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ABSTRACT

Human lymphocytes can respond to interleukin 2 (IL-2) under serum-
free conditions with generation of major histocompatibility locus-unre

stricted oncolytic activity. This function has been named lymphokine
activated killing (LAK). Although IL-2 is sufficient for the development

of LAK, this function can be regulated positively by the addition of tumor
necrosis factor a or ÃŸ(TNF-a or -ft). The cytotoxic synergy observed
with TNF enables production of optimal LAK function at a 10-fold lower
IL-2 concentration. Neither TNF-a nor -ÃŸis able to induce LAK function
in the absence of IL-2. Using TNF-a as a model, we demonstrate that

(a) the cytotoxic synergy occurs with both fresh human tumors and cell
lines; (b) the degree of IL-2/TNF-a synergy, for most peripheral blood
lymphocyte donors, is dependent upon the IL-2 concentration used for
activation with the most striking synergy observed at lower IL-2 doses;
(c) synergy is specific for TNF-a and can be abrogated by neutralizing
antibody against this cytokine; (</) addition of high-dose neutralizing
antibody to IL-2 alone-stimulated peripheral blood lymphocytes can
reduce the cytotoxicity capacity of these effectors suggesting an immu-
noregulatory role for endogenous TNF-a; and (c) TNF-a addition to II ,-
2-stimulated peripheral blood lymphocytes does not increase proliferation
or cell recovery but does result in enhanced IL-2 receptor expression.
Collectively, our results suggest that TNF-a (and -fi) have immunopoten-
tiating roles in the amplification of non-major histocompatibility locus-

restricted lymphocyte effector function.

INTRODUCTION

TNF was first described as an endotoxin-induced serum
mediator causing hemorrhagic necrosis of murine tumors in
vivo (1). Although a necrotic reaction was routinely observed in
response to endotoxin administration, complete tumor regres
sion was noted to require immunocompetence of the host and
immunogenicity of the tumor (2). The bioactive substance re
sponsible for this hemorrhagic reaction was later shown to be
a protein product derived from activated macrophages (3, 4)
and lymphocytes (5) and has been named TNF-a. This cytokine
is one of a family of proteins known to be cytotoxic/cytostatic
for neoplastic cells. TNF-/3, originally known as lymphotoxin,
is a lymphocyte protein product sharing numerous functional
properties (6-8) as well as 30% amino acid homology with
TNF-a (8, 9). The genes for human TNF-a and -ÃŸhave been
cloned and expressed in bacteria (8, 9).

The mechanism by which TNF2 causes tumor necrosis is not

well understood. Although specific binding of TNF to tumor
cell surface receptors can cause direct growth inhibition of
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sensitive tumors (7), the number and affinity of TNF receptors
on tumor cells is not predictive of their sensitivity (10). In
addition to the direct cytolytic/cytostatic effects of TNF, other
studies have indicated that these cytokines can activate human
neutrophils (6), augment proliferation of activated T-cells (11),
and enhance macrophage (12) and NK (13) cytotoxicity. Rem
iniscent of earlier endotoxin-induced tumor necrosis, investi
gations utilizing recombinant TNF-a have demonstrated a pos
itive correlation between tumor regression and immunogenicity
(14). Taken together, these observations suggest the role of
additional immune components in TNF-induced tumor regres
sion.

Culture of PBLs with IL-2 alone, in the absence of antigen,
in serum-free, endotoxin-free media elicits a dose-dependent
generation of potent oncolytic effector cells (15-17). We have
named this effector function LAK. Our recent finding that
exogenous interferon y augments LAK generation only in the
presence of monocytes (18) prompted us to examine the effects
of known interferon-inducible monocyte products in combina
tion with IL-2 for LAK generation. Because Nedwin et al. have
shown that IL-2 induces TNF-a and -ÃŸproduction in peripheral
blood mononuclear cells, and that this production can be further
enhanced by interferon 7(19), we focused initially on the effects
of rTNF-a on IL-2-induced LAK.

Results from these studies demonstrate a synergy between
IL-2 and TNF for the generation of human LAK. This synergy
was observed to occur with either TNF-a or -ÃŸ,although neither
TNF species alone in the absence of IL-2 was capable of
generating LAK. Our results indicate that addition of TNF-a
to PBLs stimulated with suboptimal IL-2 concentrations can
augment cytotoxicity to levels observed with 10 times more IL-
2 alone. The enhanced tumor cytotoxicity is observed with both
fresh tumor samples and cultured cell lines and does not appear
to correlate with the direct TNF sensitivity of the tumors used.
This information provides additional support for TNF as an
immunomodulator. If, in vivo, the function but not the toxicity
of IL-2 and TNF is synergistic, then improved safety and
therapeutic efficacy of human immunotherapy trials may be
possible.

MATERIALS AND METHODS

Culture Medium. Serum-free medium (AIM-V) containing i-gluta-
mine, penicillin G (SO units/ml), streptomycin (SO fig/ml), and genia
mycin (10 Â¿Jg/ml)was the generous gift of GIBCO Laboratories, Grand
Island, NY.

Cell Preparation. Peripheral blood mononuclear cells, obtained from
normal volunteers by leukopheresis, were fractionated on Histopaque
(Sigma Chemical Co., St. Louis, MO). The resultant cells were adher
ence depleted on plastic 2 times and subsequently nylon wool purified.
Macrophage contamination of these PBLs was assessed by flow cyto-
metric immunofluorescence using Leu M3 antibody (Becton Dickinson,
Mountain View, CA). The PBLs used for these studies contained less
than 1% Leu MS-positive cells.

Cytokines. Human recombinant IL-2, produced in Escherichia coli.
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was the generous gift of the Cetus Corporation, Emeryville, CA. The
specific activity of the IL-2 used for this study was 3x10'' units/mg of
protein (8 x 10'' Biological Response Mod Â¡tiersProgram units/mg).
The IL-2 units presented in this paper are Cetus units. Human rTNF-
a and -ÃŸwere the generous gifts of Genentech, Inc., San Francisco,
CA. The specific activity of the rTNF-a used for this study was 5 x IO7
units/mg protein. The specific activity of the rTNF-/3 was 1.2 x 10*

units/mg protein. The TNF units reported in this paper are Genentech
units.

Activation of Lymphocytes and Cytotoxicity Testing. PBLs were cul
tured in AIM-V medium at a concentration of 1 x 10'' cells per ml for
5 days at 37Â°C,5% CO2. In preliminary experiments, a range of IL-2

and rTNF concentrations were tested for potential synergy. Maximal
effect of rTNF was attained between 500 and 1000 units/ml. Under the
conditions used by us, in the absence of IL-2, neither rTNF a nor ÃŸ
(tested at concentrations ranging from 10 to 10,000 units/ml) was able
to generate LAK.

Experiments presented in this manuscript utilized 500 units/ml
TNF-a (0.6 HM),with varying concentrations of IL-2, unless otherwise
noted. After activation, cells were harvested, washed, and used as
effectors in a 51Cr release assay as previously described (16). Data are

reported as either specific lysis or the number of LU. Specific lysis was
calculated as previously described (16). For the calculation of lytic
units, specific lysis percentage values from at least four effectortarget
ratios were used. A linear regression line of best fit for the killing curve
was calculated and the number of effectors required to cause 20% target
lysis extrapolated. This number is designated as 1 LU. Results are
reported as LU/106 effectors. Raji, a Burkitt lymphoma cell line, was

obtained from American Type Culture Collection and used as a target
for this study. Fresh human tumors of various histolÃ³gica! types,
en/y mat it-allydisaggregated cryopreserved as previously described (16),

were also utilized as targets.
Antibodies. A polyclonal anti-human TNF antisera raised in rabbits

was the generous gift of Dr. Phillip Somieri. One n\ of this antisera
effectively neutralized 100 units TNF-a. An anti-TNF-a monoclonal
antibody, TNF-E, was the generous gift of Genentech. The neutralizing
titer of this antibody preparation was >5 x IO5 units/ml. In the

neutralization studies, polyclonal antibody was used for elimination of
exogenous TNF and monoclonal antibody for the examination of
endogenously produced TNF. The monoclonal antibody 7G7/B6
against the non-IL-2 binding epitope of the IL-2 receptor identified by
Tac was the generous gift of Dr. David Nelson.

Proliferation Assay. PBLs which had been activated for 5 days with
IL-2 or IL-2/TNF-a were placed in flat-bottomed 96-well plates (Corn
ing Glass Works) at 5 x IO4cells per well in quadruplicate in volumes
of 0.150 ml. Each well received 1 n& [3H]thymidine (6.7 Ci/mmol
specific activity; New England Nuclear) in a 0.050-ml volume. Cells
were incubated for 4 h at 37'C and the plates harvested using a Ph.D.

cell harvester (Cambridge Technology, Inc.). Individual filter discs were
counted on a scintillation counter and the data expressed as the mean
cpm Â±SEM.Immunofluorescence. Cells were indirectly stained with 10 /<g/10"

cells 7G7/B6 antibody and a 1:20 dilution of fluorescein isothiocyanate-
labeled goat anti-mouse IgG antibody (Ortho Diagnostic Systems) to
examine IL-2 receptor expression. The cells were then analyzed with a
FACScan flow cytometer (Becton Dickinson). The data are presented
as the percentage of cells positive after subtraction for nonspecific
staining with an irrelevant monoclonal antibody and the goat anti-
mouse secondary.

RESULTS

Synergism of IL-2 and TNF in LAK Production. To measure
the effect of TNF on LAK generation, we have used PBL
precursors rigorously depleted of adherent monocytes. As we
have shown previously (17), PBLs activated in serum-free me
dium with IL-2 differentiate and proliferate into LAK. Under
these conditions, optimal LAK activity is routinely observed at
IL-2 concentrations of > 100 units/ml (2.2 HM);significant, yet

suboptimal, lysis of NK-resistant targets can be demonstrated
at IL-2 concentrations as low as 10 units/ml. When PBLs were
stimulated with IL-2 at suboptimal IL-2 concentrations (10

units/ml) and rTNF for 5 days, augmentation of LAK function
was observed (Fig. 1). Augmentation was apparent over a range
of rTNF concentrations, with most PBL donors showing max
imal enhancement between 500 and 1000 units rTNF/ml. In
terestingly, this augmentation occurred with both rTNF-a and
-ÃŸ.These results are not particularly surprising in light of the
fact that both TNF-a and -ÃŸhave been shown to compete for
the same cell surface receptor (20). For these additional studies,
a concentration of 500 units/ml TNF-a was used.

Optimization of LAK Function against Fresh and Cultured
Tumor Targets with a 10-fold Lower IL-2 Concentration Allowed
by TNF-a. PBLs activated by coculture with IL-2 and rTNF-a
for 5 days consistently show an enhancement of lytic efficiency
(measured in lytic units) relative to that of IL-2 alone. Of
particular note, the synergistic enhancement of rTNF-a (14 of
16 experiments) enables production of "optimal" oncolytic

activity (equivalent to or exceeding that using 100 units/ml IL-
2 stimulation alone) at a 10-fold lower IL-2 concentration.
Cytotoxic augmentation was not limited to cultured tumor
targets but was also apparent using fresh tumor preparations
of several histolÃ³gica! types. One of five such experiments is
shown in Table 1. These results suggest that the cytotoxic
synergy observed is not an artifact of cultured cells.
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Fig. 1. Stimulation of PBLs in serum-free media with: A, 10 units/ml IL-2
and TNF-a at the indicated concentration; A, TNF-a alone at the indicated
concentration; â€¢,10 units/ml IL-2 and TNF-/3 at the indicated concentration; O,
TNF-/3 alone at the indicated concentration. After S days of activation, the PBLs
were washed and tested in a "Cr release assay against the Raji target.

Table 1 TNF-a augmentation of IL-2-activated PBL cytotoxicity against fresh
and cultured tumor cells

PBLs were activated in serum-free medium for S days at a concentration of 1
x 10' cells/ml in the indicated concentration of IL-2. rTNF-a was present, where
indicated, at a concentration of 500 units/ml.

Fresh tumor targets were prepared as described in "Materials and Methods."
Spontaneous release was not increased during the 4-h "Cr release assay in the
presence of TNF-a alone or a combination of TNF-a and IL-2 for any tumor
targets.

Activation conditions

Target IL-2 (units/ml)TNF-oAdenocarcinomaAdenocarcinomaAdenocarcinomaSarcomaSarcomaSarcomaRajiRajiRaji1010

+1001010

+1001010

+100LU/

10*effectors14.173.455.45.412.89.612.026.420.8
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None of the targets tested demonstrated an increased spon
taneous s'Cr release in the presence of TNF-a or the combina
tion of IL-2/TNF-a. Furthermore, addition of TNF-a into the
51Cr release assay with the IL-2-activated PBLs did not result

in lytic augmentation. Because many tumors are known to be
sensitive to the direct toxic effects of TNF-a, for consistent
analysis of the immunomodulatory effects of TNF-a, the re
mainder of the studies were carried out with the TNF-a-resist-
ant Raji cell line (21).

IL-2 Dose Titration for TNF-a Augmentation. Varying doses
of IL-2 in combination with 500 units/ml TNF-a were exam
ined for their effect on LAK induction. The synergistic effect
of IL-2/TNF-a was observed over a wide range of IL-2 concen
trations (Table 2). Both the magnitude of the cytotoxic enhance
ment and the IL-2 concentration that produced maximal syn
ergy with rTNF-a were dependent upon the PBL donor. In the
majority of donors (10 of 12), represented by PBL A, this effect
was notable only when lower doses of IL-2 were used for
activation (<100 units/ml) with no further effect observed at
optimal IL-2 concentrations (>100 units/ml). However, 2 of
12 donors, represented by PBL B, demonstrated synergistic
enhancement of cytotoxicity by rTNF-a when IL-2 concentra
tions up to 1000 units/ml were tested.

Inhibition of IL-2/TNF-a Augmentation by TNF-a Neutral
izing Antibodies. To examine the specificity of the cytotoxic
augmentation, PBLs were activated with IL-2/TNF-a in the
presence of a neutralizing polyclonal antisera against human
TNF. In 3 of 3 experiments, LAK cytotoxicity was reduced to
IL-2 control levels when anti-TNF was present at 500 neutral
izing units/ml (Table 3A). In parallel experiments using normal

Table 2 Effect of IL-2 dose on TNF-a synergy
PBLs were activated for 5 days in serum-free media at a concentration of 1 x

10' cells/ml. TNF-a, where indicated, was present at 500 units/ml during the

entire activation period.
Lytic units against the Raji were calculated as described in "Materials and

Methods."

IL-2concentration(units/ml)
TNFaddition00

+1010

+100100

+500500

+10001000

+Lyticunits/

10'ef-fectors

(Rajitarget)PBL

A<0.1<0.114.039.223.644.249.447.265.466.7PBLB<0.1<0.

18.221.322.033.428.136.338.458.0

Table 3 Effect of TNF-specific antisera on exogenous TNF addition and IL-2
alone-stimulated PBLs

PBLs were cultured for 5 days in serum-free media containing IL-2 at 10 units/
ml with or without TNF-a at 500 units/ml.

Culture conditions Anti-TNF
Lytic units/10' effectors

(Raji target)
A."IL-2IL-2
+IL-2

-1-TNFIL-2
+ TNF+TNFMedia

-B.'
IL-2IL-2
+IL-2

+TNFIL-2
+ TNF +4.75.211.45.1<0.1<0.110.05.623.46.3

" Polyclonal rabbit anti-TNF antisera was present during the activation period

at 500 neutralizing units/ml.
*Anti-TNF was present during the activation period at 5000 neutralizing

units/ml.

rabbit serum, no abrogation of the cytotoxic enhancement was
observed (data not shown). These experiments indicate that the
synergy observed is the specific result of exogenous TNF addi
tion.

Because it is known that IL-2 stimulation of peripheral blood
lymphocytes (5, 19) can result in the endogenous production of
TNF, we tested whether antibody against TNF-a might effect
LAK activation in the absence of exogenous TNF-a addition.
For these experiments, we used anti-TNF-a antibody at 5000
neutralizing units/ml during the 5-day activation period. Rep
resentative data from one of three such experiments is shown
in Table 3B. In every case, addition of anti-TNF antibody to
cultures of IL-2 alone and PBL resulted in a reduced cytotox
icity below that of the IL-2 control. These results suggest that
endogenously produced TNF may play a positive regulatory
role in LAK activation. We are currently addressing PBL
production of TNF species in response to IL-2 stimulation and
more extensively investigating their endogenous role(s) in bio
logical function.

Increased IL-2 Receptor Expression but not Proliferation or
Cell Recovery in 5-Day IL-2/TNF-stimulated PBL. To begin
investigation into the mechanism of IL-2/TNF-a synergy, we
asked whether this cytotoxic augmentation was the result of a
proliferation-driven effector enrichment. As shown in Table 4,
no detectable increase in [3H]thymidine incorporation was ob
served when 5-day PBLs cultured with IL-2/TNF-a were com
pared to PBLs cultured in IL-2 alone. Furthermore, cell recov
eries from the cultures containing IL-2/TNF-a were not in
creased compared to IL-2 alone. Despite the fact that no
augmentation of cellular proliferation was detectable, stimula
tion with IL-2/TNF-a resulted in an increased percentage of
IL-2 receptor-bearing cells identified by the Tac epitope (22).
Upregulation of this IL-2 receptor may promote enhanced IL-
2 responsiveness in the absence of increased cell cycling. These
results suggest that augmented LAK effector function is not the
sole result of increased proliferation.

DISCUSSION

TNF is well documented as a pleiotropic mediator with a
wide range of biological functions (reviewed in Ref. 23). These
studies demonstrate that both TNF-a and -ÃŸare synergistic
with IL-2 in the production of human LAK. Although TNF
alone is incapable of inducing LAK function, addition of either
species (a or ÃŸ)at the initiation of PBL cultures stimulated
with suboptimal IL-2 concentrations augmented induction of
cytotoxicity to levels observed with 10-fold more IL-2 alone.
The significance of these results is 2-fold, (a) These results
confirm the role of TNF as an immunoregulatory molecule for

Table 4 TNF-a culture increases IL-2 receptor expression but not proliferation in
PBLs

Culturecondition"IL-2

IL-2 + TNF
Media alone['HJThymi-

dine incorpo
ration

(cpm Â±SD)'9298

Â±778
7746 Â±398

415 Â±37Cell

recovery19.5

x IO6
6.2 x 10'
2.9 x 10'%

of IL-2 receptor
expression*47.8

67.52.3

* PBLs cultured in serum-free media with no addition of cytokine, 10 units/
ml IL-2, or 10 units IL-2 and TNF-a at 500 units/ml, for 5 days.

*Quadruplicate wells, 5x10* cells/well, 4-h pulse as described in "Materials
and Methods."

'Total cell recovery from a flask which had originally been seeded with 1.5 x
10'cells at 1 x 10'cells/ml.

* Positive percentage for 7G7/B6, corrected by subtracting nonspecific staining
with goat anti-mouse secondary antibody.
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cytotoxic lymphocytes (13). (b) These results suggest that the
in vivo administration of combined low-dose IL-2 and TNF
may result in reduced toxicity and improved therapeutic effi
cacy. Indeed, the synergistic effects of combination therapy
with IL-2 and TNF have already been documented in several
murine tumor models (24).

Our studies indicate the augmented cytotoxicity induced with
IL-2/TNF is not limited to cultured tumor lines but is effective
against fresh human tumor targets. In view of the fact that TNF
is known to bind to and/or lyse many tumors, we considered
the possibility that TNF was the agent responsible for enhanced
oncolysis. However, no increase in spontaneous release of 5'Cr
in any of the tumor targets was apparent in the 4-h 5lCr release

assay when the targets were incubated in TNF alone or a
combination of IL-2/TNF. Furthermore, no evidence of cyto
toxicity was observed in the fresh tumors or cell lines in an 18-
h assay (data not shown). Because the synergistic cytotoxic
effects of TNF appear to be manifest independently of the
target cell, it is likely that the TNF is regulating the develop
ment of functional expression by the LAK effector population.

Our finding that TNF augments non-major histocompatibil-
ity locus-restricted tumor killing by human lymphocytes is in
agreement with the results of Ostensen et al. (13), who showed
boosted killing by CDlo-positive lymphocytes activated with
IL-2 and TNF-a. In contrast to the observations of these
investigators, however, we have not seen induction/augmenta
tion of tumor cell lysis by PBLs cultured in the presence of
TNF alone. Several possibilities may account for this apparent
discrepancy including the nature of the effector population
(PBLs versus purified CDlo-positive lymphocytes), the activa
tion period (5 days versus 18 h), and the culture medium used
for activation (serum-free versus 10% normal human serum).

The mechanism whereby TNF enhances non-major histo-
compatibility locus-restricted cytotoxicity against tumors has
not been elucidated. Because TNF is a known participant in a
number of complex polypeptide circuits, the cytotoxic augmen
tation may be indirect. For example, TNF has been shown to
be effective as a costimulator of IL-2-dependent IFN-7 produc
tion in T-cells (11). We (17) and others (25) have observed that
IFN-7 addition to IL-2 and peripheral blood mononuclear cells
in LAK activation cultures results in enhanced LAK function.
In some manner, TNF may promote enhanced IL-2 responsive
ness. In support of this hypothesis, Scheurich et al. observed
that TNF-a increased high-affinity IL-2 receptor expression on
activated T-cells but not resting T-cells (11). In this report, we
also demonstrate that PBLs cultured in IL-2/TNF have in
creased IL-2 receptor expression compared to PBLs cultured
in IL-2 alone, consistent with the model. Finally, TNF may act
directly on the effector lymphocyte. Support for this possibility
comes from the recent observation that TNF receptors are
induced de novo on lymphocytes following activation (11, Foot
note 3).

The observation that the capacity of TNF to enhance IL-2-
induced tumor cytotoxicity varies inversely with the IL-2 con
centration may be important in understanding the nature and
limitations of this synergy. Nedwin et al. (19) have shown that
peripheral blood lymphocytes stimulated with IL-2 produce

TNF. We have recently shown that the magnitude of TNF
production is IL-2 dose dependent.3 Therefore, the lack of TNF
effect at higher IL-2 concentrations in mos! PBL donors may
be explicable by endogenous cytokine production.

Our finding that TNF can enhance cellular cytotoxicity in
the absence of apparent proliferative enrichment has several

potential explanations. The most obvious is that due to the
population dynamics of the culture system (i.e., cell death versus
renewal), increased proliferation may not be apparent after 5
days of culture. An alternate explanation is that TNF may
increase target lysis by recruiting additional effector cells or
enhancing effector cell killing and recycling in a manner anal
ogous to the action of interferon on NK cells (26). In support
of the latter, we have observed that addition of TNF to IL-2-
stimulated PBL for 4 h prior to 51Cr assay can significantly

augment tumor killing (data not shown). A preliminary kinetic
analysis has shown that culture with IL-2/TNF increases the
rate of target killing compared to IL-2-stimulated PBL.4

Whether the increased rate of killing is due to recruitment of
additional effectors or enhanced recycling is currently being
investigated. Regardless of the mechanistic intricacies of this
augmented function, IL-2/TNF represents a potentially impor
tant component of nonspecific immune amplification which
may have wide-reaching therapeutic applicability.
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