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SUMMARY

Recombinant human interleukin-4 (IL-4) and transforming growth factor-beta (TGF-fl) reduce
recombinant interleukin-2 (IL-2) induction of lymphokine-activated killer (LAK) cell activity from
human peripheral blood mononuclear cells (PBMC). Monocytes can be removed from PBMC by
adherence, leaving a peripheral blood lymphocyte population (PBL) which also responds to IL-2 to
generate LAK activity. PBL generation of LAK cytotoxicity is susceptible to inhibition by TGF-fl,
but not by IL-4. Readdition of purified monocytes to PBL is accompanied by return of the
suppressive action of IL-4 on the generation of LAK activity. Induction of LAK cytolysis from
Percoll-isolated T cells ( > 90'% CD3 +) is also refractory to the inhibitory effect of IL-4. When PBMC
were cultured in IL-2, with and without IL-4, subsequent sorting ofCD3 + and CD3 lymphocytes by
flow cytometry demonstrated that IL-4 had suppressed LAK induction in both effector populations.
This suggests that, although isolated CD3+ cells are not susceptible to IL-4 suppression of IL-2
activation, they are sensitive to inhibition when part of a mixed PBMC population. Evidence is
presented for the first time that this suppression is mediated via the action of IL-4 on monocytes.

INTRODUCTION

The culture of human PBMC in recombinant human IL-2 leads
to the generation of LAK activity. These non major histocom-
patibility complex (MHC)-restricted killer cells are capable of
lysing fresh tumour targets and tumour cell lines resistant to
natural cell-mediated cytotoxicity.' LAK activity represents a
function rather than a cell type, and there is evidence that both
large granular lymphocytes (LGL) and T cells respond to IL-2
and generate LAK activity.'

Both IL-4 and TGF-fI have been reported to inhibit the
induction of LAK activity from PBMC.5 I This reduction in
cytotoxic capacity is accompanied by a suppression of other IL-
2-mediated responses: proliferation, Tac antigen expression and
production of the cytokines tumour necrosis factor-alpha
(TNF-o) and interferon-gamma (IFN--; ).9 12 IL-4 has also been
shown to suppress the production of IL-I by IL-2-activated
PBMC.'3

The suppression of IL-2-induced cytotoxic and proliferative
capacities by IL-4 or TGF-fl is sometimes incomplete, and

Abbreviations: IFN, interferon: IL. interleukin; LGL, large granu-
lar lymphocytes; PBL, peripheral blood lymphocytes; PBMC, periph-
eral blood mononuclear cells; TGF, transforming growth factor; TNF,
tumour necrosis factor.
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partial activation can occur in the presence of these inhibitory
cytokines. This suggests that suppression is due either to a
general reduction in IL-2 responses in all responding PBMC
populations or to a selective effect on a certain subset(s). The
role of monocytes in the induction of LAK activity has been
studied previous. Toledeno et al,'4 and Roberts et al.'5 showed
that non-adherent PBL are capable of generating greater
cytotoxicity than whole PBMC, and readdition of adherent cells
has been shown to suppress LAK induction by PBL in a dose-
dependent manner. 167 However, others have demonstrated
that monocytes can augment the induction of LAK, depending
on their density and activation state.'81'9 The contribution of
monocytes to LAK induction may be dependent on the balance
between prostaglandin E, (PGE2) synthesis and membrane-
associated IL-I, as suggested by Bloom and Babbit.'

In the present study, the role of monocytes in IL-4- and
TGF-/3-mediated inhibition ofLAK induction was investigated.
Following removal of plastic adherent cells, the resulting PBL
population was not susceptible to IL-4-mediated inhibition of
IL-2-induced LAK activity, but was susceptible to TGF-fl-
mediated suppression. Readdition of purified monocytes ren-
dered PBL sensitive to the suppressive action of IL-4. PBMC
cultured in the presence of IL-2 with and without IL-4 were
sorted into CD31 and CD3 populations using a flow cyt-
ometer. Both sorted populations exhibited lower LAK activity
from cultures which had contained IL-2 and IL-4 than those
which had contained IL-2 alone. Purified T cells were also
assessed for their response to IL-2 in the presence and absence of
IL-4; IL-4 did not inhibit LAK induction from this population.
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MATERIALS AND METHODS

Isolation of lyjmphoid subsets
PBMC. Peripheral blood from healthy donors was collected

in heparin (10 U/ml) and the mononuclear cells (PBMC)
separated on lymphocyte separation medium (Lympohoprep;
Nyegaard, Oslo, Norway) according to Boyum,' washed three
times in phosphate-buffered saline (PBS) and resuspended in the
serum-free medium AIM V (Gibco, Paisley, U.K.).

PBL. A total of 40 x 106 PBMC were suspended in 30 ml of
AIM V and incubated at 37 C for 90 min in a T75 falcon tissue
culture flask (Becton-Dickinson, Lincoln Park, NJ). Non-
adherent PBL were decanted and phenotyped.

T cells. A total of 50 x 106 PBL were layered onto a seven-
step discontinuous Percoll gradient as described by Ortaldo.22
Briefly RPMI + 10O0, foetal calf serum (FCS; 285 mOsm) were
added to Percoll (285 mOsm) adjusted by 10 x PBS, and a seven-
step gradient made using the following Percoll concentrations:
42 5%, 45%, 47 5%Yo, 50%/o, 52 5%, 55%O and 66 6%X,. The
gradients were centrifuged at 550 g for 30 min at room
temperature and each layer was removed, washed, counted and
assessed for lymphocyte phenotypes. Bands between 45% and
47-51% and those between 47-5% and 50%YO were enriched for T
cells. T-cell populations used were >90%/o CD3+.

Monociltes
Monocytes were purified using two methods:

(1) A total of 30 x 106 PBMC were layered onto a three-step
discontinous Percoll gradient consisting of layers of40'%, 45 8%/o
and 66 6'%. The gradient was centrifuged at 550 g for 30 min at
4 . The band between the top two layers was enriched for
monocytes.

(2) A total of 50 x 106 PBMC, suspended in 20 ml of
RPMI+ 10% AB serum, were incubated for 90 min on a T175
Costar tissue culture bottle (Northumbria Biologicals, North-
umberland, U.K.). Non-adherent cells were gently removed,
and plates were washed five times with warmed PBS. After
microscopic examination for removal of non-adherent cells,
adherent cells were recovered by incubation in 5 mm ethylene-
diaminetetra-acetic acid (EDTA) for 30 min. Recovered adher-
ent cells were routinely > 95%IV, CD 14.

Monoclonal antibodies
Lymphocyte subsets were assessed using: CD3 (Leu-4: pan-T
cell); CD56 [Leu-19: natural killer (NK) cell and activated T-cell
marker]; CD57 [Leu-7; NK and T suppressor (Ts) marker];
CD16 (Leu-l lc; NK, Ts and granulocyte marker); all purchased
from Becton Dickinson (Oxford, U.K.); CD14 (UCHMI:
monocyte marker), purchased from Seralab (Sussex, U.K.); and
a mixture ofCD 19, CD21 and CD22 pan-B-cell markers (Royal
Free Hospital, London, U.K.).

Flowt cytometrv
Assessment of phenotypes was performed as previously de-
scribed.6

Cell sorting was performed using OKT3a phycoerythrin
(PE)-conjugate mAb against CD3 (Ortho Diagnostics, Bucks.,
U.K.) on a Becton-Dickinson FACS420 with accessory CON-
SORT 30 computer (Becton-Dickinson, Oxford, U.K.). Scatter
gates were limited to the removal of debris only. Both mAb I

and mAb cells were sorted by vitue of PE presence or absence.

For the purpose of sorting stained PBMC, all cells with a
fluorescence greater than Channel 30 on a linear scale were
considered to be mAb+; and cells from Channel 0 to 20 were
considered to be mAb-, as determined by isotype controls.
Sorted cells were collected in 10-ml conical-based centrifuge
tubes containing RPMI- I0'Vo newborn calf serum (NBCS) in an
ice bath, to minimize cell loss. Collected cells were then washed,
counted, reanalysed, and found to be > 90%/o pure.

Target cells
The SW742 colon adenocarcinoma cell line23 was grown as an
adherent cell line in RPMI-1640 medium plus 10% FCS.
Previous study with this cell line has shown it to be relatively
insensitive to NK cytolysis but sensitive to IL-2-induced LAK
activity. This cell line was routinely screened for mycoplasmal
contamination by DNA hybridization assay (Lab Impex,
Middlesex, U.K.) and shown to be free of infection.

Cytokines
Recombinant human IL-2 (specific activity 8 3 x 106 U/mg) was
kindly provided by Glaxo (Geneva, Switzerland) and used in
culture at a final concentration of 500 U/ml, previously
determined to be optimal for LAK induction; rhIL-4 (specific
activity 107 U/mg) was kindly provided by the Immunex
Corporation (Seattle, WA). Porcine TGF-J1l was purchased
from British Biotechnology (Oxford, U.K.). IL-4 and TGF-f3
were used at 500 U/ml and 5 ng/ml, respectively, as prior
titration has shown these concentrations to give maximal
suppression of LAK induction.

LA K-cell induction
Lymphocyte subsets were suspended in AIM V medium and
seeded at 3 or 4 x 106 cells/ ml in 1-ml volumes into flat-
bottomed 24-well plates (Becton-Dickinson, Lincoln Park, NJ).
The cells were incubated at 37- in a 5%/O C02/95% air atmosphere
for 4 days, after which each effector population was harvested,
washed in PBS, counted, resuspended in the appropriate
amount of RPMI+ 100% NBCS, and assayed for cytotoxic
capacity.

5'Cr-release test
A 4-hr 5'Cr-release assay was performed as described pre-
viously.6 Briefly, labelled target cells (01 ml/well) were incu-
bated with effector (0-1 ml/well) at the ratios indicated, in 96-
well plates, in triplicate. Test plates were incubated at 37' in a
5% CO/95% air, humidified atmosphere for 4 hr and 51Cr
release and cytotoxicity were calculated as previously de-
scribed.6

Proliferation assay
Cells harvested from lymphocyte cultures were seeded into 96-
well tissue culture plates (Becton-Dickinson) at 1 x 105 cells/0 1
ml/well in triplicate and 0 5 piCi of [3H]thymidine added. Cells
were incubated for 4 hr and harvested onto filter paper using an
automated cell harvester (Skatron, Norway). Incorporation of
[3H]thymidine was measured by counting the filter paper in
scintillation fluid using a JJ-spectrophotometer.

Statistical analhsis
Inhibitory or augmentory effects were determined as significant
using Student's t-test.
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Table 1. Effect of removal of monocytes on

rhIL-2-mediated induction of LAK activity
and proliferation

No. of experiments in
which the observation

was recorded

Response measured*

Observation LAK activity Proliferation

Increasedt 1/17 2/11
Decreasedt 11/17 7/11
No change 5/17 2/11

* Lymphoid cells were incubated in AIM V

medium with 500 U/ml rhIL-2 for 4 days. LAK
activity was assessed against SW742 targets,
and proliferation by uptake of [3H]thymidine.

t Significant as determined by Student's t-
test: P<001.

LUJ

.2
v

0

PBMC PBL

Figure 1. Effect of IL-4 and TGF-/ on LAK induction by PBMC and
PBL precursors. Lymphocyte populations were cultured for 4 days in
AIM V medium containing: (-) IL-2 (500 U/ml); (E) 0; (0) IL-2 + IL-4
(500 U/ml); (U) IL-2+TGF-/3 (5 ng/ml). Cytotoxicity was measured
against the SW742 cell line. * Suppression was significant as determined
by Student's t-test: P < 0 01.

RESULTS

Removal of adherent cells

Monocyte-depleted PBL cultured in the presence of IL-2 were

capable ofexhibiting LAK activity against NK-resistant SW742
cell line, and proliferating, as determined by [3H]thymidine
incorporation, in response to IL-2. As shown in Table 1, LAK
activity and proliferation were usually lower in the absence of
monocytes, although there was variability between the donors
used.

The effect of TGF-fJ and IL-4 on these responses was

studied, both factors being added (at concentrations previously
determined to give optimal suppression of LAK induction) at

the onset of culture of PBL with IL-2. Figure 1 is representative
of a series ofexperiments performed to compare LAK induction
by PBL and PBMC, which are summarized in Table 2. When
cultured in the absence of IL-2, PBMC and PBL were routinely
shown to cause little or no lysis ofSW742 targets. Although IL-4

Table 2. Summary of the responses of PBL to rhIL-2
with added rhIL-4 or TGF-3

No. of experiments in
which the observation

was recorded

Response measured*

Observation LAK activity Proliferation

(a) Effect of rhIL-4
Increaset 4/16 4/10
Decreaset 0/16 4/10
No effect 12/16 2/10

(b) Effect of TGF-J3
Increaset 0/4 2/4
Decreaset 3/4 0/4
No effect 1/4 2/4

* PBL were incubated in AIM V medium contain-
ing 500 U/ml rhIL-2 and either 500 U/ml rhIL-4 or 5
ng/ml TGF-fI. In all experiments, corresponding
PBMC cultured under identical conditions exhibited
reduced responses to rhIL-2 in the presence of either
rhIL-4 or TGF-f3.

t Significant as determined by Student's t-test:
P<0 01.

and TGF-f both inhibited IL-2-induced LAK activity and
proliferation by PBMC, using autologous PBL, IL-4 either
augmented or had no effect on IL-2 responses, whereas TGF-/3
suppressed the induction of LAK activity (although, in the
absence of monocytes, this suppressive action was reduced), but
not of proliferation. Increasing IL-4 concentrations to 2000 U/
ml did not alter the level of these responses (data not shown).

The phenotypes of PBL populations were assessed by using
monoclonal antibodies which recognize monocytes (CD14), T
lymphocytes (CD3), NK cells (CD56, CD16 and CD57) and B
cells (CD19, CD21 and CD22); three examples of a series of
experiments are shown in Table 3. Adherence did not affect the
percentage of cells expressing CD16 (five experiments); CD57
was increased in PBL, compared with PBMC, in two out of five
experiments; after adherence, CD3 increased, whilst CDI4t
cells were generally decreased to less than 5%S.. Adherence
sometimes removed CD561 and B cells, but this had no
influence on the responses observed.

Addition of monocytes to PBL

To determine whether monocytes were responsible for IL-4-
mediated suppression of LAK induction, isolated monocytes
(> 95% purity, using adherence) were added to PBL. Readdi-
tion of monocytes to PBL re-established IL-4-mediated sup-
pression of LAK induction: Figure 2 is an example of four
experiments performed. Monocytes were also isolated on
Percoll gradients and, although these populations were only 46-
64% CD14+, they could also mediate the suppressive effects of
IL-4. In two out of three experiments, monocytes rendered PBL
susceptible to IL-4-mediated inhibition of IL-2-induced pro-
liferation (data not shown).
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Table 3. Phenotypic analysis of PBMC and PBL

Percentage positive cells*

Phenotype Controlt CD3 CD14 CD16 CD57 CD56 B cells+

Experiment I
PBMC 3 43 30 19 25 17 9
PBL 3 65 6 19 38 27 6

Experiment 2
PBMC 4 63 12 26 19 28 ND
PBL 1 64 2 25 16 28 ND

Experiment 3
PBMC 3 61 26 ND ND 12 7
PBL 2 76 3 ND ND 14 3

* The percentage of positive cells as assessed by flow cytometry.
t FITC conjugate only.
I A cocktail of CD 19, CD21 and CD22 was used for B-cell analysis.
ND=not determined.
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Figure 2. Addition of monocytes to PBL. Lymphocyte populations were
cultured for 4 days in AIM V medium containing: (-) IL-2 (500 U/ml) or

(E5) IL-2+IL-4 (500 U/ml). Cytotoxicity was measured against the
SW742 cell line. * Suppression was significant as determined by
Student's t-test: P<0-01.

Purification of T cells

T cells were further purified from PBL using seven-step Percoll
gradients, and cells of > 90% CD3 + were used. As shown in Fig.
3 (one of four experiments performed), TGF-f suppressed LAK
induction by these T-cell progenitors, whereas IL-4 did not. In
three out of four experiments IL-4 augmented LAK induction
by PBL precursors, and had no effect in one of them.

Sorting of activated cells

PBMC were cultured for 4 days in medium containing either IL-
2 or I L-2 + I L-4. These effectors were then sorted into CD3 + and
CD3- subsets using a flow cytometer, which yielded popula-
tions of > 90% purity. As shown in Fig. 4 (one of two
experiments), both populations exhibited decreased cytotoxicity
when IL-4 was present during induction. In both experiments,
LAK activity was lower in CD3+ effectors than in CD33-
populations. Controls included effectors stained with mAb and

u 40

30

2

I0

0

PBMC T cells

Figure 3. Effect of I L-4 and TGF- f on LAK induction by PBMC and T-
cell precurors. Lymphocyte populations were cultured for 4 days in
AIM V medium containing: (-) IL-2 (500 U/ml); (0) 0; (t3) IL-2+ IL-4
(500 U/ml); (U) IL-2+TGF-f3 (5 ng/ml). Cytotoxicity was measured
against the SW742 cell line. *Suppression or augmentation of LAK
activity by IL-4 or TGF-fl was significant as determined by Student's
(-test: P<0010.

stained cells which had been run through the flow cytometer
under standard conditions. It was found that these cells had
unaltered cytotoxic capacity compared with effectors that had
not been stained or sorted, eliminating any possibility of
induced effects on sorted effectors. Thus, when cultured alone,
CD3 + T cells are not susceptible to IL-4-mediated inhibition of
LAK induction. In contrast, when cultured in a PBMC
population, CD3+ cells are sensitive to IL-4 regulation of IL-2
induced cytotoxicity.

DISCUSSION

In the present study, PBL were shown to be capable of
responding to IL-2 to proliferate and generate LAK activity, but
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Figure 4. FACS sorting of activated killer cells. PBMC were cultured for
4 days in AIM V medium containing: (-) IL-2 (500 U/ml) or (0) IL-
2 + I L-4 (500 U/ml). Both groups were then stained with anti-CD3 mAb,
and sorted into positive and negative populations. Cytotoxicity was
measured against the SW742 cell line, and was unaffected in control
groups. * Suppression was significant as determined by Student's t-test:
P<001.

this response was generally lower than that observed in
corresponding PBMC. The variation in the results obtained
upon removal of adherent cells may reflect differences in the
activation state of monocytes present, their removal therefore
having contrasting effects on the response of cells from different
donors. Although IL-2 induction of LAK activity from PBL
was reduced by TGF-fl, I L-2-induced proliferation was found to
be refractory to its action; furthermore, the inhibitory effect of
TGF-fl on LAK induction was less pronounced in the absence
of monocytes. PBL responses to IL-2 were either not affected or
augmented by IL-4, as were those of purified T cells. This is in
contrast to the observations of Damle and Doyle,24 who
demonstrated that the generation of LAK cytotoxicity by
purified T cells ( > 95°/0 CD3+) is suppressed by IL-4. Han et al.9
showed that purified PBL, but not T cells, generated cytotoxity
in response to IL-2 which was also susceptible to the inhibitory
effects of IL-4. These disparities with the present study could be
due to experimental differences, including the media used during
IL-2 activation and the target cells employed to measure LAK
activity. In keeping with the present study, Ortaldo25 has shown
that IL-4 enhances IL-2-mediated LAK induction by human T
cells.

When PBMC were activated with IL-2 in the presence of IL-
4 and subsequently sorted into CD3+ and CD3 cells, both
populations exhibited reduced LAK activity in comparison with
equivalent populations sorted from autologous PBMC incu-
bated in IL-2 alone, demonstrating that culturing a mixed cell
population renders T cells susceptible to I L-4-mediated suppres-
sion, in contrast with the response ofT cells activated following
purification. Furthermore, addition of adherence-purified
monocytes to PBL restored their susceptibility to IL-4 suppres-
sion. Since these adherent monocytes could be considered to be
activated,26 monocytes purified by discontinuous Percoll gra-
dients were used and shown to be equally effective in causing I L-
4-dependent suppression.

I L-4 is produced by a limited number ofT cells of both CD4
and CD8 phenotypes,27'28 promotes IL-2-independent T-cell
growth29 and enhances the induction of antigen-specific cytotox-
icity.5'3'3' The results presented here implicate monocytes in the
regulation of the induction of non-MHC-restricted LAK acti-
vity by PBMC precursors, possibly by an indirect mechanism. It

is relevant to note that IL-4 has been shown to affect monocyte
function, including down-regulating lipopolysaccharide (LPS)-
induced IL-6 and IL-1 production;3233 inhibiting IL-8 mRNA
expression and protein production upon LPS, TNF-i and IL-l
stimulation;34 reducing LPS-induced TNF-a mRNA expression
and protein secretion;35 and decreasing CD14 expression.36

Although the mechanism by which IL-4 reduces LAK
induction is unknown, it is possible that PBMC LAK effectors
are generated from two distinct populations one being mono-
cyte independent and one requiring the release of a monocyte-
derived factor(s), such as IL-], or IL-6, both ofwhich are known
to enhance LAK induction.'7"3738 It has been shown that IL-1,
which is predominantly produced by adherent cells, can reverse
the inhibitory effects of IL-4 on LAK induction.' Since IL-4
suppresses IL-1 and IL-6 production by monocytes, this
provides a possible mechanism for its regulatory action on LAK
induction. It is unlikely that IL-4 mediates its suppression via
the induction of PGE2, since IL-4 has been shown to reduce
PGE2 production by monocytes;39 however, it could be postu-
lated that IL-4 induces the release of TGF-# from monocytes,
which, in turn, mediates suppression of IL-2 responses. To date,
TGF-fl released by PBMC into culture media, as measured by
bioassay, has been found to be unaffected by IL-4,'0 although
the more precise measurement ofTGF-/3 in culture supernatants
using recently reported enzyme-linked immunosorbent assay
(ELISA) reagents40 would provide more reliable data regarding
this issue. The proposition that IL-4 acts by down-regulating
rather than inducing monocyte activity is strengthened by the
recent report of Lauener et al.36 demonstrating a reduced
expression ofCD 14 on monocytes in the presence of IL-4; since
CD]4 may be involved in monocyte activation, it was suggested
that IL-4 causes a 'dampening' of monocyte function. The
mechanism involved in monocyte-dependent IL-4 suppression
is currently under investigation: preliminary data indicate that
PBMC produce IL-6 in response to IL-2, and that this response
is suppressed by IL-4. PBL-conditioned media contain much
lower levels of IL-6.
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