sensitive receptor on the surfaces of these cells (10).

Chemotactic factors for polymorphonuclear cells and

macrophages, as well as lymphocytes, have been described

(9, ll). By acrylamide gel electrophoresis, mononuclear

cell chemotactic factors are separable from MIF (12); and

the polymorphonuclear factor is also separable from the mono

nuclear factor by this procedure, since the former chemotac

tic activity remains close to its point of origin, under

the conditions of the experimental procedure (l2).

Transfer factor (13, la): Transfer factor is a small

molecule (molecular weight less than 10,000 daltons). It

has the ability to transfer delayed hypersensitivity to a

particular antigen from a sensitized to a non-sensitized

person and may also be functional in animals, although its

function in animals has not been clarified. It can be either

extracted directly from lymphocytes or is released into the





culture medium by exposure of sensitized lymphocytes to

antigen. Because transfer factor is non-antigenic, its

potential as a therapeutic agent is immense.

Skin-reactive factor (ls): When concentrates of stimu

lated lymphocyte tissue-culture supernatants are injected

into the skin of guinea pigs, they induce erythema, indura

tion, increased vascular permeability, and a mononuclear-cell

infiltrate. These effects have been attributed to a non

dialyzable protein produced by sensitized lymphocytes and

designated skin-reactive factor (SRF).

"Interferon" (16): PHA- and antigen-stimulated lympho

cytes produce an agent known to cause human tissue-culture

cells to become resistant to viral infection -- interferon.

Proliferation and cloning inhibitory factors: Prolifera

tion and cloning inhibitory factors (PIF and CIF, respec

tively) are products which affect the growth of target

cells (17-21). A discussion of these two activities will

be deferred until later in this chapter.

BACKGROUND REVIEW

It is now widely accepted that the immunological destruc

tion of tissues -- e.g., as in homograft rejection, tumor

immunity, and certain autoimmune diseases -- is primarily

mediated by thymus-derived or "T"-lymphocytes (22, 23).

The development of in vitro models of cellular immune





reactions by Govaerts (24) and by Rosenau and Moon (25) is

of great significance because they simplified these com

plex in vivo immune phenomena and made it possible to ana

lyze them in detail. These in vitro models, consisting of

target cells and allogeneic lymphoid cells pre-sensitized

in vivo to their targets, clearly demonstrated that lympho

cytes could lyse target cells bearing the antigen to which

the lymphocytes were sensitized and that complement and

antibody were not required for such lysis.

These model systems were further developed and applied

to the study of immune reactions to neoplasms possessing

tumor-associated antigens in experiments employing tumor

target cells and isogeneic lymphocytes (26). Destruction

of target cells by immune lymphocytes was observed to pro

ceed mainly in two steps -- close contact of the aggressor

cells with target cells, and actual destruction where con

tact with lymphocytes was no longer necessary (22, 25, 27).

The former step requires calcium and magnesium and is less

temperature-dependent, while the subsequent step proceeds

most effectively at 37°C (28). In addition, mere attach

ment of lymphocytes to target cells was found to be insuf

ficient to induce cell destruction (25, 29). For example,

with the use of poly-L-lysine, which only causes aggrega

tion of non-sensitized lymphocytes to target cells, no

lysis was observed (30, 31).





In 1968, investigations by Ruddle and Waksman (32-34)

and by Granger et al. (29, 35) disclosed the presence of a

soluble factor with cytotoxic properties in supernatants

of antigen- or mitogen-activated lymphocytes, respectively.

It was Granger who coined the term "lymphotoxin" for this

cytodestructive substance found to be produced by lympho

cytes from many sources (lymph nodes, spleen, adenoids) in

several mammalian species (human, mouse, cat, hamster, gui

nea pig, rat) (36, 37). Mitogen-induced lymphotoxin from

human, mouse, and guinea pig lymphocytes has been the most

extensively explored and characterized (35, 35a, 38-42).

Because these lymphotoxins are macromolecules and suscep

tible to proteolytic enzyme digestion, they are thought to

be proteins, and many of their properties have been des

cribed. Table l-l records some of the features of mito

gen-induced LT from these different sources.

Although many biological activities are present in tissue

culture media of sensitized lymphocytes, it should not be

assumed that they are all necessarily mediated by different

molecular entities. As discovered recently, several of

these activities represent manifestations of one single lym

phocyte product, as is apparently the case with lymphotoxin,

PIF, and CIF (43) (to be discussed later). Depending upon

the assay system used and the specific experimental condi

tions, multiple activities could be ascribed to a single

product. On the other hand, several of the activities are





Tablel-l.
PhysicochemicalProperties
of

Mitogen-InducedLymphotoxin
SourceMolecular
pH
stabilityHeatEnzymaticPhenolBuoyant

weighttreatmenttreatmentextractiondensity

Human80,000-90,000
7.5LabileInsensitive
to:
Inactivated
l.30

(35)
*
(56)(35)trypsin(35)(35)

DNase RNase neuraminidase Sensitive
to: pronase (35,35b)

Mouse90,000-150,000
2-12StableInactivated
l.30

(39)(39)(39)(39)(39)

Guinea35,000-55,000
5-
5-9
-0

LabileInsensitive
to:l.30

pig(40,42,44)(44)(42,44)
neuraminidase
(40,42)

Sensitive
to: trypsin chymotrypsin (42,44)

*Numbers
in
parentheses

denotereferences.





reportedly due to separate chemical moieties, as is true

of MIF and mononuclear-cell chemotactic factor, which are

separable by acrylamide gel electrophoresis (12). Further

more, lymphotoxin and MIF can be separated by DEAE-Sephadex

chromatography (44). In a recently published paper, Gately

et al. (44a) distinguished lymphotoxin and migration-inhibi

tory factor as antigenically separate moieties by using an

anti-LT antibody. The danger of assigning a variety of acti.

vities to a single substance lies in the fact that many pub

lications on soluble lymphocyte mediators deal with non

purified preparations (35-39). Therefore it is of dubious

scientific value to perform experiments which attempt to

assess the activities of soluble lymphocyte products before

purification and characterization of the product in question

have been accomplished.

Lymphocyte Derepression and Lymphotoxin Release

The release of LT and other effector molecules from lym

phocytes can be specific if induced by a specific antigen

to which the lymphocyte is sensitized, but it is nonspecific

when induced by mitogens, such as PHA or Con A, for example;

or, release can be effected by the mixed lymphocyte reaction

(MLR), in which two populations of lymphocytes from anti

genically dissimilar individuals are admixed and allowed

to interact (4) . Besides activating the release of effector

molecules, the above treatments can also cause lymphocyte

morphological transformation to blast cells, increase their





macromolecular synthesis, and finally, initiate mitosis

(4) . The question then arises: What is the relationship

between LT and the morphological and biochemical changes

the stimulated lymphocyte undergoes? Incubating human lym

phocytes with variable amounts of PHA or Con A (l-50 ug/ml)

reveals no correlation between the number of transformed

cells and the degree of toxicity in the culture medium (4,

45). With low doses (1 lug/ml) of either Con A or PHA, as

many as 30% of the lymphocytes became transformed, but no

detectable LT secretion occurred (45). Thus blast transfor

mation can take place without any discernible secretion of

lymphotoxin. However, a group of investigators (45) has

found that there can be no secretion of LT without blast

formation. Upon stimulation by PHA., LT secretion begins

early, without any demonstrable blast transformation.

Blast transformation proceeds in two stages -- an initial

period of protein- and RNA-synthesis, followed by a period

of DNA synthesis and cell division (46).

The blocking of protein synthesis and oxidative phos

phorylation by such inhibitors as puromycin, cycloheximide

and dinitrophenol (DNP) at the time of lymphocyte activa

tion by PHA, or 24 hr after activation had commenced, re

vealed that LT release was inhibited by each of these three

agents (47). This inhibition was reversible, however, since

washing out the inhibitor led to the renewal of LT release.
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Also, lowering the temperature to 4°c had a blocking ef

fect on LT release (47).

Vinblastin sulfate stops cell growth at metaphase, pre

venting daughter cell formation (48). At high levels, thy

midine inhibits DNA synthesis (49), while X-irradiation ob

structs both cell division and DNA synthesis (50, 5l).

Treatment of lymphocytes with any one of the above-mentioned

agents demonstrated that DNA synthesis and mitosis are not

essential for LT secretion (45).

Phytohemagglutinin and Concanavalin A: Different proto

cols for treating lymphocytes with PHA and Con A have di

vulged that as the dosage of mitogen increases, DNA synthe

sis decreases; whereas protein synthesis initially increases,

then decreases. The toxicity of the medium was low with

levels of these cellular effectors which cause maximal DNA

synthesis, and contrastingly high at levels causing minimal

DNA synthesis (45). Hence the release of lymphotoxin is a

process requiring energy and protein synthesis, but nonethe

less independent of DNA synthesis. In a recent report, how

ever, kinetic analysis of lymphocyte stimulation in a mixed

culture demonstrated that even though LT secretion occurs

before the onset of DNA synthesis, maximum levels of both

LT secretion and DNA synthesis are reached simultaneously

(52). Lymphotoxin is released within a few hours after

activation of human lymphocytes by PHA or Con A is
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initiated. The amount of released LT is directly corre

lated with the amount of the initiating agent. PHA seems

to be superior to Con A in inducing LT release, for the

elaboration of LT reaches appreciable levels within 6 hr,

and by 24 hr, a plateau has been attained. Dose-response

analysis of the 24-hr supernatants indicates that even after

24 hr, LT continues to be secreted and accumulates (4, 45).

With Con A as a stimulus, high levels of LT are secreted

by 48 hr and release increases gradually up to 4 days, at

which time it dwindles off (53).

After lymphocytes have been allowed to interact with

PHA for lb min, they can be washed and resuspended in fresh

medium without any PHA, and there will be a considerable re

lease of lymphotoxin. The degree of lymphocyte activation

and LT release is maximal if PHA interacts with the cells

for 45-60 min (4, 45).

Yet, initiation of LT release with Con A requires the

continuous presence of that mitogen. Removal of Con A

after 48 hr of interaction with human lymphocytes (washing

and resuspending the cells in fresh medium) drastically

reduced the amounts of LT released (53).

PHA and Con A are known to bind to different moieties

on the lymphocyte surface (54, 55). PHA binds to N-acetyl

galactosamine, while Con A attaches to sugars with the

D-arabino configuration at C-3, C-4, and C-5, plus an alpha
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configuration at C-l. If l pg/ml of each mitogen is used,

a synergistic effect on lymphocyte DNA synthesis will be

noted. Contrarily, an antagonistic effect is observed with

increasing doses of each mitogen. In respect to LT secre

tion, pretreatment with l ug/ml of one mitogen, followed by

treatment with l ug/ml of the other, results in a synergis

tic effect, which is not apparent with higher doses of the

mitogens. The activation of lymphocytes with 50 lug/ml PHA

causes the release of high levels of LT. However, this re

lease can be blocked by pretreating the lymphocytes with

l pg/ml Con A (45). One explanation of the synergistic

effect when both mitogens are used may be their binding to

different chemical moieties of lymphocyte surfaces. This

synergism is possible as long as the two mitogens are em

ployed in low concentrations. If, however, the binding

sites for PHA and Con A are in close proximity, once a cri

tical concentration of one mitogen has been exceeded, it

could sterically inhibit the binding of the other mitogen,

and vice versa (45). The differential ability of PHA and

Con A to activate lymphocytes and thereby release lympho

toxin may be related to the particular affinity of each

mitogen for its receptor on the lymphocyte surface (PHA

has a higher affinity for its receptor than does Con A).

In experiments comparing different modes of lymphocyte

stimulation, PHA was found to be about 60 times more effi

cacious in producing lymphotoxin than cultures of
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allogeneic lymphocyte mixtures (56). Because antigenic

stimulation yields significantly lower levels of LT, inves

tigators have commonly used mitogens in their studies of

this mediator -- a point which has been criticized as an

artificial means of lymphocyte stimulation. However, when

lymphotoxin induced by PHA stimulation was compared physico

chemically with that produced in mixed cultures of allogeneic

lymphocytes, the cytotoxins were identical. Thus when LTs

from both sources were compared by means of acrylamide gel

electrophoresis (pH 8.6 or 7.4) and ultracentrifugation in

3-loº sucrose density gradients, they proved identical. In

addition, their pH stabilities were the same. But, most sig

nificantly, an anti-LT serum prepared against the toxin in

duced by PHA stimulation neutralized the mixed-culture LT to

a like degree (56).

The above observations are supported by the work of Amino

et al. (57), who, by stimulating lymphocytes with PHA and

purified protein derivative (PPD), compared the properties

of human lymphotoxins thus produced with those of LT from

established lymphoid-cell lines. Most important, antiserum

to the LT produced by established lymphoid-cell lines neu

tralized the cytotoxic activity of LT induced by PHA and

PPD. Another research group (42) found that guinea pig LT

produced by Con A shared many physicochemical properties

with antigenically induced LT of the same species. Remold

et al. (58) studied another parameter of lymphocyte
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derepression -- namely, MIF production by antigen or mito

gen -- and found that both methods of induction yielded

products sharing several physicochemical properties.

Classical or alternate pathways of complement do not seem

to participate in the production of LT, since the neutrali

zation of guinea pig C2, C3, and C5 complement components

by rabbit antisera against these components has no effect on

the production of guinea pig lymphotoxin (59).

Cytochalasin B, a fungal metabolite, interferes with

microfilament function and inhibits pinocytosis and phago

cytosis (60-62). Lymphotoxin release by rat lymph node cells

was inhibited when they were cultured in the presence of

this substance (63). The lymph node cells, obtained from the

DA strain of rats 9 days after sensitization with lo O pig of

hen ovalbumin in complete Freund's adjuvant, were incubated

with the antigen for various periods of time. In addition,

non-sensitized lymph node cells were incubated with the

same antigen. Subsequently, the supernatants from both

types of culture were tested on syngeneic fibroblasts as

targets. Supernatants from the sensitized lymphocytes were

cytotoxic for the target cells, whereas supernatants from

the normal cells were innocuous. When sensitized lymph

node cells were incubated with antigen in the presence of

cytochalasin B (0.1-5 ug/ml), lymphotoxin release was

abolished in the supernatant medium. Such inhibition of
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LT release proved to be reversible, since after removing

cytochalasin B and washing the lymphocytes, release of the

cytotoxin resumed at normal levels. Thus the effect of

cytochalasin B is attributed to interference with the pro

duction or release of LT rather than generalized damage of

lymphocytes. Since the blocking effect of this agent evi

dently involves microfilament function, it would seem most

likely that it affects the release of lymphotoxin, not its

synthesis by the lymphocyte.

Theophylline, caffeine, and dibutyryl 3',5'-adenosine

cyclic monophosphate (dibutyryl cAMP), all of which elevate

intracellular levels of cAMP (6.4), inhibited lymphotoxin re

lease induced by PHA to a significant degree in concentrations

Of 107° to 107°M. Such inhibition of LT release occurred

either when the above substances were added to lymphocyte

cultures at the time of PHA addition or 24-48 hr after stimu

lation of the lymphocytes had commenced. The blocking ef

fect, however, was again reversible, since washing the lym

phocytes free of these agents restored the release of cyto

toxin to normal levels (65).

The type of lymphocyte responsible for LT-release: Lym

phocytes bearing the theta antigen have been characterized

as thymus-derived or "T"-cells to distinguish them from lym

phocytes lacking this antigen -- i.e., bone-marrow-derived

or "B"-cells (66). When normal murine spleen cells were
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treated with anti-theta serum and complement, they failed

to produce LT upon stimulation with PHA (67). Also, spleens

from nude mice lacking thymuses (and thus theta-positive

cells) produced no LT when stimulated with pokeweed mitogen

or PHA (67). Seemingly, then, T-cells are responsible for

LT production, at least in the murine spleen. Whether T

cells secrete lymphotoxin or act as helper cells to initiate

LT secretion by B-cells is not known. But many investigators

(57, 68, 69) have reported the secretion of lymphokines by

non-T-cells.

Assays for the Quantitation of Lymphotoxin

The methods utilized to assay lymphotoxic activity in

vitro can be assigned to two general categories -- those

employing a physical means of assessing cytodestruction

(e.g. , hemocytometer, electronic particle counter (Coulter

counter)), and those employing radioactive isotopes.

After target cells have been allowed to attach to a plas

tic or glass support, they are exposed to LT-containing

media for an appropriate period of time; the monolayers of

cells are then washed, while remaining cells are treated

with a vital stain such as trypan blue. Dead cells absorb

this stain, and their cytoplasm becomes purplish-blue;

whereas viable cells do not stain. Using a hemocytometer,

we can determine the percentage of living cells (69a). A

variation of this method involves the use of an electronic





l6

particle counter (Coulter counter) (35a). After treatment

with the test medium, cells still attached to the glass

support are released by either trypsin or a detergent (e.g. ,

cetavlon) and are counted as whole cells in the case of

trypsin treatment (59), or as nuclei in the case of deter

gents (35a).

In a recently reported method (70), microtiter plates are

used instead of glass tubes. The advantages of this varia

tion of the assay (the authors claim) are that it requires

a smaller number of cells and lower amounts of test media,

and is much more sensitive. In brief, monolayers of loo-500

cells/well are established, and dilutions of LT-containing

medium are placed upon the target-cell monolayers, which are

then incubated for 24-48 hr. After the test period, the

number of remaining cells is determined and quantitatively

compared with control cells. However, one of the major

disadvantages of this method, the authors admit, is attemp

ting to attain consistency in cell numbers from one well to

another.

Another variation in technique concerns the treatment of

target cells with mitomycin C (71). At the concentrations

used, mitomycin C has the ability to arrest cell division

without any significant effect on cellular viability.

Thus, when monolayers have been established on a glass sur

face, mitomycin C is added for a certain period of time,
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usually 24 hr. Subsequently the monolayers are rinsed

and the test medium is added to their surfaces. Destruc

tion can then be assayed with an electronic counter or a

radioactive isotope. The above methods do not take into

consideration any possible changes in the growth rate of

the test cultures (22). If lymphotoxin has cytotoxic as

well as growth-inhibitory effects, then the difference

between experimental and control groups will not be cell

destruction alone. The use of mitomycin C, however, per

mits the measurement of cytolysis without consideration of

growth-rate changes (71).

In the second category of assay methods belong those

utilizing radioactive isotopes. When either 51cr Or 99mTc

is employed (72, 73), target cells are labeled and washed

of free radioactivity; the test medium is then added. After

the appropriate incubation period, the amount of radioacti.

vity remaining in cells still attached to the surfaces of

test vessels is compared to that in control preparations.

The advantage of this type of method is its sensitivity as

well as the relatively shorter incubation time required;

disadvantages include high spontaneous release in the case

Of 51cr (15-30% over a period of 24 hr) and the extremely

brief half-life of **Tc (6 hr). A recent paper (74) com

51cr technique in both monopares the assay of LT with the

layer and spinner cultures, and reports that the two corre

late quite closely.
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Workers (29, 75) have also used "H- or C-labeled mix

tures of amino acids or *Rb to pulse-label cells after

treatment with LT or control medium. The method using a

radioactively labeled mixture of amino acids is based on the

principle that dead cells will not synthesize protein and

therefore will not take up any amino acids (29). However,

some cells treated with LT might feasibly become metaboli

cally inactive and cease all protein synthesis, and thus be

confused with dead cells -- yielding erroneous results.

Hence this particular assay fails to discriminate between

cell death and possible metabolic changes affecting protein

synthesis.

In the *RE assay system (75), utilizing monolayers of

target cells which are pulsed with the radioisotope after

test treatment, the cells are washed and radioactivity in

control and experimental material is quantitatively com

pared. Underlying this assay is the principle that total

intracellular potassium is constant and can be determined

by measuring its exchange with extracellular *Rb after at

tainment of isotopic equilibrium. Since the intracellular

potassium concentration remains constant during logarithmic

or stationary phases of cell growth, and treatment with lym

photoxin does not affect this condition, comparison of 86Rb

exchange in LT-treated and control cells will presumably re

flect a disparity in the number of cells in the two popula

tions. Although this method is said to be both sensitive
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and reproducible, it does not take into account differences

in growth-rate which might exist between LT-treated and con

trol cells -- again not distinguishing cytotoxicity from in

hibition of cell growth.

Actinomycin D treatment: Pretreatment of target cells

with non-lethal amounts of actinomycin D renders them more

sensitive to the effects of lymphotoxin (76).

An ideal assay for lymphotoxic activity should require

only short incubation periods and still retain sensitivity,

have good precision (thus permitting the measurement of

small differences), result in low cytotoxicity among control

cells, and be independent of mere cell detachment from the

substrate as a criterion. Finally, any inhibition or promo

tion of target-cell growth by the culture conditions should

not affect the results of the assay. Unfortunately, none

of the above-described assays which are used to quantitate

LT satisfies all these specifications.

Another major factor in assaying for lymphotoxin is the

kind of cells to be employed as targets. This is indeed

important because a broad range of sensitivities to LT has

been reported among various tissue-culture cell lines (77).

Apparently the L-cell (mouse fibroblast) is most sensitive

to destruction by lymphotoxin, while the MBK (Moden bovine

kidney) cell is most resistant. It is also of interest that

clones isolated from a single L-cell population have shown
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variable sensitivities to LT-induced lysis (see Chapter

III).

Association of Lymphotoxin with Target Cells

Much of my discussion so far has dealt with the condi

tions necessary for the stimulation of lymphocytes and sub

sequent release of lymphotoxin. Now let us turn to the

"effector" phase of this in vitro phenomenon -- namely, the

action of LT upon the target cells. The first step in the

activity of lymphotoxin is to bind to the surface of the tar

get cell (see Chapter III). LT activity in culture media

has been found to be removable by incubating the media with

monolayers of L-cells (78). Removal of lymphotoxic activity

is dependent on the initial activity of the medium, the num

ber of cells per ml used to adsorb, and the type of cell

utilized for adsorption. Such adsorption is not temperature

dependent. As evidence that removal of this cytotoxic acti.

vity is due to the direct binding of LT to target cells, it

l4
has been observed (78) that when C-labeled lymphocyte super

natants (prepared by incubating stimulated lymphocytes with

**c-labeled mixtures of amino acids) are used, radioactivity

is associated with the cell monolayer. Also, this binding

of radioactivity to the monolayer could be blocked by pre

incubation with non-radioactive supernatants. In addition,

the investigators concerned claim that the binding paral

lels the removal of cytotoxic activity. The interpretation

given to the above observation, however, should be viewed
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with great caution in light of the fact that these workers

used crude supernatants in their experiments. It is note

worthy that pre-incubation of target L-cells with LT, re

moval of LT, washing of the monolayer, and further incuba

tion for an additional 48 hr, resulted in cytodestruction

(78). This circumstance was dependent on the length of pre

incubation and the dilution of lymphotoxin used. Yet we

should mention that similar experiments were conducted in

our own laboratory and at other institutions without success

in duplicating these results (79).

"Conditioning" of the medium: Lies (79) has lately des

cribed a target L-cell surface component involved in the ac

tivity of LT. Interestingly, when L-cells were gently

scraped into growth media or treated with trypsin diluted

in growth media, or even simply incubated in media for 4-6

hr, these media were somehow conditioned to enhance the sen

sitivity of other target L-cells to lymphotoxin. This "con

ditioning" of media, the author states, is due to the release

of a surface component by the L-cells. Although such a sur

face component could act as the receptor for lymphotoxin,

direct evidence for this is lacking. The degree to which

media are "conditioned" by L-cells to enhance cytotoxic ef

fects is dependent on the number of cells and the duration

of medium incubation together with the conditioning L-cells.

Furthermore, the cells used to treat the media were partial

ly depleted of the ability to respond to lymphotoxin.
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The same investigator reported earlier that L-cell sensiti

vity to LT was dependent on a serum component which could

be removed by ether-ethanol extraction of the serum (80).

When L-cells were treated with this extracted serum, their

ability to condition media and enhance the effect of LT di

minished significantly. A close relationship between the

extractable serum moiety and the surface component was inti

mated.

Concentration-dependence: The effect of lymphotoxin on

target L-cells is concentration-dependent (38, 77), since

small amounts of the cytotoxin have no discernible effect on

their targets during short periods of incubation. Larger

quantities of LT elicit an early onset of cytolysis -- com

monly 6-8 hr after addition to the cell cultures. Both in

hibition of cell division and lysis of target cells are

caused by this toxic cellular mediator (38, 77). Inhibition

of cell division, instead of lysis, apparently occurs at

lower concentrations of LT.

Temperature-dependence: The effects of LT on target cells

are also temperature-dependent (77). When L-cells are ex

posed to LT-containing medium at 4°c, cytolysis is greatly

delayed. But if L-cells are exposed to this medium at 4°C

and then washed and re-incubated at 37°C, lysis occurs; and

this effect depends upon how long the cells were exposed to

LT at 4°C. Results of this experiment indicated that, even
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after washing, enough LT bound to the cell surfaces to cause

lysis.

Reversal of lysis: Other investigators (38) have reported

that the lytic effect of LT can be reversed following its re

moval from target-cell cultures. The restoration of normal

target-cell growth is immediate when amounts of LT are low,

while higher amounts retard this recovery after removal of

the cytotoxin.

Oxidative phosphorylation and glycolysis: Because elec

tron microscopy revealed condensation of mitochondria in LT

treated target cells (81), the effects of lymphotoxin on oxi

dative phosphorylation and glycolysis were examined (82).

By measuring esterification of radioactively labeled inor

ganic phosphate as an index of oxidative phosphorylation,

**c-glucose as an indexand the formation of “c-lactate from

of glycolysis, Rosenau et al. (82) found no significant dif

ferences between LT-treated and control cultures.

Effects on the membrane: Radioactive rubidium can be uti

lized by the cell in its Na-K pump mechanism instead of potas

sium, and the rate of 86Rb efflux can then be used as an in

dex of membrane integrity (83). Treatment of target L-cells

with lymphotoxin or control media and subsequent measurement

of their rate of 86 Rb efflux revealed no differences in egress

of the isotope in either case (75). Thus it is concluded

that LT does not affect the Na-K pump, at least in an early

stage of cell lysis.
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Lysolecithin: Morphologically, the dominant type of LT

cytolysis resembles the lysis of RBC by lysolecithin. De

fatted human serum albumin (HSA) inhibits the effect of lyso

lecithin on RBC. When the possible role of lysolecithin in

LT-induced cytolysis was studied in the presence of defatted

HSA, the lecithin was found to have no part in this event

(82).

Protein- and DNA-synthesis: Examining the effects of LT

on target-cell protein- and DNA-synthesis, Walker and Lucas
3 3

(75) could detect no changes in "H-leucine or ‘’H-thymidine

incorporation relevant to the number of viable residual

cells. Thus they speculated that cell death is caused by a

mechanism other than a general inhibition of protein- or DNA

synthesis. Other investigators (77), however, have observed

a shut-down of target-cell DNA synthesis. The same authors

claim, though, that this shut-down was probably not a primary

function of LT activity, but secondary and most likely due

to the effects of the cytotoxin on the cell membrane.

It would therefore seem to be agreed that the mechanism

of lymphotoxic activity does not directly affect target-cell

DNA synthesis.

RNA synthesis: In experiments involving the incorpora

tion of *H-uridine, cultures treated with LT displayed sig

nificantly elevated incorporation of the labeled nucleoside

when calculated on the basis of surviving cells (84).
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Evidently this was due to increased RNA synthesis, predomi

nantly in species larger than 28 S. Analysis with oligo (dT) -

cellulose columns revealed a greater increase in adenine

rich messenger RNA (m-RNA). In accord with the preceding

observation, a moderate enhancement of RNA polymerase I

(nucleolar) activity, but a striking increase in RNA poly

merase II (nucleoplasmic) activity, were noted. Earlier ob

servations from electron microscopic studies indicated that

cultures treated with lymphotoxin for more than l hr contain

fewer cytoplasmic polysomes than control-media-treated cul

tures (81). The authors argue that the increase in RNA syn

thesis which they observed could be compensatory for the

polysomal alterations (84). Their argument is supported by

the finding that actinomycin D, a potent inhibitor of RNA

synthesis, greatly strengthens and accelerates the cytotoxic

effect of lymphotoxin (82). Such potentiation is synergistic

and is apparent even at early intervals when this inhibitor

per se causes little cytotoxicity.

The complement system: I have already mentioned that the

complement system, either via classical or alternate path

ways, plays no role in guinea pig lymphotoxin production by

PPD- or ovalbumin-stimulated lymphocytes. Nor does comple

ment participate in the cytolytic action of LT (59).

Two Types of Cytolysis by LT

The precedent discussion has concerned the lymphotoxin

induced biochemical changes which occur in target cells.
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Such alterations take place in an early phase of LT acti.

vity and ultimately lead to destruction of the target cells.

From a morphological viewpoint, lymphotoxin incites two

kinds of cytolysis -- the "popcorn" and the "ballooning"

types (81). The "popcorn" type (a term expressing the resem

blance of the residual cellular mass to a kernel of popped

corn) is the most common form of cytolysis. The lytic event

is sudden in onset and proceeds to completion rapidly, usual

ly within 3-5 min. It is characterized by abrupt shrinkage

and violent bubbling of the cell body.

The "ballooning" type of cytolysis is much slower in ini

tiation. It consists of a leisurely swelling and rounding-up

of the cell and generally requires 60 to l20 min to progress

to completion. It always involves both the nucleus and the

cytoplasm.

Microorganisms: Are They Affected by Lymphotoxin?

All the experimental observations I have discussed so far

have pertained to the use of mammalian cells as targets.

There are, however, many microorganisms which can induce a

primarily monocytic/lymphocytic response. Thus we may in

quire whether lymphotoxin is active against microorganisms.

Weedon et al. (85), employing human LT produced by PHA-stimu

lation of human peripheral blood lymphocytes, found LT cyto

toxic to epithelial cells, but not to Gram-positive and

Gram-negative microorganisms, an anaerobic microorganism
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(Clostridium perfringens), an acid-fast bacillus (Myco

bacterium tuberculosis, and a fungus (Candida albicans).

Their data on the fungus, however, contradict those of

Pearsall et al. (86), who observed that LT-containing super

natants are toxic to two fungi, the aforementioned C. albi

cans and Saccharomyces cerevisiae. But it should be pointed

out that the latter group of investigators used mouse LT

instead of human LT.

Evidence Against the Biological Significance of Lymphotoxin

Despite the fact that the release of a cytotoxic mediator

in supernatants of antigen- or mitogen-stimulated lympho

cytes has been confirmed by several groups of investigators

from a number of laboratories (2-4, 35-40), others have

failed to observe a cytotoxic activity in cell-free culture

supernatants. Canty and Wunderlich (87), for example,

failed to find any cytotoxicity in supernatants of antigen

stimulated lymphocytes. However, they used target cells as

the sensitizing antigen. (As I have mentioned, the work of

Boulos et al. (56) has indicated that antigenic stimulation

is much less efficient in inducing the release of lympho

toxin than mitogenic stimulation.) Also, the cells used as

targets -- lymphoid tumor cells -- are not very sensitive

to the effects of the cytotoxin. And furthermore, the pro

duction of lymphotoxin from mouse spleen cells requires

highly specific culture conditions -- which these two inves

tigators failed to establish. Another researcher (88) also
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reported complete lack of success in an attempt to produce

cell-free lymphotoxin. Since the source of LT in this re

port was again the murine spleen cell, the same criticism

applies here.

Henney et al. (89) tested the hypothesis that LT produc

tion and T-cell-mediated cytolysis are related phenomena,

and that lymphotoxin is involved in the lytic mechanism of

the T-cell. Using pactamycin and emetine, both known to be

potent inhibitors of the initiation of protein synthesis,

they were able to suppress both LT production and T-cell

mediated cytolysis, even though the kinetics of suppression

were different in each case. By raising intracellular levels

of cAMP with cholera toxin, a stimulator of adenyl cyclase,

they were able to inhibit T-cell-mediated cytotoxicity.

On the other hand, they observed that LT production remained

normal. This finding is contrary to the observations of

other workers (as noted earlier), who perceived the inhibi

tion of LT by enhanced intracellular levels of cAMP (65).

Vinblastine, colchicine, and colcemid, inhibitors of cell

proliferation, had no effect on the production of lympho

toxin, but inhibited T-cell-mediated cytolysis (89). Very

possibly these Vinca alkaloids may interfere at some point

other than the efferent arc of the immune response -- or they

may interfere with the mobility of the lymphocytes and pre

vent attachment to the target cells.
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It is obvious, therefore, that investigators of lympho

toxin production should exercise great care in selecting

the source of lymphocytes, in establishing the conditions

of their experimental protocols for obtaining such LT pro

duction, and in choosing the particular type of target cell

for assaying test supernatants.

Evidence Supporting the Significance of Lymphotoxin in Cell

Mediated Cytotoxicity

Although immunologists do not unanimously agree that lym

photoxin is the instrument involved in cell-mediated cytotoxi

city, existing data correlating the two phenomena are very

convincing. Most important, Walker and Lucas (90), using

rabbit anti-human lymphotoxin serum, succeeded in inhibiting

target-cell destruction by PHA- and PPD-activated lymphocytes

as well as sensitized lymphocytes from patients with renal

allografts, and lymphocytes autochthonous to tumor target

cells.

The lysis of target L-cells by immune lymphocytes and

that induced by active cell-free supernatants of PHA-stimu

lated lymphocytes are very similar when compared morphologi

cally (81, 91). A number of experimental observations indi

cate that both LT production and T-cell-mediated cytolysis

diminish substantially in the presence of inhibitors of pro

tein synthesis and energy-producing pathways (22, 92). But

inhibition of DNA synthesis affects neither the production
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of LT nor the lytic activity of effector T-cells (22, 92,

93). The elevation of intracellular levels of cyclic AMP

has been shown to inhibit not only elaboration of lympho

toxin by stimulated lymphocytes (65), but also destruction

of target cells by immune lymphocytes (22).

Complement failed to enhance (and complement inhibitors

failed to suppress) either cell-mediated cytolysis or LT pro

duction and activity (22, 59).

Cytochalasin B, demonstrated to inhibit lymphotoxin re

lease by antigen-stimulated lymphocytes (63), also inhibits

the cytolysis of DBA/2 mastocytoma cells by splenic lympho

cytes from allo-immunized C57/BL mice (94, 95). In both

systems, inhibition is reversible. In cell-mediated cyto

toxicity, inhibition occurs at a very early stage of the

cytolytic pathway (94).

Hydrocortisone, a potent suppressor of cell-mediated cyto

lysis (22, 93), is also a highly effective inhibitor of lym

photoxin release (92).

From the mouse L-929 target-cell line, Kramer and Granger

(96) isolated four distinct clones which varied widely (from

sensitive to resistant) in susceptibility to the lytic ef

fects of LT. These workers showed that the sensitivity of

such sublines to direct lymphocyte-mediated lysis closely

paralleled their sensitivity to LT-induced cytotoxicity.
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The clones, however, were equally sensitive to antibody

mediated, complement-dependent lysis.

Finally, normal serum components are reportedly a prere

quisite for influencing both cell-mediated and LT-induced

target-cell destruction (80, 97).

Lymphotoxin has also been implicated as the causative

agent in several pathological conditions wherein a cellular

immune mechanism is considered to be the underlying cause.

Shorter et al. (98, 99) have studied the cytotoxic effects

of peripheral blood lymphocytes from patients with inflamma

tory bowel disease on human colonic epithelial cells. In

addition, the same investigators have shown that either dis

rupting or incubating such lymphocytes in culture medium re

leases a factor which is cytotoxic for human colonic epithe

lial cells (lo 0, 10 l). The properties of this cytotoxic fac

tor conformed to those of human lymphotoxin from PHA-stimu

lated lymphocytes.

Incubation of muscle pieces and autologous peripheral

blood lymphocytes from patients with dermatomyositis or poly

myositis resulted in the production of a factor which was

cytotoxic for human fetal-muscle monolayers (102). This

factor, too, had physicochemical properties similar to those

typical of PHA-induced human lymphotoxin.
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Hodgkin's disease and the Wiskott-Aldrich syndrome are

associated with a specific depression of delayed hypersensi

tivity and cell-mediated immune phenomena (103, l04). Cul

tures of peripheral blood lymphocytes from patients with the

above diseases, when stimulated with PHA, produced little or

no lymphotoxin in the cell-free supernatants (105, l06).

The relationship of LT to lymphokines affecting target

cell growth: As stated at the beginning of this chapter, two

other lymphocyte-soluble products which have been described

in the literature are proliferation-inhibitory factor (PIF)

and cloning-inhibitory factor (CIF). PIF was found in super

natants of mitogen- and antigen-stimulated lymphocytes (l7,

l8, 21). Such supernatants were capable of inhibiting the

division of HeLa cells in tissue culture, as assayed by the

incorporation of tritiated thymidine into DNA. Dilutions

(l: 20) of active supernatants reduced DNA synthesis to 10

20% of that in control cultures. However, dilutions of l; lo

and lower displayed some cytotoxic activity. The supernatants

of cultures established with dead leukocytes and PHA, ex

tracts of fresh leukocytes, or PHA alone did not inhibit the

proliferation of target cells. And a lesser degree of inhi

bitory activity was observed in supernatants of cultures con

taining non-stimulated lymphocytes. Other tissue-culture

cell lines found susceptible to the effects of PIF were human

amnion, HEp2, and KB cells. No activity was observed in cul

tures of mouse L-cells or in chick embryo fibroblasts.
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Human PIF is said to be heat-stable at 85°C for % hr, non

dialyzable and non-sedimentable at 90,000 X G, and sensi

tive to digestion by trypsin (l7, 18, 21). Human cloning

inhibitory factor has been elicited by either mitogen- or

antigen-stimulated lymphocytes (l9, 20), and cell-free

supernatants prepared from such cultures of activated lympho

cytes inhibited the cloning of HeLa cells; whereas superna

tants from non-stimulated lymphocytes did not. CIF is non

dialyzable and is inactivated at a temperature of 56°C in 30

min.

Considering these two activities of stimulated lymphocyte

supernatants, PIF and CIF, we raise the question as to how

they relate to lymphotoxin. It was recently reported that

supernatants of PHA- or Con-A-stimulated lymphocytes exhi

bited all three activities -- and that the activities ob

served depended on both the degree of supernatant dilution

and the sensitivity of the target cells employed (43).

Therefore, it is very conceivable that proliferation- and

cloning-inhibitory effects as well as cytotoxic effects re

present properties of one single factor. Probably, the ef

fect, as described by different authors, is indeed dependent

on the degree of dilution and the type of target cells used.

It should be pointed out, however, that in the above studies

non-purified material was employed.

The relationship of lymphotoxin to cytotoxic factors pro

duced by macrophages: Results of in vivo studies have demon

strated that immune macrophages can function as effector
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cells in rejecting tumor allografts (lo 7) and normal tissue

allografts (lo 8). Moreover, macrophages were shown to be

the dominant cells present in the peritoneal exudates of

C57/BL/6K mice at the time of rejection of a sarcoma I as

cites tumor allograft from an A/Jax mouse (109). A soluble

macrophage cytotoxin (or cytotoxic factor) has been described

in peritoneal or alveolar exudate cells from either immune

or non-immune animals (ll,0-ll3). The agent could not be ob

tained from lymph node, spleen, or peripheral blood cells

and was not releasable from peritoneal exudates at 4°c.

Both antigens and mitogens have been effective in eliciting

this factor. Its effect is dose-dependent and nonspecific,

since it equally affects L-, HeLa, rabbit kidney, monkey kid

ney, and guinea pig lung cells.

By partial purification utilizing gel filtration and ion

exchange chromatography, two peaks of activity were detected.

One was found consistently and was further characterized,

revealing stability to boiling for l hr and containing no de

tectable protein, mucopolysaccharide, or reducing sugar.

Its molecular weight as determined by Sephadex chromatography

was approximately l, 000. The cytotoxic factor was labile to

digestion by phospholipase D or acid phosphatase, but was un

affected by pronase, amylase, lipase, or lysozyme.

f **I-labeled cytotoxic factor on cellRadioautographs o

culture surfaces indicated that it binds to target-cell mem

branes. In addition, N-acetylglucosamine and N-acetyl
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galactosamine interact with the factor and neutralize its

effects (ll 2). These two carbohydrates, components of the

cellular surface membrane, were suggested to be its binding

sites.

Judging from the above observations, it becomes obvious

that this factor and lymphotoxin are different entities.

This is further verified by a recent report of experiments

in which macrophage cytotoxin and lymphotoxin were demon

strated to be antigenically distinct by the use of an anti

LT antiserum (ll 4). Also (as will be discussed in Chapter

III), LT activity is not neutralized by N-acetylglucosamine

or N-acetylgalactosamine.

SUMMARY AND BRIEF DISCUSSION

In all the LT-pertinent in vitro systems which have been

described in the literature, only the ones using T-lympho

cytes as the effector cells are antibody- and complement

independent. It is possible to divide the T-cell-induced

lytic schema into five general steps: l) specific binding,

which involves the lymphocyte's recognition of the specific

antigen on the target-cell surface, with consequent binding

of the lymphocyte to the target cell; 2) stimulation of the

lymphocyte; 3) permeability changes in the target-cell mem

brane; 4) osmotic swelling and alterations in certain bio

chemical pathways of the target cell; and, as a finale, 5)

target-cell lysis. Even though experimental evidence exists
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to support the above schema, some of the steps described

are still in want of experimental verification.

Interaction of the lymphocyte and target cell has been

reported to require only a short time for lysis to occur.

After that specified time-period, the presence of the effec

tor cell is seemingly unnecessary, and target cells will lyse

even if the effector cells are removed.

Despite the many projected theories attempting to explain

the mechanism of target-cell lysis by T-lymphocytes, the

mechanism in toto is still doubtful. In this chapter, I have

extensively discussed and reviewed the background information

on a cytotoxic product of activated lymphocytes -- namely,

lymphotoxin. LT has been tentatively designated as the puta

tive mediator of target-cell destruction. After specific re

cognition of the target-cell antigens by the lymphocyte fol

lowed by its binding to the target (step l), the lymphocyte

is then in a state of activation and releases several effec

tor molecules, among them lymphotoxin (step 2). Subsequent

ly LT interacts with the target-cell surface (see Chapter

III), triggering the events which eventually lead to lysis

of the target cell.

The first two steps of T-cell-induced lytic activity can

be frustrated by agents which block protein synthesis and

energy-producing pathways, as well as factors which inter

fere with secretory processes. (After the release of LT, it

is possible that the lymphocyte detaches from one particular
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target cell and interacts with another.) The lymphotoxic

molecule, if unhindered, will cause target-cell membrane

changes which will ultimately result in lysis (steps 3-5).

The step-wise concept proposing lymphotoxin as the media

tor of target-cell lysis by T-lymphocytes, however, although

very attractive and supported by a substantial body of evi

dence, is still refused recognition by some workers in this

field. In the following chapters, I have explored and de

tailed some of the apparent interactions between LT and the

target-cell surface, presenting some correlations between T

cell-mediated cytotoxicity and a model involving lymphotoxin

as the effector molecule.
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CHAPTER II

TWO TECHNIQUES FOR THE RADIOACTIVE LABELING

OF HUMAN LYMPHOTOXIN

INTRODUCTION

Other investigators (78) have attempted to study the in

teraction of lymphotoxin with target-cell surfaces. The

main drawback of these efforts, however, was the seeming im

possibility of examining direct interactions. Before we com

menced our research on the binding of human lymphotoxin to

target cells (see Chapter III), we considered it imperative

to obtain a radioactively labeled LT product. In this chap

ter, the two principal methods by which we radioactively

labeled human LT are described: 1) labeling with 125 I, a

gamma emitter, and 2) tagging with *H-labeled acetic anhy

dride, a beta emitter. In addition, our findings on the sta

bility of the cytolytic cellular mediator after these dif

fering treatments are reported.

MATERIALS AND METHODS

Non-radioactive lymphotoxin -- source and purification:

The procedure for production and purification of human LT has

been detailed elsewhere (35a). In brief, lymphocytes obtained

from human adenoidal tissue were maintained in tissue culture

and stimulated with phytohemagglutinin. Twelve-liter batches

of crude lymphocyte-culture supernatants were concentrated
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and processed for purification according to the method of

Russell at al. (35a), except that the Sephadex G-lS0 step

was eliminated. The crude culture supernatant concentrate

was then fractionated on a DEAE-cellulose column, and the

active fractions were concentrated and further purified by

electrophoresis on preparative 9% acrylamide gel. The bulk

of cytotoxic activity eluted from the DEAE-cellulose with

0.04–0.07 M NaCl. Upon polyacrylamide gel electrophoresis,

a triad of well-defined, closely-spaced protein bands was

seen, with additional faint bands appearing toward the anode.

The bulk of cytotoxic activity was found just on the cathodal

side of the triad, in an unstained segment of the gel. Next,

LT was extracted from the gel, and the extract was stored at

–85°C until used.

Radioactive lymphotoxin -- source and purification: After

pooling and concentrating the active fractions from the DEAE

3cellulose step, we labeled LT either with 'H'-acetic anhydride

Or 1251 (see below). Further purification and storage of the

radioactive preparation were performed exactly as described

in the preceding paragraph for non-labeled lymphotoxin. The

electrophoretic mobility of radioactive LT on polyacrylamide

gel was identical to that of the non-radioactive cytotoxin.

1251Radioactive Labeling with

This method is an adaptation of the procedure described

by Morrison (ll,5). Every step was conducted at room
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temperature (unless otherwise indicated). After fractiona

ting crude LT supernatants by means of DEAE-cellulose column

chromatography as described above, we pooled and concentrated

the active fractions. A given aliquot containing approxi

mately 500 ug of total protein was adjusted to pH 6.5 with

l M phosphate buffer (pH 6.5) and brought to a final total

volume of 2 ml. sodium-*1 (New England Nuclear), 2 mci,

which had been adjusted to pH 6.5 with l M HCl, was then

added to the LT solution. Lactoperoxidase in the amount of

5 ug was added to this mixture. Subsequently we initiated

the iodination reaction with 20 ul of 5 X 10-4M H2O2 (i.e. ,

5 ul 30% H2O2 in 100 ml triple-distilled water). The reac

tion was allowed to proceed for 5 min. A total 3-5 cycles

of enzyme and peroxide additions were performed, each per

mitted to proceed for 5 min. After the last cycle, the mix

ture was brought to pH 8.6 with l M Tris-HCl (pH 8.6) and

dialyzed extensively against 0.01 M Tris-HCl at this pH at

4°c. The mixture was then electrophoresed on a 9% prepara

tive acrylamide gel. With this subsequent purification

step, we removed the lactoperoxidase and further purified

the lymphotoxin.

Determination of lactoperoxidase concentration: To pre

pare a stock solution of the enzyme, we dissolved l- 2 mg in

1 ml of 0.033 M phosphate buffer at pH 7.0. The exact con

centration (ll6, ll:7) was determined with the formula:
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lactoperoxidase concentration = lTH+z-Tys x 0.D. 412; the
approximate molecular weight of the enzyme was 82,000. The

stock solution was kept on ice until used.

Assay of lactoperoxidase activity: The method described

here is that of Hosoya and Morrison (ll 8). Equal volumes

of 3 x 10-4 2M H2O2 and 1 x 107*M KI in 0.033 M phosphate buf

fer (pH 7.0) were mixed in a cuvette, with a l.0-cm light

path. Lactoperoxidase stock solution, l0-50 ul, was added,

and the contents were mixed quickly, with time-monitoring

of the rate of the change in absorbance at 350 mu .

Radioactive Labeling with 3 H-Acetic Anhydride

The method used here was an adaptation of that of Weber

(ll.9). Acetic anhydride (Amersham-Searle), supplied in gase

ous form in an ampule, was first incubated in an acetone/

dry-ice bath for l hr to achieve condensation of the gas.

After partial purification of LT-active supernatants through

DEAE-cellulose column chromatography as described above, the

active fractions were concentrated to l ml and the pH was

adjusted to 9.0 with 1 M NaHCO3. Then we added the LT solu

*H-acetic anhydridetion in the ampule containing 25 mci

(3-6 Ci/mmole) and incubated the material for l hr in an

ice-bath (4°C). Next, lysine-HCl (20 mg) in 50 ul distilled

water was added (stock solution, 0.4 g/ml), followed by in

cubation of the mixture for 4 hr at 4°C to inactivate any

remaining acetic anhydride molecules which did not react
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with the LT solution. We then cut open the ampule and dia

lyzed the contents extensively against 0.38 M glycine with

0.02 M Tris (pH 8.6) to remove any free radioactivity. The

radioactive mixture was electrophoresed on acrylamide gel as

described above.

Assay of lymphotoxic activity: The assay for cytotoxicity

was accomplished as previously described (35a) : Briefly,

monolayer cultures of target L-cells were established in

round-bottomed tubes at a concentration of l X 105 cells/ml

in medium RPMI lo 40 with 5% fetal calf serum (FCS) for 24 hr.

Varying amounts of material to be tested were added and the

cultures were re-incubated for an additional 48 hr. The mo

no layers were then washed, the cytoplasm of the remaining

cells digested with a solution of 0. l M citric acid-0.5%

cetavlon, and the nuclei counted in an electronic (Coulter)

particle counter. Lymphotoxic activity was expressed as

cytotoxic units (CU), with one such unit defined as a nu

merical difference of l, 000 cells between control prepara

tions and LT-treated cultures under specific conditions.

Determination of protein content: We used Goldberg's

procedure (123) to determine the protein content of purified

LT preparations -- a method which involves complexing copper

to protein, removing the free excess copper by adsorption

to a small Sephadex column, and digesting the copper-protein

complex with hydrogen peroxide. Finally, phenol and
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chloramine-T are added to the reaction mixture. The copper

catalyzes a color-producing reaction between the two com

pounds, and absorbance is measured at 410 nm.

RESULTS AND DISCUSSION

Two widely used methods exist for the labeling of proteins

with radioactive iodine. One is a chemical procedure using

chloramine-T to trigger the reaction (l20), while the other

is an enzymatic system using lactoperoxidase to catalyze

iodination reactivity (ll,5). In our studies, we employed

the latter method because it has been described as less

likely to denature proteins (the kinetics of this method have

been studied by other investigators (ll 5)). Iodination was

performed at pH 6.5, since this represents the optimal pH at

which lactoperoxidase catalyzes the reaction of iodine with

tyrosine residues of the protein to be labeled.

Assaying enzyme activity before initiating the labeling

experiment was mandatory, in view of our past experience

proving that the enzyme varies greatly from one lot to the

next. Accordingly, the assay utilized was one in which the

3, catalyzed by lactoperoxidase, isoxidation of IT to IT

monitored spectrophotometrically (ll 8). Before adding the

enzyme to the reaction mixture in the cuvette, the absor

bance should be checked and readjusted to zero if necessary,

because increase in absorbance is unavoidable due to the

spontaneous oxidation of IT to I-3.
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The amount of stock lactoperoxidase added in the cuvette

varied, depending upon the different levels of activity in

enzyme lots.

On the basis of the rate of change in absorbance at 350 mu

plus the amount of enzyme causing the change, the activity

of lactoperoxidase can be calculated. One unit of lacto

peroxidase activity is defined as that amount of enzyme ef

fecting a change in absorbance equal to 1.000 sec (ll,7).

Our enzyme preparation was satisfactory in terms of activity

when l ug equalled at least 0.25 units.

That antibodies can be acetylated with acetic anhydride

without losing their ability to combine with antigen has

been established (121-122). Tritium labeling of PHA by ace

tylation with *H-acetic anhydride, yielding a stable product

of high specific activity, has also been reported (ll.9).

Acetic anhydride in aqueous solution is an extremely reactive

molecule. The conditions we chose for acetylation ensured

the labeling of mainly the amino groups (ll.9). The acety

lation procedure yielded a more stable product than the one

obtained from iodination (see Table 2-l).

The instability of lymphotoxin upon radioactive labeling

may be attributed to two main factors: 1) Oxidation pro

ducts formed during the reaction -- e.g., in the case of

iodination -- may damage LT; and 2) irradiation and the

production of free radicals may be factors contributing to
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the instability of LT. Of course, there are certain agents

which offer protection from these adverse effects -- for

example, the use of BSA, glycerine, or free radical traps

Table 2-l. Comparison of the Stability of Non-Labeled

Human Lymphotoxin with that of 125I- and *H-Labeled LT

LT labeled Storage period Original biologic
with: (days) activity remaining

(%)

3H 70 100

*H l 40 70

1251 l6 60

Non-labeled LT > 140 100

such as thioglycerol. These compounds afforded some degree

l2
of protection to *I-labeled lymphotoxin, but unfortunately

resulted in other complications -- i.e., addition of a foreign

protein contaminant (BSA) to the purified LT preparation, or

target-cell cytotoxicity due to thioglycerol. Therefore,

labeling with *H-acetic anhydride seemed much more opportune

because of the greater stability of LT under those experimen

tal conditions on the one hand and the avoidance of extrane

ous contaminants on the other.
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SUMMARY AND CONCLUSIONS

Two different methods for labeling human lymphotoxin have

been described here -- one using a gamma emitter (1251), the

other a beta emitter (*H). Labeling with 1251 yielded a pro

duct which was fairly unstable, whereas, in comparison, la

beling with *H-acetic anhydride yielded lymphotoxin of long

lasting stability.
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CHAPTER III

INITIAL STEPS OF THE INTERACTION

BETWEEN HUMAN LYMPHOTOXIN AND TARGET L-CELLS

INTRODUCTION

Contemplation of the mechanism of lymphotoxic action on

target cells has given rise to the theory that the cytotoxin

may interact with the target-cell surface. Hessinger et al.

(78) have demonstrated that when LT-containing supernatants

are incubated with target cells, some of the cytolytic acti.

vity is lost. The same group of investigators also observed

the disappearance of radioactivity when isotopically-labeled

culture supernatants were incubated with target cells.

These, findings, however, cannot be interpreted -- mainly be

cause crude lymphocyte culture supernatants containing most

ly contaminants were used rather than purified lymphotoxin.

In this chapter, the possibility that lymphotoxin may

exert its effects via interaction with specific cellular re

ceptors is investigated. Here we examine the binding of

radioactively-labeled LT to a highly lymphotoxin-sensitive

clone of mouse L-cells and compare the results with those

obtained employing a resistant clone derived from the same

cell line. In addition, we assess the effects of target

cell surface carbohydrates upon the action of lymphotoxin.

Dextrans of varying molecular weights are also investigated

for their possible influence on the cytodestructive activity

of LT.
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MATERIALS AND METHODS

Cloning of target L-cells: Medium RPMI lo 40 supplemented

with loš FCS was used in this technique. The medium was buf

fered with HEPES (0.015 M), TES (0.0l M), and BES (0.0l M)

(124) to pH 7.2 and designated "cloning medium". L-cells

were then distributed in sterile l6 X 125-mm screw-cap tubes

in 9-ml aliquots at a concentration of 50-100 cells/ml. A

3% agar solution was prepared in physiologic saline, divided

into l-ml aliquots, and autoclaved for 34 hr. After auto

claving, the agar-containing tubes were kept in a water-bath

at 56–60°C until needed. Both cell- and agar-containg tubes

were transferred to a 37°C water-bath for a short time and

allowed to equilibrate. The 9-ml cell suspension was added

to the l-ml agar solution, thus bringing the total suspen

sion of cells to 0.3% in respect to agar concentration. The

tubes were stoppered, inverted to mix the contents, and in

cubated at room temperature for 20 min or until the agar had

solidified. Then they were incubated at 37°c for 10–15 days.

Cell colonies could be seen thereafter. By 17–20 days, they

were ready for isolation: The colonies were aspirated with

a Pasteur pipette. Initially, each colony was put in a

small test tube (8 X 75 mm) and grown for 5-7 days at 37°C

in 0.2 ml cloning medium. It was then transferred to a

Leighton tube, permitted to proliferate for 5-7 more days,

and the cloning procedure was repeated once again. Reclo

ning considerably increased the probability that each final

clone obtained originated from a single parent cell.





49

Subsequently each clone was tested for its sensitivity

to serial twofold dilutions of purified lymphotoxin as des—

cribed in Chapter II (Materials and Methods). Clones found

to be resistant were maintained in LT-containing medium

(RPMI le 40-5% FCS, 400 CU LT/ml medium). This helped to

keep the clones resistant by eliminating the LT-sensitive

cells which might arise. However, before each experiment,

the LT-containing medium was removed and the cell layer was

washed with RPMI le 40 and kept for 4 days in LT-free medium.

Maintenance of target L-cell cultures: Target cells were

maintained either in monolayers or in spinner cultures (the

monolayer culture medium was RPMI le 40-5% FCS). Monolayer

cultures were kept in plastic flasks (Falcon #3024) in an

atmosphere of 5% CO2-air. The cultures were regularly

transferred once a week. In all experiments, a culture flask

displaying confluent growth was selected, and the medium of

the culture was always replaced with fresh medium the day

before the experiment commenced. Spinner culture medium

consisted of RPMI le 40-l9% FCS, supplemented with glutamine

(l mg/100 ml) and buffered with HEPES (0.015 M), TES (0.0l M)

and BES (0.0l M) to pH 7.2. Suspension cultures obtained

from a monolayer culture were established at a concentration

of 2 x 10° cells/ml. Each day, a third of the suspension

was removed and replaced with fresh medium of the above com

position.
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Binding studies: To determine the kinetics of LT

binding, we treated l.2-ml suspension cultures of LT-sensi

tive cells (2 X 10°/ml) with 300 CU/ml *H-LT and incubated

them in triplicate for 2, 30, 60, or l20 min at 37°C. Ten

milliliter aliquots were withdrawn from each culture; the

cells were then washed and dissolved in Unisol solubilizer

(Isolab, Akron, Ohio). Next, Unisol Complement was added,

and bound radioactivity was determined in a liquid scintil

lation counter. In other experiments, the length of incuba
3tion (30 min) and the dose of "H-LT (500 CU/ml) were held

constant, but the number of cells varied. Cell-bound radio

activity was then assessed.

To examine the nature of LT binding, we incubated separ

° cells/ml) ofate suspension cultures (35 ml each, 2 X 10

both sensitive and resistant cells for 1 hr at 37°C with

various amounts of non-radioactive LT. All cultures then

*H-LT and incubation was continued forreceived 600 CU/ml

an additional hour at 37°C. Subsequently, cell-bound radio

activity was quantitated as described above. At the same

time, the cytotoxic activity of lymphotoxin was measured

*H-LT used(Chap. II ) . In all binding experiments, the

contained 72,000 CU/ml, 90 cpm/CU, and 5 lug protein/ml;

while unlabeled LT contained 94,000 CU/ml.

Effects of N-acetylgalactosamine and N-acetylglucosamine

on LT activity: Varying concentrations of these two carbo

hydrates were incubated with 25,000 CU LT for 60 min at
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37°c, in a total volume of l ml. From this mixture, 50 lul

were added to the surfaces of L-cells pre-established in

round-bottomed culture tubes in l ml RPMI lo 40-5% FBS. After

incubation for 24 hr at 37°C, the remaining cells were coun

ted as described in Chapter II. In each culture tube, the

final concentration of LT was l250 CU. Cultures receiving

3M N-acetylno additions, 10-3M N-acetylgalactosamine, 10T

glucosamine, or l250 CU LT (pre-incubated for l hr at 37°C)

were all used as control material.

Removal of LT from active supernatants: To learn whether

lymphotoxin could be removed from tissue-culture superna

tants by pretreatment with target cells, we pre-incubated

900 CU of purified LT/ml on L-cell monolayers (150,000 cells/

ml) for 1 and 7 hr in medium RPMI 1640-5° FBs at 37°C. su

pernatants treated in this manner were either directly added

to the surfaces of fresh cultures of target cells without

any further treatment or first reacted with anti-LT serum

(see Chapter IV) for l hr at 37°c and then added to target

cells. Cultures were incubated for 48 hr at 37°c, and sur

viving cells were counted in an electronic (Coulter) particle

counter (see Chapter II).

LT-free medium and non-treated LT-containing medium were

used as control preparations.

The effects of dextrans on LT activity: Monolayers of

target L-cells, established in round-bottomed tubes, were
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exposed to lymphotoxin (3,000 CU/ml) for 2 hr at 37°C. The

LT-containing culture medium was then removed, the mono

layers were washed, and medium including dextran was applied.

Incubation was continued for an additional 8 hr at 37°c.

As control preparations, identical cultures were incubated

with 0.1 M glycine-0. 15 M NaCl (pH 9.5) buffer instead of

LT. Surviving cells were counted in a Coulter counter as

described in Chapter II (Materials and Methods).

RESULTS AND DISCUSSION

Removal of LT from Active Supernatants

LT-containing supernatants have been reported to lose some

of their activity when incubated on monolayers of target L

cells (78), yet we (and others) (79) were unable to confirm

this observation. When we incubated tissue-culture media

containing 900 CU of purified LT/ml on monolayers of L-cells,

as described in the preceding Materials and Methods section,

no loss of activity was detected (Table 3-l). The lysis

observed was due to LT activity only -- not to other possi

bly cytotoxic agents secreted into the culture medium by L

cells during the pre-incubation period. This is supported

by the facts that l) LT-free medium pre-adsorbed to target

cells possessed no cytotoxicity, and 2) treatment with anti

LT serum abolished the lytic effect. The low degree of cyto

lysis (7%) noted with anti-LT-serum-treated culture super

natants was probably attributable to insufficient amounts
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of anti-LT serum to neutralize all lymphotoxic activity.

This, in turn, is supported by the fact that LT-containing

media which had not been pre-adsorbed to cells displayed

similarly low levels of cytolytic activity when treated

with the same amount of anti-LT serum (Table 3-l).

Table 3-l. The Effects of Incubation with Target Cells

on the Activity of LT-containing Supernates”

Conditions of incubation Percent lysis”

Incubation with LT-free medium
(non-pre-adsorbed) O

Incubation with LT-free medium
pre-adsorbed to cells for l hr 0

Incubation with LT-containing medium
(non-pre-adsorbed) 56 + 3

Incubation with LT-containing medium
reacted with anti-LT serum 6 + 3

Incubation with LT-containing medium
pre-adsorbed to cells for l hr and
then reacted with anti-LT serum 7 + 0.7

Incubation with LT-containing medium
pre-adsorbed to cells for l hr
(no treatment with anti-LT serum) 64 + 3

Incubation with LT-containing medium
pre-adsorbed to cells for 7 hr
(no treatment with anti-LT serum) 67 + 3

a—. . - - - - -This experiment was repeated three times, with identical
results.

*Results are reported as average percent lysis it standard
error in five replicate samples.
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These observations could indicate that either LT does not

bind to target cells at all or that the amount of binding

is so slight as to be undetectable with the assay system

used.

The Relative Sensitivities of Various L-Cell Clones to LT

The cloning of L-cells was performed as described in

Materials and Methods. In Table 3-2, we compare the rela

tive sensitivities of an LT-sensitive clone, an LT-resistant

clone, and the parent L-cell line to the cytotoxin. (The

cytotoxicity assay employed is described in Chapter II

(Materials and Methods.)

Table 3-2. Relative Sensitivities

of Various L-Cell Clones to LT.”

Cell line Percent lysis after 48-hr treatment
with LTb

200 CU/ml 400 CU/ml 800 CU/ml

Parent line
(L-929) 64 + 9 74 + 2 81 + 3

LT-sensitive
clone 60 + 12 80 + 7 87 it 18

LT-resistant
clone O 6 + 5 18 + 17

*This experiment was performed twice, with identical
results.

*Each number represents the mean percent lysis it standard
error in five replicate samples.
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The LT-sensitive clone was as responsive to the cyto

toxin as the parent line -- possibly due to the cloning

technique used. Perhaps L-cells more sensitive to LT than

the parent line have poor cloning characteristics, and thus

cannot be isolated.

The insensitivity of the resistant cell line to lympho

toxin is striking; but after consecutive tests, we observed

that this resistant clone had a notable tendency, with time,

to revert to sensitivity. The LT-resistant clone was main

tained in LT-containing culture medium (400 CU/ml) in an ef

fort to delay such reversion.

Binding Studies

The possibility that lymphotoxin may exert its effects via

interaction with specific receptors on the target-cell sur

face was investigated. We examined the binding of purified

*H-labeled LT to a highly lymphotoxin-sensitive clone of

mouse L-cells and compared the results with those obtained

using a resistant clone derived from the same cell line.

The design of binding experiments was analogous to that

employed in hormone receptor studies involving sensitive and

resistant cells (125-127). We first determined the relation

ship of *H-LT binding to target-cell concentration and found

that the amount of binding increased when cell concentration

was augmented (Table 3-3). (It should be pointed out that

this experiment was performed only once.)
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Table 3-3. The Relationship of Radioactive

LT Binding and Target-Cell Concentration

No. of cells added Lymphotoxin uptake (cpm/sample)

6 X 10° 80

12 x 10° ll.0

24 x 10° 175

Next, the kinetics of binding were established: Labeled

LT bound rapidly to sensitive target cells, with nearly 50%

of the binding occurring within 2 min and attainment of a

near-plateau in l hr (Fig. 3-l). To obtain an indication

of affinity and capacity for binding, we examined the effect

of pre-incubating sensitive cells with non-radioactive lym

photoxin on the subsequent binding of radioactive lympho

toxin. As shown in Figure 3-2, non-radioactive LT markedly

inhibited the subsequent binding of radioactive LT, with

maximal inhibition at a concentration of 300 CU unlabeled

LT/ml culture. These data suggest that two kinds of binding

exist: l) a high-affinity, limited-capacity binding compo

nent which is saturated by pre-incubation with non-radio

active lymphotoxin, and 2) a low-affinity, high-capacity

component not detectably saturated by pre-incubation with

the unlabeled mediator. The concentrations of non-radio

active lymphotoxin required for maximally inhibiting the
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FIGURE 3-2, a & b

500■ -
-

M a. SENSITIVE CLONE

wº –4
\
\

\300|| \ —H3

£-- C -*-* CY p
- 200 ** $49eger, —2 S.
Tº * BINDING •=/ X

•o *- : ->S -

3, 100H —|| 8
N. GO
E rº,
C. o

J. §§ l l l l—|| I 3.

9 *3 b. RESISTANT clone >º *~
-

z 400H Y-4Srror –4 $:

-
*%-4 ö

300 H. 3 :
O

200 L- —2
C.

IOOH —||

I l | | l

O l ■ / +0

UNLABELEDLT (10°CU/ml)

|
- -

–
s _*.

Comparison of *H-LT binding and displacement
of such binding by non-labeled LT in LT-sensi
tive (a) and -resistant (b) cells ("binding
curves"), and comparison of the cytotoxic
activity of non-labeled LT in LT-sensitive
and -resistant cells ("cytotoxicity curves").



high-affinity, limited-capacity binding are very similar

to those which cause progressive cytotoxicity (Fig. 3-2,

a). To verify the inhibition of *H-LT binding due to pre

treatment with unlabeled LT, we performed the above experi

ment four times. The results are tabulated as percent reduc

tion of *H-LT binding (Table 3-4, column A).

Table 3-4. Percent Reduction of *H-LT Binding

By Pre-incubation with Unlabeled LT.”

Experiment No. Sensitive cells Resistant cells
(A) (B)

l 47 2l

2 46 2l

3 28 0

4 20 6

a - - - a - -Each experiment with sensitive and resistant cells was
performed at the same time.

In striking contrast, our observations on LT-resistant

cells revealed that non-radioactive lymphotoxin does not

inhibit the subsequent binding of radioactive lymphotoxin to

any significant degree (see Fig. 3-2, b) . This observation

was validated by the fact that in four replicate experiments,

the percent reduction of *H-LT binding by pre-incubation

with non-labeled LT was much lower than that observed with

sensitive cells in experiments conducted at the same time

(Table 3-4, column B). Apparently the high-affinity,
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low-capacity component was either absent or considerably

diminished in the lymphotoxin-resistant cells. However, the

low-affinity, high-capacity component was present in the re

sistant cells and was similar to that in cells from the sen

sitive clone. Therefore, since the high-affinity, limited

capacity binding component is associated with the cytotoxi

city, the lack of it may be one explanation for resistance

to LT.

Thus these binding studies indicate that LT-sensitive tar

get L-cells have two kinds of lymphotoxin receptors -- one,

a high-affinity, low-capacity receptor; the other, a low

*H-LT toaffinity, high-capacity receptor. The binding of

the former type of receptor was rapidly inhibited by non

radioactive LT. Concentrations of the unlabeled cytotoxin

required for maximal inhibition of such binding are very

much like those which cause progressive cytotoxicity (Fig.

3-2, a). However, the binding of radioactive lymphotoxin

to the latter type of receptor was not inhibited by non

labeled LT.

In marked comparison, our findings with LT-resistant

cells disclosed that non-radioactive lymphotoxin fails to

inhibit the subsequent binding of the radioactive cytotoxin

to any great degree. Evidently, therefore, the high-affi

nity, low-capacity component was absent or sizably reduced

in resistant cells. But the low-affinity, high-capacity
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component was present in resistant cells, and this type of

LT binding was similar to that in cells from the sensitive

clone. These findings are analogous to those involving

hormone binding in a number of systems (125-127).

The cellular location of the putative lymphotoxin recep

tor is not known. But because lymphotoxin is a protein

with a molecular weight of approximately 80,000-90,000 (35),

it is quite likely that the receptor is localized upon the

plasma membrane, as are receptors for a number of protein

hormones (64).

Effects of N-acetylgalactosamine and N-acetylglucosamine on

LT Activity

As stated in Chapter I, macrophages also have the abili

ty to secrete a cytotoxic substance which induces cytopathic

effects in target L-cells in vitro. In studies relevant

to this observation (ll2), N-acetylgalactosamine and N-ace

tylglucosamine, two carbohydrate moieties found on the sur

faces of mammalian cells, were demonstrated to neutralize

the cytopathic effects of the macrophage cytotoxin.

When we tested the effects of these two carbohydrates on

human lymphotoxin (see Materials and Methods), no neutrali

zation of lymphotoxic activity was detected (see Table 3-5,

next page).
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Table 3-5. Effects of N-acetylgalactosamine

and N-acetylglucosamine on Lymphotoxic Activity

Additions Percent lysis”

None 0

N-acetylgalactosamine
(i x 10-3M) 0

N-acetylglucosamine
(i x 10-3M) 0

Lymphotoxin (1250 CU) 20 + 3

LT (1250 CU) pretreated
with N-acetylgalactosamine:

0.02 M 32 + 2
0.0l M 23 + 9
0.005 M 20 + 8
0.0025 M 28 + 6

LT (1250 CU) pretreated
with N-acetylglucosamine:

0.02 M 26 + 8
0 - 0 1 M 23 + 4
0.005 M 29 + l2
0.0025 M 18 + 3

a -

Results are reported as average percent lysis it stan
dard error in triplicate samples.

The observation that N-acetylglucosamine and N-acetyl

galactosamine suppress the cellular effect of macrophage

cytotoxin prompted Pincus et al. (112) to hypothesize that

the toxic agent might compete with these amino sugars for
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the same receptor site (s) on the cell membrane, or that it

might bind directly to the suppressor.

Since the two amino sugars were unable to neutralize the

cytotoxic effects of LT at the concentrations used, we con

clude that these moieties probably do not serve as receptors

for LT on the target-cell surface, and emphasize the likeli

hood that macrophage and lymphocyte cytotoxins are distinct

and separate entities. Also, in a recent report, Reed and

Lucas (ll4) observed that a heterologous anti-lymphotoxin

serum was unable to neutralize macrophage cytotoxin.

The Effects of Dextrans of Various Molecular Weights on the

Activity of Lymphotoxin

Studies on the mechanism of specific target-cell lysis by

immune T-cells disclose that after a brief interaction be

tween the killer and target cells, a process of increasing

target-cell "leakiness" begins, independent of effector-cell

activity (128).

Dextrans of different molecular weights have been demon

strated to inhibit the effector-cell-independent step of

lysis (129, 130). Such polymers most effectively inhibit

the release of 51cr (which is believed to bind to intracel

lular proteins) rather than that of 8°Rb (not bound to intra

cellular proteins) from prelabeled target cells -- an obser

vation which has been interpreted as follows: Due to the

extracellular presence of dextran, the concentration of
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large molecules inside and outside the target cell becomes

equilibrated. Thus there is no longer an osmotic tendency

which would otherwise result in net water influx as well as

ultimate swelling and lysis of the target cell.

Here we report our findings on the effects of dextrans of

different molecular weights on the cytolytic activity of LT.

Increasing concentrations of dextran (80,000 MW) produced a

dose-related percent-inhibition curve of target-cell lysis

(Fig. 3-3, see next page). Treatment of target cells with

dextrans of lower molecular weights (lo,000 and 40,000),

however, conferred no protection to targets (Table 3-6).

Table 3-6. Effects of Dextrans of High or Low

Molecular Weight on the Lytic Activity of LT

Treatment after incubation Percent inhibition of

with LT target-cell lysis

Experiment l Experiment 2

None O 0

20 mM 10,000 MW dextran 0 O

6 mM 40,000 MW dextran 0 O

2 mM 80,000 MW dextran 60 67

Under the conditions described above, and in the absence

of dextran, lymphotoxin induces 30% target-cell lysis.
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FIGURE 3–3°
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dextran (80,000 MW) on LT-induced cyto
destruction of target L-cells.

*This experiment was repeated three times,
with identical results.
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It is interesting that the progression of the lesion in

duced in target cells by sensitized T-lymphocytes can also

be prevented by dextran of 80,000 MW in systems utilizing

the release of *cr from prelabeled target cells as an index

of cytotoxicity. The same investigators, however, reported

an identical type of protective effect -- i.e., inhibition

Of 51cr release -- in lymphocyte-mediated cytolysis when

dextrans of lower molecular weights (e.g. , 10,000 and 40,000)

were used.

SUMMARY

In this chapter, I have presented evidence indicating

that lymphotoxin interacts with two types of target-cell

receptors -- one, a high-affinity, limited-capacity recep

tor; the other, a low-affinity, high-capacity receptor. Pre

incubation of LT-sensitive cells with non-radioactive LT

markedly inhibited the subsequent binding of radioactive lym

photoxin. This phenomenon, however, was not observed when

LT-resistant cells were used instead. We concluded that the

high-affinity, limited-capacity receptor was present in LT

sensitive cells, but either absent or greatly diminished in

LT-resistant cells. The diminution or absence of such a re

ceptor could be responsible, at least in part, for cellular

resistance to the cytotoxin.

The low-affinity, high-capacity receptor, in contrast, was

present in both LT-sensitive and -resistant target cells.
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Since lymphotoxin is a molecule of approximately 80,000

90,000 MW, such receptors have been tentatively assumed to

be located on the plasma membrane.

In other experiments, two amino sugar moieties on mam

malian cell surfaces (N-acetylgalactosamine and N-acetyl

glucosamine), although capable of neutralizing macrophage

cytotoxin (as observed by other investigators (ll2)), failed

to neutralize the effects of lymphotoxin.

Finally, dextran of high molecular weight (80,000) was

able to protect target cells against the lytic effects of

LT -- a phenomenon also noted in systems involving lympho

cyte-mediated cytolysis (129, 130). In contrast, dextrans

of lower molecular weights (10,000 and 40,000), though able

to prevent progression of the injury inflicted upon target

cells by sensitized lymphocytes (129, 130), did not afford

protection against the cytodestructive effects of lympho

toxin.
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CHAPTER IV

REQUIREMENTS FOR THE DEVELOPMENT OF A RADIO-IMMUNO-ASSAY

FOR OUANTITATING HUMAN LYMPHOTOXIN

INTRODUCTION

Despite the existence of convincing evidence implicating

lymphotoxin as the effector in cell-mediated immunity in

vitro, whether or not it is persent in vivo and its actual

significance are still not firmly established. If we accept

the hypothesis that LT is the agent which mediates such in

vivo phenomena as tumor immunity, allograft rejection, and

certain autoimmune reactions, then the possibility that in

these in vivo conditions lymphotoxin could be assayed with

the quantitative biological assays available today is minis

cule at best.

The amount of lymphotoxin produced by mitogen-stimulated

lymphocytes in culture certainly represents a magnification

of the real amounts which might be secreted in vivo- There

fore any attempt to detect these small quantities would re

quire an extremely sensitive assay system. Such a highly

sensitive system is the "radio-immuno-assay", first described

by Yallow and Berson (131) 15 years ago. Using that tech

nique, they were able to distinguish and study an insulin

binding globulin in patients being treated with the hormone.
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In this chapter, some of our efforts to develop such a

sensitive technique for the quantitation of lymphotoxin

will be detailed.

General Principles of the Radio-Immuno-Assay

The basic principle of radioimmunoassay utilizes the

specific antigen-antibody reaction (132). With a known

amount of antibody as the limiting factor, a sample contain

ing the antigen to be tested is mixed with the antibody. A

known amount of the antigen (radioactively labeled) is then

added to the mixture. After a suitable incubation period,

an equilibrium mixture of labeled and unlabeled antigen-anti

body complex is formed. Since both unlabeled and labeled

antigen compete for the active sites of the antibody, the

amount of labeled complex formed is a function of the antigen

concentration of the sample and is inversely proportional to

the antigen concentration in the sample. The concentration

of antigen in an unknown sample is determined by projection

on a standard curve prepared by utilizing a constant amount

of antibody and labeled antigen with known amounts of un

labeled antigen.

METHODs, RESULTS, AND DISCUSSION

There are three essential procedures in developing a

radio-immuno-assay: 1) preparation-purification of labeled

antigen, 2) production of antibody, and 3) separation of anti

gen bound to antibody from free antigen.
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Preparation-purification of labeled antigen: Lymphotoxin

obtained from PHA-stimulated human adenoidal lymphocytes

was purified by DEAE-cellulose column chromatography, as

described in Chapter II; labeled with *H-acetic anhydride;

and further purified by acrylamide gel electrophoresis (see

Chapter II).

Production of antibody: This procedure has been previous

ly described (56) : In essence, a white New Zealand female

rabbit, weighing 6 lb., was bled for obtaining serum before

immunization. Next, a segment of acrylamide gel, procured

after electrophoresis of LT (see Chapter II) and containing

approximately 200,000 CU of the cytotoxin, was briefly ground

in a tissue homogenizer, mixed with an equivalent amount of

complete Freund's adjuvant, and then injected into the rabbit.

Intradermal injections at multiple sites over the right and

left axillary and inguinal areas were administered. Six,

twelve, eighteen, thrity-eight, fifty, and one hundred weeks

later, the rabbit received further identical inoculations and

was bled lo days after each injection, yielding anti-LT serum,

lots l-7. All sera were stored in l-ml aliquots at –76°c.

Another rabbit of the same type was injected in identical

fashion with blank acrylamide gel in complete Freund's adju

vant. This rabbit was the source of control serum.

Anti-LT serum, control serum, or pre-immunization serum

was heat-inactivated at 56°C for 30 min and adsorbed to L

cell monolayers for l hr at 37°C. These sera were then
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titered for their ability to neutralize the cytotoxic ef

fects of lymphotoxin.

While anti-LT lots l and 2, in the amounts tested, could

only partially neutralize l,000 CU of LT, as little as lo O pil

of lot 3 and 20 ul of lot 4 resulted in complete neutraliza

tion of cytotoxicity. With lots 5–7, 5 ul sufficed to com

pletely neutralize l, 000 CU of lymphotoxin. On the contrary,

neither control serum nor pre-immunization serum could neu

tralize the lymphotoxic effects.

Separation of bound and free antigen: We used the double

antibody method to separate LT bound to its specific antibody

from the unbound lymphotoxin (133). A second antibody (raised

in goats) against normal rabbit serum was used. In order to

determine the conditions for maximal precipitation, the nor

mal rabbit serum was titrated against a known amount of goat

anti-rabbit gamma globulin (commercial source). In a typical

titration procedure (Fig. 4-l), various amounts of normal

rabbit serum were reacted with a known amount of the second

antibody (50 ul) in a total volume of 800 ul of 0.05 M Tris
O

HCl buffer, pH 8.0 (supplemented with 1% BSA), at 4 C for

20 hr. The immune complexes were then collected by centri

fugation, dissolved in l ml of l M acetic acid, and the absor

bance was determined at 280 nm. The advantage of this method

is that it results in complete separation of the bound from

the free antigen (133).
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FIGURE 4-1
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Titration of normal rabbit serum against 50 ul of goat
anti-rabbit gamma globulin.
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Other important parameters: In addition to the three

essential procedures we have mentioned, other necessary

factors must be considered in the specific antigen-antibody

reaction -- e.g., l) temperature, 2) incubation time, and

3) pH.

1) Temperature: The LT/anti-LT reaction proceeds opti

mally at a range of 4°c to 37°C.

2) Incubation time: If the reaction is allowed to pro

ceed at 4°c, then 17–20 hr of incubation are required; but

if the temperature is raised to 37°c, the reaction is com

pleted in l hr.

3) pH: A pH range (5.0-9.0) was examined to determine

the value at which the anti-LT/LT reaction best progresses.

We found that a pH of 8.0 was optimal. Therefore, in all

incubations, a buffer composed of 0.05 M Tris-HCl at the

above pH was utilized.

Construction of a standard curve: The amount of labeled

*H-LT (1,000 cu,antigen was arbitrarily selected as 50 ul

l6,000 cpm). The dilution of anti-LT serum was determined

in the following manner: Twenty microliters of various

dilutions of anti-LT serum (lot no. 6 -- see above), dilu

*H-LTted in normal rabbit serum, were mixed with 50 pul

and 680 ul 0.05 M Tris-HCl buffer, pH 8.0, supplemented

with 1% BSA. The mixture was incubated for 1 hr in a 37°C

water-bath. Then 50 ul goat anti-rabbit gamma globulin

(see above) were added, and the preparation was again in

cubated (20 hr, 4°c). The immune complexes were collected
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by centrifugation, washed, and dissolved in l M acetic

acid. Subsequently radioactivity was determined in a

liquid scintillation counter.

An anti-LT serum dilution of l; lo O proved optimal. As re

corded in Table 4-1, this dilution gave us a B/F ratio of

l. 2.

Table 4-l. Determination of Optimal

Dilution of Anti-LT Serum

Dilution of anti-LT serum B”
F

l: 40 ... 64

l: 100 l. 2

l: 1,000 • 21

l: 5,000 . 15

l: lo,000 . 13

aB expresses the ratio of bound (B) radioactivity over
F free (F) radioactivity.

This meant that approximately half the radioactivity was

bound by the antibody, while half was free in the superna

tant. Although a greater assay sensitivity might be ob

tainable with the dilution of antiserum in a B/F ratio of

0:5, it is often expedient to sacrifice sensitivity slight

ly by using a dilution with a little higher B/F ratio in

order to be able to measure a broader range of unlabeled

antigen (l32).
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For the construction of a standard curve, constant

amounts of antibody and labeled antigen as determined

above were incubated with known quantities of unlabeled an

tigen as follows: 20 pil of anti-LT (diluted l: lo O with

normal rabbit serum) were added to various amounts of non

radioactive LT (ranging from 0 to 10,000 CU) and the volume

was brought to 720 ul with 0.05 M Tris supplemented with l?

sodium azide, pH 8.0, and incubated in duplicate for l hr

3in a 37°C water-bath. Each tube received 50 lul ‘’H-labeled

LT and was then reincubated for an additional hr at the

same temperature. The contents of all tubes were brought

to room temperature, 50 pil of previously titered (see above)

goat anti-rabbit gamma globulin were added, and the tubes

were kept at 4 C for 20 hr. The immune complexes were col

lected by centrifugation, washed with buffer, and dissolved

in l M acetic acid. Subsequently radioactivity was measured

in a liquid scintillation counter.

Normal rabbit serum (20 kil) reacted with *H-LT as des

cribed above was used to determine the extent of nonspeci

fic (background) binding of antigen to the non-immune serum.

The degree of background binding was subtracted from that

obtained in each experimental group above, and on the basis

of these data, a curve was constructed on logit-log graph

paper (Fig. 4-2). The amount of radioactive LT bound to

anti-LT serum in the absence of any unlabeled LT was
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FIGURE 4-2
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designated as lo O% trace binding (after subtraction of

nonspecific binding).

COMMENT'S AND SPECULATIONS

In the preceding paragraphs, I have presented a procedure

for constructing a standard curve in a radio-immuno-assay

for human lymphotoxin. Before concluding this chapter, how

ever, I would like to call attention to some areas which,

in my opinion, need extensive investigation. Certainly the

kinetics of the lymphotoxin/anti-lymphotoxin system should

be further explored. The specificity of the anti-LT serum

should be carefully analyzed with the aid of available tech

nology. For example, by using the precipitin test, we could

determine whether antibody is directed primarily against the

cytotoxin or principally against contaminants possibly pre

sent in our LT preparations.

The purity of both radioactive and non-radioactive LTs,

too, needs further examination. Also, labeled lymphotoxin

should be compared with the unlabeled mediator with the use

of several physicochemical methods. Physicochemical charac

terization and improvement in purity would indicate whether

lymphotoxin is the major radioactively-labeled moiety in

our preparations and eliminate the possibility that a con

taminant has been inadvertently labeled, interfering with

the assay. For reasons we do not completely understand yet,

radioactive lymphotoxin reacts to a considerable extent with
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normal rabbit serum. Whether such a reaction represents

nonspecific binding or the cross-reactivity of lymphotoxin

with some other component against which rabbit serum con

tains a naturally-occurring antibody, is unknown. But it

is noteworthy that isolation of the IgG fractions by frac

tionation of our normal and immune sera by DEAE-cellulose

chromatography did not abolish this nonspecific reactivity.

Also, both normal serum from our own rabbit and serum ob

tained from several commercial sources displayed an identi

cal nonspecific reactivity. Such nonspecific interaction

did not consistently occur, however, from one experiment

to another.
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CHAPTER V

A COMPARISON OF *H-LABELED AND UNLABELED LYMPHOTOXIN

BY SUCROSE DENSITY GRADIENT ULTRACENTRIFUGATION

INTRODUCTION

Incorporation of radioactive labels may alter a variety

of protein properties. For this reason, we examined the

sedimentation characteristics of *H-LT by the sucrose gra

dient technique and compared them to those of the non

labeled cytotoxin.

MATERIALS AND METHODS

Sucrose Gradients

Sucrose gradients (5-30% w/v) were established in 0.2 M

phosphate buffer, pH 7.0. The total volume of each gradi

ent was 4.9 ml. Either labeled or unlabeled LT, 0.1 ml,

was layered upon the gradient and centrifuged at 40,000 rpm

(192,000 X g) for lo hr in a Beckman S.W. 50. l rotor at

20°C. After the ultracentrifugation, the gradients were

fractionated into 20 0.25-ml fractions. An 0. l-ml aliquot

from each fraction was then incubated on monolayers of tar

get L-cells for 20 hr for determination of the cytotoxicity

content (see Chapter II). Since lymphotoxin, as used, was

dissolved in 0.1 M glycine-0. 15 M NaCl (pH 9.5), control

material consisted of fractions of an identical gradient

without the 0.1 ml of buffer.
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RESULTS AND DISCUSSION

Comparison of the sedimentation patterns of *H- and non

labeled LT under identical conditions resulted in a major

peak of cytotoxic activity in fraction 10 (a broad fraction)

in the case of non-radioactive LT (Fig. 5-l, a) and in frac

tion ll in the case of the labeled lymphokine (Fig. 5-l, b) .

It should be mentioned, however, that centrifugation of the

two lymphotoxins was performed on two different days. The

level of cytotoxic activity obtained in fractions labeled
3with *H-LT was standardized to levels obtained in fractions

with the unlabeled cytotoxin.

The sedimentation of *H-LT revealed a sharper resolution

(a total of three peaks) (Fig. 5-l, a). Non-labeled LT dis

closed two smaller shoulders of activity on either side of

the major peak (Fig. 5-l, b) . It is very possible that the

differences in resolution were due to the presence of a

"charge" imposed on the lymphotoxin molecule by radioactive

labeling.

To examine the effects of pH on the sedimentation behavior

of lymphotoxin, we centrifuged non-labeled LT by means of a

5-30% (w/v) sucrose density gradient which had been prepared

in an 0.07 M phosphate buffer at pH 5.3. Under these condi

tions, the resolution was not as good as that of the gradi

ent at pH 7.0 (Fig. 5-2).
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FIGURE 5–l, a & b
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FIGURE 5-2
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CONCLUSION

The results of the experiments presented here indicate

that the sedimentation pattern of *H-labeled LT in sucrose

density gradients at a pH of 7.0 is similar to that of the

non-labeled lymphokine, although in the case of labeled LT

a much sharper resolution was attained. Moreover, unlabeled

LT migrated in a considerably poorer pattern in a lower pH

environment (pH 5.3).
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CHAPTER VI

CONCLUSIONS AND SPECULATIONS

Nearly seven years have passed since lymphotoxin was

described in supernatants of antigen- and mitogen-stimulated

lymphocytes, and still only a profile of its mode of produc

tion, mechanism of action, and significance in the realm of

biology has been unmasked. In this dissertation, two major

technical improvements were discussed -- improvements which

were very basic to conducting the experiments presented.

The first was the cloning of target L-cells and the isolation

of an LT-resistant clone, and the second was the successful

labeling of the lymphokine with *H-acetic anhydride.

Target L-cells, the cell line most sensitive to the cyto

destructive effects of the toxin, possess two types of recep

tors for LT: One is a "high-affinity, low-capacity", the

other a "low-affinity, high-capacity" receptor, as evidenced

by competitive binding kinetics (Chapter III). The former

type of receptor was not detected in a clone of target cells

relatively resistant to LT, suggesting that the absence of

such a receptor might, at least in part, be responsible for

resistance to the cytotoxin.

These observations would have been impossible to obtain

if successful labeling of the cytotoxin had not first been

achieved (Chapter II). However, the exact sequence of events



85

following the binding of the toxic molecule to target cells

is still in want of elucidation.

Progression of the initial lymphotoxin-induced assault

on target cells, eventually leading to cell death, could be

hindered by dextrans of high molecular weight (Chapter III).

Significantly, the initial lesion inflicted by lymphocytes

upon the targets is similarly restrained by high molecular

weight substances -- e.g., dextrans, bovine serum albumin.

Correlations (presented in the Introduction of this thesis)

among systems utilizing lymphotoxin and direct lymphocyte

mediated cytolysis fortify the syllogism that the cytotoxin

does indeed have a key function in such in vitro systems.

The great enigma, however, remains: What is the importance

of this lymphokine in delayed hypersensitivity reactions

in vivo? Simply to demonstrate the presence (or existence,

for that matter) of LT in tissues or biological fluids is

an extremely difficult task -- and clarifying its role in

vivo is even more formidable.

The above two queries, "Is it there?" and "What is it

there for?", represent the most crucial points in the study

of lymphotoxin. It is my belief that the proposals dealing

with the radio-immuno-assay (Chapter IV) could lead to ulti

mate resolution of the first question.
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