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Abstract. We report that leukotriene B4
(LTB4), a 5-lipoxygenase metabolite of arachidonic acid,
is a potent suppressor of polyclonal Ig production in
pokeweed mitogen (PWM)-stimulated cultures of human
peripheral blood lymphocytes, while LTC4 and LTD4
have little activity in this system. Preincubation of T
cells with LTB4 in nanomolar to picomolar concentra-
tions rendered these cells suppressive of Ig production
in subsequent PWM-stimulated cultures of fresh, autol-
ogous B + T cells. This LTB4-induced suppressor cell
was radiosensitive, and its generation could be blocked
by cyclohexamide but not by mitomycin C. The LTB4-
induced suppressor cell was OKT8(+), while the precur-
sor for the cell could be OKT8(-). The incubation of
OKT8(-) T cells with LTB4 for 18 h resulted in the
appearance of the OKT8(+) on 10-20% of the cells,
and this could be blocked by cyclohexamide but not by
mitomycin C.

Thus, LTB4 in very low concentrations induces a
radiosensitive OKT8(+) suppressor cell from OKT8(-)
cells. In this regard, LTB4 is three to six orders of
magnitude more potent than any endogenous hormonal
inducer of suppressor cells previously described. Gluco-
corticosteroids, which block suppressor cell induction in
many systems, may act by inhibiting endogenous pro-
duction of LTB4.
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Introduction

The leukotrienes are a recently discovered class of arachidonic
acid metabolites that result from oxidation at the C-5 position
(1). This results in the production of a labile epoxide, leukotriene
A4 (LTA4),' which in turn is converted to either LTB4 by
enzymatic hydrolysis or to LTC4 by conjugation with glutathi-
one. LTC4 is in turn converted to LTD4 and LTE4 (1-3). The
biologic potency of these compounds is impressive and diverse
(1, 2). LTC4, LTD4, and LTE4 are together the active com-
ponents of the slow reacting substance of anaphylaxis (1),
while LTB4 has powerful chemoattractant and aggregating
properties for neutrophils (4, 5).

Because phospholipase A2 activation, the first step in
arachidonic acid metabolism, is as ubiquitous a response to
stimuli as is adenylate cyclase activation, it is safe to assume
that the eventual list of biologic actions of the leukotrienes
and other lipoxygenase metabolites of arachidonic acid will be
considerably longer than it is today. One area that has been
relatively uninvestigated is the action of leukotrienes on hu-
moral and cellular immune responses. Webbet al. (6) reported
that LTD4 and LTE4 in concentrations as low as 10-12 M
caused >50% inhibition of phytohemagglutinin (PHA)-induced
3H-thymidine incorporation in mouse splenic T cells, while
much higher concentrations (l0-' M) caused inhibition of the
formation of antibody-forming cells against sheep erythrocytes
in Mishell-Dutton cultures. In contrast, Payan and Goetzl (7)
found no inhibition of human T cell proliferation in PHA-
stimulated cultures by LTC4 or LTD4, but did find a modest
amount of inhibition with high concentrations (10-l-10-6 M)
of LTB4. Rola-Pleszczynski et al. also reported a modest

1. Abbreviations used in this paper: ELISA, enzyme-linked immuno-
sorbent assay; FCS, fetal calf serum; LT, leukotriene; LTA4, LTB4,
LTC4, LTD4, LTE4, leukotrienes A4, B4, C4, D4, and E4; PBMC,
peripheral blood mononuclear cells; PHA, phytohemagglutinin; PWM,
pokeweed mitogen; PGE, prostaglandin E.
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inhibition of PHA-stimulated mitogenesis in human T lym-
phocytes, by LTB4 (8). More importantly, these authors ob-
served that T cells that were preincubated with low concentra-
tions ( 10-12 M) of LTB4 suppressed the mitogen response
of fresh T cells.

These preliminary reports prompted us to examine in
detail the role of leukotrienes in the control of polyclonal Ig
production by human peripheral blood lymphocytes. Wefound
that LTB4, but not LTC4 or LTD4, inhibits IgG and IgM
production in concentrations as low as 1012 M. LTB4 induces
a resting OKT8(-) T cell to become an OKT8(+), radiosensitive
suppressor cell.

Methods

Preparation of lymphocytes. Peripheral venous blood was drawn in
syringes that contained preservative-free heparin. Peripheral blood
mononuclear cells (PBMC) were separated from heparinized blood of
healthy normal donors by differential centrifugation over Ficoll-Hypaque
and were washed three times with phosphate-buffered saline (PBS).
Glass adherent cells were removed by incubation at 370C for 45 min
on glass petri dishes in RPMI 1640 with 20% fetal calf serum (FCS).
T cells were isolated from these nonadherent cells by rosetting with 2-
aminoethylisothiouronium bromide-treated sheep erythrocytes followed
by centrifugation over Ficoll-Hypaque for 30 min at 300 g. The sheep
erythrocytes were lysed with Tris-ammonium chloride. The nonrosetting
cells left at the interface were termed B cells. The percentage of Ig-
bearing cells in this population was between 40 and 60%.

Monoclonal antibodies. The monoclonal antibodies OKT8 and
OKT4 were used. OKT8 detects suppressor and cytotoxic T cells (9,
10); OKT4 is a monoclonal antibody that reacts with the helper/
inducer subset of human T cells (10, 11). There is no overlap between
OKT8 and OKT4 in peripheral blood of normal donors (12). Subpop-
ulations of human T cells were separated with a monoclonal antibody
rosetting technique (I 1, 13). Ox erythrocytes were coupled to affinity-
purified goat anti-mouse IgG (Tago Inc., Burlingame, CA) with the
chromium chloride method ( 11) and resuspended as a 0.5% suspension
in RPMI 1640 with 10% FCS. After incubation for 30 min with
monoclonal antibody, the T cells were washed two times with cold
PBS in a refrigerated centrifuge, resuspended to a concentration of 4
x 106 cells/ml in RPMI 1640 that was supplemented with 10% FCS,
and mixed with an equal volume of the sensitized ox erythrocytes.
The mixture was centrifuged for 10 min at 200 g, incubated for 30
min on ice, and gently resuspended. Rosetting cells were separated
from nonrosetting cells by centrifugation over Ficoll-Hypaque for 30
min at 300 g. The T cell subsets were isolated by either positive or
negative selection, e.g., the OKT4-positive helper T cells were isolated
as either OKT4(+) cells or OKT8(-) cells. OKT4(+) cell populations
that were isolated positively were >92% OKT4(+) and <3%OKT8(+),
while OKT4(+) populations that were isolated by negative selection
were >90% OKT4(+) and <1% OKT8(+). OKT8(+) cell populations
that were isolated positively were >90% OKT8(+) and <5%OKT4(+),
while those that were isolated negatively were >86% OKT8(+) and
<5% OKT4(+).

Indirect immunofluorescence analysis of T cells on FACS 111. A
cell pellet that contained 106 cells was incubated with 50 M1 of an
appropriate dilution of the monoclonal antibody for 30 min on ice.
The cells were washed twice in a refrigerated centrifuge with PBS that
contained 0.01% azide. The pellet was further incubated with 50 ul of

fluorescein-conjugated goat anti-mouse IgG (Becton-Dickinson Mono-
clonal Center, Mountain View, CA) for 30 min on ice. The cell pellet
was washed twice, resuspended in I ml PBS-paraformaldehyde, and
analyzed with the FACS Ill (Becton-Dickinson & Co.).

Leukotrienes. LTB4, LTC4, and LTD4 were kindly supplied by Dr.
J. Rokach (Merck-Frosst Laboratories, Dorval, Canada), stored in
ethanol at -20'C, and appropriately diluted in RPMI 1640 medium
immediately before use. This resulted in ethanol concentrations in the
cultures of from 100 yII to 10 nl/liter. Control cultures always contained
appropriate amounts of ethanol, which had no measurable effect on
Ig production.

Cell cultures for Ig production. Cultures that contained 106 PBMC
or combinations of 101 T cells or T cell subsets with 2.5 X 101 B cells
were incubated at 370C in 5% CO2 in 1 ml RPMI 1640 that was
supplemented with L-glutamine, 10% FCS, and penicillin-streptomycin.
Cultures were set up in 10 X 75-mm culture tubes (Fisher Scientific
Co., Pittsburgh, PA). Pokeweed mitogen (PWM) (Gibco Laboratories,
Grand Island, NY) was added in final concentrations of 1/400; cultures
were stopped after 7 d; the supernatants were collected; and IgG and
IgM were determined by an enzyme-linked immunosorbent assay
(ELISA) method (14). All cultures were performed in duplicate, and
each culture was further split for duplicate analysis of Ig concentration
by ELISA.

Suppressor cell assay. In some experiments, varying concentrations
of LTB4 were added at the initiation of cultures with PWMand left
throughout the 7-d culture period. Most experiments were designed to
study the induction of suppressor cells. In these experiments, T cells
or T cell subsets were preincubated for 18 h with varying concentrations
of LTB4, washed three times with PBS, and added to fresh PWM-
stimulated B + T cell cultures. When specified, preincubated cells were
either treated with mitomycin C (Sigma Chemical Co., St. Louis, MO,
50 ,g/ml) or with cyclohexamide (Gibco Laboratories, 50 .g/ml) for
30 min at 370C, or irradiated (2,000 rad) before addition to the fresh
B + T cell cultures. The viabilities of the preincubated T cells or T
cell subsets was >95%, as determined by trypan blue dye exclusion
test.

ELISA for IgG-IgM measurements. Flat-bottom polyvinyl flexible
microtiter plates (Flow Laboratories, Inc., McLean, VA) were incubated
overnight at 4°C with 120 ul affinity purified goat anti-human IgG or
anti-human IgM (Tago Inc.) in a concentration of I ug/ml (diluted in
PBS). After washing the plates five times in PBS, 100 Ml supernatant
from the lymphocyte incubations, diluted 1/10 in PBS with 5%
gamma-globulin free bovine serum (Gibco Laboratories), was added
to the wells. Standards were prepared from human serum. After 2 h
incubation at room temperature (in a moisture chamber) the plates
were washed five times in PBS. 100 ml of peroxidase-labeled goat anti-
human IgG or anti-human IgM (Tago Inc.) were added to the wells.
These antibodies were diluted to I Ag/ml with PBS that contained 5%
'y-globulin-free bovine serum. After a 1-h incubation at room temper-
ature in a moisture chamber, the plates were washed five times with
PBS, and 100 Ml freshly prepared substrate was added. The substrate
was prepared by mixing 10 ml citric acid (2.3 g%) with 100 ul 0.5%
H202 and 100 Ml of a 2 g% solution of 2,2'-azido-di-(3-ethyl-benzthia-
zolin-solfonate) (Boehringer Mannheim Biochemicals, Indianapolis,
IN). The reaction was stopped after 30 min and the absorption of each
well was measured in microelisa autoreader MR 580 (Dynatech
Laboratories Inc., Alexandria, VA) at 415 nm, and optical densities
were translated to nanograms by plotting from the standard curve.
Duplicate samples were assayed and were always within 10% of each
other.
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Results

Effect of leukotrienes on PWM-stimulated immunoglobulin
production. Fig. 1 demonstrates the effects of adding various
concentrations of LTB4, LTC4, and LTD4 on IgG production
in PWM-stimulated cultures of PBMC. Concentrations of
LTB4 as low as 10"2 Mcaused small but significant inhibition
of IgG production, while concentrations in the 10-81-10`l M
range caused substantial inhibition. In contrast, LTC4 and
LTD4 caused only a small amount of inhibition, even at 10-8
Mconcentrations. Analogous results were obtained with IgM
production (data not shown).

Effect of preincubating T cells with leukotrienes on PWM-
stimulated immunoglobulin production. Wenext asked whether
LTB4 was inhibiting PWM-stimulated Ig production by acting
primarily on B cells or T cells. Accordingly, we measured the
effect of preincubating T cells with leukotrienes, then of adding
them back to fresh autologous B cells in PWM-stimulated
cultures. As shown in Table I, T cells that were preincubated
for 18 h with LTB4 no longer supported IgG and IgM
production by autologous B cells in subsequent PWM-stimu-
lated cultures. As little as 10-11 MLTB4 caused >30% inhibition
of subsequent Ig production. Once again, LTC4 and LTD4 in
high concentrations had little effect in this system.

The LTB4-induced decrease of Ig production could be due
either to a decrease in T helper function or to an increase in
T suppressor function. Table II shows that T cells preincubated
with LTB4 suppressed Ig production in PWM-stimulated cul-
tures of fresh, autologous B + T cells, which suggested that
LTB4 inhibits Ig production by stimulating suppressor cell
function.

Phenotype of suppressor T cell generated by LTB4. The
data presented above suggested that LTB4 was inducing sup-
pressor T cells. We next sought to determine the phenotype
of those suppressor cells by incubating T cells with LTB4; we

then separated the T cells into helper T and suppressor T cell
fractions using the OKT4 and OKT8 monoclonal antibodies,

z Figure 1. Effect of addition
0

of leukotrienes on IgG pro-

PWM-stimu-

a- \0- lated cultures of human
50- PBMC. LTB4, LTC4, or

0 40- \LTD4 in the noted concen-
z s \ trations were added at the
A 30 \ initiation of the cultures,Z 2LTB4 and IgG production was

+ measured by ELISA after 7

laLTD4 \w d. LTB4 at all concentra-
,tions (l0-8_10-I2 M)

lo lo 10 rS2 caused a significant inhibi-
MOLARCONCENTRATIONOF LEUKOTRIENE tion of IgG production (P

< 0.01 by paired t test).
LTC4 and LTD4 caused a small but significant inhibition of IgG
production at high concentrations. Data represent mean±SEMof the
results of experiments on seven subjects.

Table I. Effect of Preincubating T Cells for 18 H with
Leukotrienes on the Production of IgG and IgM in
Subsequent PWMCultures with Fresh Autologous B Cells

T cells
preincubated % %

Cells with IgG Inhibition IgM Inhibition

ng/ml ng/ml

B - 93±10 - 23±6 -
B + T 0 1,101±124 - 315±39 -
B + T 10-12 MLTB4 901±93* 18±4 285±31t 9±3
B + T 10" MLTB4 752±112* 32±4 208±27* 34±4
B + T 10-'°M LTB4 531±102* 52±5 214±14* 32±3
B + T 10-9 MLTB4 348±105* 68±5 191±19* 39±3
B + T 10-8 MLTB4 258±98* 76±4 129±17* 59±4
B + T 10-9 MLTC4 963±84* 12±3 287±46t 9±3
B + T 10i MLTC4 957±96* 13±6 288±33* 8±4
B + T 10-9 MLTD4 991±114* 10±4 291±34 8±4
B + T 10" MLTD4 909±106* 17±4 278±41* 12±3

T lymphocytes were incubated with leukotrienes LTB4, LTC4, or LTD4 for 18
h, washed three times with PBS, and cultured with fresh, autologous B cells at
105 T cells plus 2.5 X 105 B cells. Viabilities of LTB4 preincubated cells were
>95.0% as determined by trypan blue dye exclusion test. Results are expressed
as mean±SEMfrom experiments on cells from five different subjects.
* Significantly different from control by paired t test with P < 0.001.

P<0.05.

and added these fractions to PWM-stimulated cultures of fresh
autologous B + T cells. As shown in Fig. 2, almost all of the
suppressive activity of the T cells that were preincubated with
LTB4 is contained in the OKT8(+) fraction.

Phenotype of precursor of the LTB4-induced suppressor T
cell. In an analogous fashion, we next investigated the phenotype
of the T cell that was induced to become an OKT8(+)

Table II. Effect of Preincubating T Cells with
LTB4 on IgG Production in PWM-stimulated
Cultures of Fresh Autologous B Plus T Cells

Pre- T cells
incubated preincubated %

Cells T cells with IgG Inhibition

ng/ml

B + T 0 - 2,417±240 -
B + T + 0 2,199±124 -
B + T + 10-12 MLTB4 1,938±97* 12±4
B + T + 10-1" MLTB4 1,728±181 21±6
B + T + 10`1 MLTB4 1,443±108t 36±4
B + T + 10-9 MLTB4 1,088±110* 50±5
B + T + 10-" MLTB4 752±84* 66±6

T lymphocytes were incubated with LTB4 for 18 h, washed three times with
PBS, and 105 of these T cells were added to cultures of fresh autologous B (2.5
X 105) plus T (105) cells. Cultures were incubated for 7 d with PWMat 1/400.
Results are expressed as mean±SEMfrom 14 different experiments.
* Significantly different from control by paired t test with P < 0.05.
*P<0.001.
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part of the T cells were fractionated into OKT8(+)- and OKT4(+)-
enriched subsets by the monoclonal antibody rosetting technique.
These T cell subsets (10' cells) or unfractionated T cells (10' cells)
were then added to fresh, autologous B + T cells (10' T plus 2.5 X
10' B) in PWM-stimulated cultures, and the percentage inhibition of
IgG production was noted, compared with cultures in which T cells
were preincubated in media alone, then divided into OKT8(+),
OKT4(+), or unfractionated cells, and then added to fresh autolo-
gous B + T cells. Data represent results from four experiments.
There was no difference in the degree of suppression that was caused
by OKT8(+)-enriched T cells vs. unfractionated T cells (P > 0.6),
but both caused significantly more inhibition than did OKT4(+)-
enriched T cells (P < 0.001 by t test). In two experiments the
OKT4(+) cells were isolated by positive selection and the OKT8(+)
cells by negative selection, and in the other two experiments the
OKT8(+) cells were isolated positively and the OKT4(+) cells nega-
tively. The results did not vary with the method of cell isolation.
Percentage of suppression is calculated as: (1 - [IgG production in
cultures to which T cell or T cell subset preincubated with LTB4 is
added]/[IgG production in cultures to which T cell or T cell subset
preincubated with media is added]) X 100%.

suppressor T cell by LTB4. T cells were separated into OKT8(+)
and OKT4(+) fractions, then incubated for 18 h with LTB4,
and then added to fresh autologous B + T cells in PWM-
stimulated cultures. As shown in Table III, after preincubation
with LTB4, either OKT4(+) T cells or OKT8(+) T cells
inhibited Ig production in cultures of fresh autologous B + T
cells. Unfractionated T cells that were preincubated with LTB4
at any of three concentrations caused significantly more inhi-
bition of Ig production than did OKT4(+) T cells.

Radiosensitivity of LTB4-induced suppressor T cells. Ex-
posure of T cells to 2,000 rad -y-irradiation after preincubation
with LTB4 eliminated most but not all of the suppressive
activity in subsequent PWM-stimulated cultures of fresh au-
tologous B + T cells (Fig. 3), while mitomycin C pretreatment
had little effect on suppressor cell generation. Similarly, exposure
of T cells to 2,000 rad y-irradiation before incubation with
LTB4 also resulted in an elimination of suppressor cell gener-
ation (data not shown).

Effect of LTB4 on T cell phenotype. The data presented
thus far would suggest that the effector suppressor T cell
generated by LTB4 is OKT8(+), while the precursor can be
OKT4(+) (because incubation of OKT4(+) T cells with LTB4
results in generation of suppressor cells). Indeed when OKT4(+)
cells were incubated with LTB4, then separated into OKT4(+)

Table III. Effect of Preincubating Either Whole T Cells, or T
Cell Subsets with LTB4 on IgG Production in
PWM-stimulated Cultures of Fresh Autologous, B Plus T Cells

Pre- T cells/subsets
incubated preincubated IgG 9
cells with production Suppression

ng/ml

0 - 2,422±38 -
T cells 0 2,223±185
T cells 10-a MLTB4 785±106* 64±3t
T cells 10-9 MLTB4 1,114±92* 48±5t
T cells 10-'° MLTB4 1,551±114* 27±4t
T4(+) cells 0 2,255±132 -

T4(+) cells 10-8 MLTB4 1,116±120* 50±3
T4(+) cells 10-9 MLTB4 1,488±112* 35±4
T4(+) cells 10-' MLTB4 1,818±99* 19±4
T3(+) cells 0 1,994±174 -

Ts(+) cells 10-a MLTB4 1,141±117* 42±4
T3(+) cells 10-9 MLTB4 1,380±105* 30±5
T,(+) cells 10-10 MLTB4 1,580±103* 21±3

T cells or T cell subsets were incubated either in media alone or with LTB4 at
various concentrations for 18 h, then washed and added to fresh autologous B
+ T cells (10' preincubated T cells plus 10' fresh T cells plus 2.5 X 10 fresh B
cells). Results are expressed as the mean±SEMfor experiments on four sub-
jects.
* Significantly different from control by paired I test with P < 0.001.
* Significantly greater (more inhibition) than for T4(+) or T8(+) cells, by
paired I test, with P < 0.05.

or OKT8(+) fractions, the suppressive activity resided entirely
in the OKT8(+) fraction (Fig. 4), which suggested that LTB4
induced a phenotypic change from OKT4(+) to OKT8(+) T
cells. Wethen tested this directly by measuring percentage of
OKT8(+) T cells in OKT4(+) T cells after exposure to LTB4.
These results from two experiments are expressed in Fig. 5.
After 4 h of incubation with LTB4 at 10-8 or 1i-0 M, T cells
enriched for OKT4(+) cells by prior removal of OKT8(+)
cells showed an increased percentage of cells staining with
OKT8, compared with OKT4(+) T cells incubated in media.
The percentage of OKT8(+) cells in the LTB4 containing
cultures continued to increase at 18 h of incubation, and then
decreased at 40 h incubation. This increase in cells bearing
the OKT8(+) phenotype after incubation with LTB4 was
blocked by prior irradiation of the cells with 2,000 rad or by
addition of cyclohexamide (50 Ag/ml) to the incubation media
but not by prior treatment of the cells with mitomycin C,
(Fig. 6).

Discussion

The results of the experiments presented above can be sum-
marized as follows. LTB4 in picomolar to nanamolar concen-
trations, but not LTC4 or LTD4, inhibits polyclonal IgG and
IgM production in PWM-stimulated cultures of human pe-
ripheral blood lymphocytes. This inhibition is apparently due
to the induction of an OKT8(+), radiosensitive suppressor cell
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These cells were then incubated with media alone or with LTB4 at
various concentrations for 18 h. After this incubation, portions of
these cells were exposed to 2,000 rad irradiation, or to mitomycin C,
or to nothing, and then added to PWM-stimulated cultures of fresh
autologous B + T cells. The exposure of the OKT4(+) T cells that
were preincubated with media to irradiation or mitomycin C had no
significant effect on subsequent IgG production in the PWMcultures
of the fresh autologous B + T cells to which they were added.
Preincubation of OKT4(+) T cells with LTB4 resulted in a substan-
tial suppression of IgG production in subsequent cultures. This
suppression was greatly reduced, but not totally eliminated, by expo-
sure of the cells to 2,000 rad. Treatment of the cells with mitomycin
C resulted in a slight, nonsignificant decrease in degree of suppression
of cells preincubated with 108 or 10-' MLTB4, and a slightly
larger, significant (P < 0.01) decrease in degree of suppression of cells
preincubated with 10-9 MLTB4. Data represent mean±SEMof
experiments on four subjects. Mitomycin C, mito C.

by LTB4. The precursor of this suppressor cell may be
OKT4(+). Exposure of OKT4(+) T cells to LTB4 results in
an increase in the percentage of cells bearing OKT8(+) markers.
This appearance of the OKT8 phenotype would appear to
require new protein synthesis but not cell replication, because
it is eliminated by cyclohexamide but not by mitomycin C.

Several low molecular weight hormones, most notably
prostaglandin E (PGE) and histamine, have been shown to
induce T suppressor cells in vitro. Webb et al. (15) reported
that glass adherent mouse splenic T cells that were incubated
with 10-' MPGEbecame suppressive of subsequent in vitro
assays of humoral and cellular immunity, and this PGE-
induced suppressor cell acted by secreting a suppressor factor
(16). Fischer et al. (17) has reported that 10-6 MPGEinduces
suppressor T cells from normal peripheral blood T cells. Other
investigators have reported an analogous suppressor system
activated by l0-4 Mhistamine (18-20).

What was striking to us about the findings in this present
report is the very low concentrations of LTB4 that were
required for suppressor cell induction. As little as 1012 M
caused significant inhibition of IgG production when added to
PWM-stimulated cultures (Fig. 1) or when preincubated with
T cells (Table I). No other endogenous substance is as potent
an inducer of suppressor cells. Indeed it is three to six orders
of magnitude more potent than either PGEor histamine. The
potency of LTB4 in inducing suppressor cells parallels its
potency as a chemoattractant for polymorphonuclear leukocytes
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Figure 4. Effect of preincubating OKT4(+) T cells with LTB4, then
separating them into OKT4(+), OKT8(+), or unfractionated popula-
tions, on inhibition of IgG production in subsequent PWM-stimu-
lated cultures of fresh, autologous B + T cells. The OKT4(+) cells
were initially enriched with negative selection using the OKT8 anti-
body. These OKT4(+)-enriched cells were incubated with media
alone or with LTB at 10-8 or 10'9 M for 18 h. After washing, the
preincubated cells were used as unfractionated cells or were further
divided into OKT8(+) and OKT4(+) fractions using the OKT8
antibody (so that the OKT8(+) cells were positively selected and the
OKT4(+) cells were negatively selected). This procedure performed
on OKT4(+) T cells that were preincubated in media alone produced
almost no OKT8(+) cells; however, substantial amounts of OKT8(+)
cells were recovered from the cultures where OKT4(+) T cells had
been preincubated with LTB4. The OKT4(+), OKT8(+), or unfrac-
tionated populations were then added to PWM-stimulated cultures of
fresh, autologous B + T cells and degree of suppression of IgG
production was calculated. There was no difference in the degree of
suppression caused by unfractionated cells vs. OKT8(+)-enriched
cells, but the OKT4(+)-enriched population caused almost no
suppression. Thus, in cells that were first enriched for OKT4(+) cells,
then incubated with LTB, the suppressive capability still remained in
an OKT8(+) population, which suggests an OKT4 to OKT8 pheno-
typic switch that was stimulated by LTB4. Data represent
mean±SEMfor experiments on three subjects.

(4). It is interesting to contrast the extreme potency of LTB4
in suppressor cell induction with its relative lack of effectiveness
in in vitro assays of cellular immunity. Payan and Goetzl (7)
reported a relatively modest inhibition of PHA-induced prolif-
eration and lymphokine generation by 10-7 and 10-6 MLTB4,
with no effect of lower concentrations. Rola-Pleszczytnski et
al. (8) also reported a small degree (-20%) of inhibition of
PHA- or concanavalin A-induced proliferation of human
lymphocytes by LTB4, but these authors found essentially no
dose-response relationship, with 10-12 M LTB4 causing the
same degree of inhibition (-20%) as did 10-6 MLTB4. More
recently, Gualde et al. (21) have found that another lipoxygenase
product, 15-hydroperoxyeicosatetranoic acid, in 10-6-M con-
centrations, causes induction of suppressor T cells from pe-
ripheral blood T cells. We feel that the relatively high concen-
tration of 1 5-hydroperoxyeicosatetranoic acid that was required
suggests that perhaps a metabolite such as a novel 14, 15
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leukotriene is the active agent responsible for suppressor cell
generation.

Incubation of OKT4(+) T cells for 18 h resulted in an
increase in the percentage of cells staining with OKT8 (Fig.
5), and this OKT8(+) population contained all of the suppressor
activity (Fig. 4). This increase in OKT8(+) cells could theoret-
ically be secondary to a clonal expansion of the 2-3% residual
OKT8(+) cells in the cell fraction enriched for OKT4(+) cells,
or it could represent the expression of the OKT8 phenotype
on cells previously not expressing OKT8. The fact that mito-
mycin C did not while cyclohexamide did prevent the LTB4-
stimulated increase in OKT4(+) cells makes us favor the latter
explanation. Wehave not performed two-color immunofluo-
rescence to determine if the OKT8(+) cells induced by LTB4
also stain with OKT4. The fact that LTB4 had no effect on
cell viability or recovery indicates that the increase in the
percentage of OKT8(+) cells is not due to an artifactually
selective enrichment of these cells in the culture.

Several laboratories have found examples of OKT4(+) T
cells differentiating into suppressor cells. Thomas et al. (22,
23) reported that PWMinduces a subset of OKT4(+) T cells
to become suppressor cells, but these suppressor cells retain
their OKT4(+) OKT8(-) phenotype. Birch et al. (24) reported
that a brief (30-60 min) exposure of human peripheral blood
T cells to adenosine resulted in the generation of suppressor
cells and also resulted in an increase in the percentage of
OKT8(+) cells with a decrease in the percentage of OKT4(+)
cells, which suggested an OKT4 to OKT8 conversion. Addi-
tional studies on whether the increase in the percentage of
OKT8(+) required protein synthesis or cell replication were
not performed. Burns et al. (25) described a probable change

(n

10

4

0 40

TIME (hours)

Figure 5. Effect of LTB4 on percentage of cells expressing OKT8
marker among cell population enriched for OKT4(+) cells. OKT4(+)
were enriched by negative isolation using OKT8 antibody. These
OKT4(+) cells were then incubated for various times with media
alone or with 10-1 or 10-9 MLTB4. At 0, 4, 18, and 40 h the
incubation was stopped and the percentage of OKT8(+) cells was
calculated using an FACS. Individual data from experiments on two
subjects is given. In both cases, either 10-9 or l0-8 MLTB4 resulted
in an increase in the percentage of cells that bore the OKT8 marker.
*, Control; o, 10-1 MLTB4; X, 10-9 M, LTB4.

Figure 6. Effect of irradia-
tion, mitomycin C, or cy-

* 5 clohexamide on the appear-
ance of the OKT8(+)
marker when OKT4(+)

0o . cells were cultured with
_ LTB4. OKT4(+) T cells
q8 s were enriched from whole
_ T cells by negative selection

lh I L141withOKT8. These cells
T4+) T4(+) T4(+) were then exposed to mito-
eells T4(+) Celis cellscd cells + + mycin C, 2,000 rad irradia-
LTB4 + LTB4 LTB4

LT" + + tion, cyclohexamide, orcKcshsm idsf m15.mycln C

nothing. These cells were
then cultured in media alone or with 10-9 MLTB4 for 18 h and the
increase in percentage of OKT8(+) cells caused by LTB4 was noted.
Data represent the mean±SEMfor experiments on four subjects.
Both cyclohexamide or irradiation pretreatment blocked the LTB4-
induced increase in cells bearing the OKT8 phenotype, while mito-
mycin C had no appreciable effect.

in phenotype from OKT4 to OKT8 of OKT4(+)-enriched T
cells in long-term culture.

While it is clear that physiologic concentrations of LTB4
cause induction of suppressor cells in vitro, there is no
evidence that endogenous LTB4 plays a role in any in vitro or
in vivo model of suppressor cell generation. It is interesting to
note, however, that glucocorticosteroids inhibit suppressor cell
generation in many in vitro and in vivo models (e.g., 26-28).
It is currently thought that the action of steroids at the cellular
level is mediated by the synthesis of a phospholipase A2
inhibitory protein, termed lipomodulin (29) or macrocortin
(30), and that this inhibitory protein prevents the release of
arachidonic acid from membrane phospholipids. Thus, many
or all of the actions of steroids may be due to inhibition of
arachidonic acid metabolism. If steroids prevent suppressor
cell generation by inhibiting arachidonic acid metabolism,
then one would expect to find an arachidonic acid metabolite
that at physiologic concentrations stimulated suppressor cell
generation. Because cyclooxygenase inhibitors such as indo-
methacin do not inhibit suppressor cell generation (31-33), it
is logical to assume that a lipoxygenase metabolite and not a
cyclooxygenase metabolite of arachidonic acid is responsible
for the suppressor cell generation. Our findings of suppressor
cell generation by physiologic concentrations of LTB4 are
certainly consistent with that concept. Further work should be
directed towards the question of whether addition of physiologic
concentrations of LTB4 can reverse the inhibition of suppressor
cell generation or function caused by corticosteroids.

Acknowledgments

We thank Drs. J. Rokach and A. Ford-Hutchinson of Merck-Frosst
Laboratories for their generous gift of LTB4, LTC4 and LTD4. The
editorial assistance of Ms. Joyce Cobb is also gratefully acknowledged.

This study was supported by a grant (AG01245 from the National
Institute on Aging.

1449 Suppressor Cell Induction by Leukotriene B4



References

1. Samuelsson, B. 1983. Leukotrienes: mediators of immediate
hypersensitivity reactions and inflammation. Science (Wash. DC).
220:568-575.

2. Lewis, R. A., and K. F. Austen. 1981. Mediation of local
homeostasis and inflammation by leukotrienes and other mast cell-
dependent compounds. Nature (Lond.). 293:103-106.

3. Borgeat, P., and B. Samuelsson. 1979. Arachidonic acid metab-
olism in polymorphonuclear leukocytes: unstable intermediate infor-
mation of dihydroxyacids. Proc. Natl. Acad. Sci. USA. 76:3213-3215.

4. Ford-Hutchinson, A. W., M. A. Bray, M. V. Doig, M. E.
Shipley, and M. J. H. Smith. 1980. Leukotriene B: a potent chemokinetic
and aggregating substance released from polymorphonuclear leukocytes.
Nature (Lond.). 286:264-266.

5. Goetzl, E. J., L. L. Brindley, and D. W. Goldman. 1983.
Enhancement of human neutrophil adherence by synthetic leukotriene
constituents of the slow-reacting substance of anaphylaxis. Immunology.
50:35-42.

6. Webb, D. R., I. Nowowiejski, C. Healy, and T. J. Rogers. 1982.
Immunosuppressive properties of leukotriene D4 and E4 in vitro.
Biochem. Biophys. Res. Commun. 104:1617-1624.

7. Payan, D. G., and E. J. Goetzl. 1983. Specific suppression of
human T lymphocyte function by leukotriene B4. J. Immunol. 131:551 -

557.
8. Rola-Pleszczynski, M., P. Borgeat, and P. Sirois. 1982. Leukotriene

B4 induces human suppressor lymphocytes. Biochem. Biophys. Res.
Commun. 198:1531-1539.

9. Reinherz, E. L., P. C. Kung, G. Goldstein, and S. F. Schlossman.
1979. Separation of functional subsets of human T cells by a monoclonal
antibody. Proc. Nall. Acad. Sci. USA. 76:4061-4064.

10. Reinherz, E. L., C. Morimota, A. C. Renta, and S. F. Schlossman.
1980. Regulation of B cell immunoglobulin secretion by functional
subsets of T lymphocytes in man. Eur. J. Immunol. 10:570-574.

11. Stocker, J. W., G. Giarota, B. Hausmann, M. Tucco, and R.
Ceppellini. 1979. Separation of human cells bearing HLA-DR antigens
using a monoclonal antibody rosetting method. Tissue Antigens.
13:212-217.

12. Ceuppens, J. L., N. Gualde, and J. S. Goodwin. 1982. Phenotypic
heterogeneity of the OKM1-positive lymphocyte population: reactivity
of OKM1 monoclonal antibody with a subset of the suppressor/
cytotoxic T-cell population. Cell. Immunol. 69:150-157.

13. Ceuppens, J., J. S. Goodwin, and R. Searles. 1981. The presence

of Ia antigen on human peripheral blood T cells: analysis with
monoclonal antibodies and the fluorescence activated cell sorter. Cell.
Immunol. 64:277-286.

14. Ceuppens, J. L., and J. S. Goodwin. 1982. Regulation of
immunoglobulin production in pokeweed mitogen stimulated cultures
of lymphocytes from young and old adults. J. Immunol. 128:2429-
2435.

15. Webb, D. R., and I. Nowowiejski. 1977. The role of prosta-
glandins in the control of the primary immune response to SRBC.
Cell. Immunol. 33: 1- 11.

16. Rogers, T. J., I. Nowowiejski, and D. R. Webb. 1980. Partial
characterization of a prostaglandin-induced suppressor factor. Cell.
Immunol. 50:82-91.

17. Fischer, A., A. Durandy, and C. Griscelli. 1981. Role of
prostaglandin E2 in the induction of nonspecific T lymphocyte sup-

pressor activity. J. Immunol. 126:1452-1457.
18. Rocklin, R. E., J. Breard, S. Gupta, R. A. Good, and K. L.

Melmon. 1980. Characterization of the human blood lymphocytes that
produce a histamine-induced suppressor factor (HSF). Cell. Immunol.
51:226-234.

19. Rocklin, R. E., D. Greineder, B. H. Littman, and K. L.
Melmon. 1978. Modulation of cellular immune function in vitro by
histamine receptor-bearing lymphocytes: mechanism of action. Cell.
Immunol. 37:162-169.

20. Shearer, G. M., K. L. Melmon, T. Weinstein, and M. Sela.
1972. Regulation of antibody response by cells expressing histamine
receptors. J. Exp. Med. 136:1302-1311.

21. Gualde, N., M. Rigaud, and J. S. Goodwin. 1983. Induction
of suppressor cells from human peripheral blood T cells by 15-
hydroperoxyeicosatetranoic acid (15 HPETE). Clin. Res. 32:490A.
(Abstr.)

22. Thomas, T., L. Rogozinski, 0. H. Grigoyen, H. H. Shen,
M. A. Talle, G. Goldstein, and L. Chess. 1982. Functional analysis of
human T cell subsets defined by monoclonal antibodies. IV. Induction
of suppressor cells within the OKT4(+) population. J. Exp. Med.
154:459-470.

23. Thomas, T., L. Rogozinski, 0. H. Grigoyen, H. H. Shen,
M. A. Talle, G. Goldstein, and L. Chess. 1982. Functional analysis of
human T cell subsets defined by monoclonal antibodies. V. Suppressor
cells within the activated OKT4(+) population belong to a distinct
subset. J. Immunol. 128:1386-1394.

24. Birch, R. E., A. K. Rosenthal, and S. H. Polmar. 1982.
Pharmacological modification of immunoregulatory T lymphocytes.
II. Modulation of T lymphocyte cell surface characteristics. Clin. Exp.
Immunol. 48:231-237.

25. Bums, G. F., F. L. Battye, and G. Goldstein. 1982. Surface
antigen changes occurring in short-term cultures of activated human
T lymphocytes: analysis by flow cytometry. Cell. Immunol. 71:12-22.

26. Waldmann, T. A., S. Broder, R. Krakauer, R. P. MacDermott,
M. Durm, C. Goldman, and B. Meade. 1976. The role of suppressor
cells in the pathogenesis of common variable hypogammaglobulinemia
and the immunodeficiency associated with myeloma. Fed. Proc.
35:2067-2072.

27. Tosato, G., I. Magrata, I. Koski, N. Dooley, and R. M. Blaese.
1979. Activation of suppressor T cells during Epstein-Barr virus
induced infectious mononucleosis. N. Engl. J. Med. 301:1133-1139.

28. Tosato, G., I. T. Magrata, I. R. Koski, N. J. Dooley, and
R. M. Blaese. 1980. B-cell differentiation and immunoregulatory T
cell function in human cord blood lymphocytes. J. Clin. Invest.
66:383-391.

29. Hirata, F., E. Schiffmann, K. Venkatasubramanian, D. Salomon,
and J. Axelrod. 1980. A phospholipase A2 inhibitory protein in rabbit
neutrophils induced by glucocorticoids. Proc. Natl. Acad. Sci. USA.
77:2533-2538.

30. Blackwell, G. J., R. Carnuccio, M. D. Rosa, R. J. Flower, L.
Parente, and P. Persico. 1980. Macrocortin: a polypeptide causing the
anti-phospholipase effect of glucocorticoids. Nature (Lond.). 287:147-
151.

31. Goodwin, J. S. 1980. Modulation of Concanavalin-A induced
suppressor cell activation by prostaglandin E2. Cell. Immunol. 49:421-
429.

32. Soppi, E., J. Eskola, and 0. Ruuskanen. 1982. Effects of
indomethacin on lymphocyte proliferation, suppressor cell function,
and leukocyte migration inhibitory factor (LMIF) production. Immu-
nopharmacology. 4:235-242.

33. Badger, A. M., D. E. Griswold, and D. T. Walz. 1982.
Augmentation of Concanavalin A-induced immunosuppression by
indomethacin. Immunopharmacology. 4:149-156.

1450 D. Atluru and J. S. Goodwin


