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SUMMARY

The production of the cytokines tumour necrosis factor (TNF) and interleukin-l (IL-I) by human
monocytes was analysed following their stimulation with muramyl dipeptide (MDP; 1 ug/ml), in the
absence or presence of graded concentrations of platelet-activating factor (PAF). Significantly
enhanced production of both TNF and IL-1 was observed at two concentration ranges of PAF: a

major enhancement was observed at 10-8-10-6M and this was blocked by the PAF antagonist BN
52021 (10-4M). A second enhancement was observed at 10-'5-10-14M PAF, which was not blocked by
BN 52021. Monocytes isolated either by adherence or counterflow elutriation had similar responses
to PAF. The biologically inactive precursor-metabolite, lyso-PAF, had no effect on cytokine
production. PAF was shown to augment the production of both bioactive TNF and IL-I and
immunoreactive TNF-a and IL- I and fl. Fractionation of monocytes on a discontinuous Percoll
gradient yielded a denser subpopulation, which responded preferentially to higher PAF concentra-
tions, while the less dense subpopulation responded to both concentration ranges. These data
indicate that PAF can modulate monocyte functions as related to cytokine production, and may thus
contribute to amplification of inflammatory reactions and regulation of immune responses by
interacting with subsets of human monocytes.

INTRODUCTION

When monocytes or macrophage are appropriately activated by
inflammatory, phagocytic or toxic stimuli, they produce a
variety of substances which comprise cytokines, such as inter-
leukin-l (IL-I)' and tumour necrosis factor (TNF),2 and lipid
mediators such as the arachidonic acid metabolites prosta-
glandins (PG)3 and leukotrienes (LT)4 and the phospholipid
platelet-activating factor (PAF).5-7 There is actually increasing
evidence suggesting that the production of these substances may
be inter-related: IL-I and TNF induce PG synthesis in various
cells8-'0 and PG, in turn, down-regulate cytokine production.'1"2
In contrast, we have shown in specific experimental conditions
that LT can augment IL-1'3 and TNF'4 production and that
endogenous LT production may play a role in TNF synthesis.'I

Abbreviations: LT, leukotriene(s); PAF, platelet-activating factor,
1-O-hexadecyl-2-acetyl-sn-glycero-3-phosphocho-line; lyso-PAF, 1-0-
hexadecyl-sn-glycero-3-phosphocholine.

Correspondence: Dr M. Rola-Pleszczynski, Immunology Division,
Faculty of Medicine, University of Sherbrooke, 3001, 12th Avenue
north Sherbrooke (Quebec), Canada J1H 5N4.
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IL-I and TNF can also induce synthesis of PAF in several
cells types, including endothelial cells, neutrophils and macro-
phages.'6"1 We and others have shown that PAF can, in turn,
augment IL-1 production by rat and human monocytes/
macrophages,'8-21 suggesting a positive feedback loop at this
level, with potential for amplification of immune or inflamma-
tory responses.

TNF and IL-I have several synergistic or overlapping
activities.22 Moreover, both TNF and PAF are potent mediators
ofnumerous inflammatory responses, such as endotoxic shock23
and bowel necrosis,24 and TNF may play a role in immune
modulation25 and anti-tumour defences.26 PAF has also been
proposed as a potent immunoregulatory mediator.27'28

In the present report, we present evidence that PAF
enhances the production of both IL-1 and TNF by subsets of
human monocytes in a bimodal manner.

MATERIALS AND METHODS

Chemical reagents
PAF (hexadecyl-) and lyso-PAF were obtained from Bachem
(Torrance, CA). BN 52021 [9H- I, 7a-(epoxymethano)- 1 H, 6aH,
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cyclopenta(c) furo (2-3-6-)furo-(3,2:3,4) cyclopenta (1,2-d)
furan-5,9, 12-(4H)-trione, 3-tert-butyl hexahydro 4,-76,-1 1 hyd-
roxy-8 methyl] was a gift from Dr P. Braquet, Institut H.
Beaufour (Le Plessis Robinson, France). Muramyl dipeptide
(MDP: N-acetyl-muramyl-L-alanyl-D-isoglutamine) was
obtained from Behring Diagnostics (La Jolla, CA).

PAF and lyso-PAF were dissolved in ethanol followed by
RPMI-1640 medium containing 2-5 mg/ml human serum
albumin. Final ethanol concentrations in assays were < 0-08%.
MDP was dissolved in saline.

Preparation of monocytes
Human venous blood from healthy medication-free volunteers
was collected on citrate/dextrose/adenine. Cell preparation was
performed at room temperature. The platelet-rich plasma was
removed after centrifugation of the blood at 250 g for 15 min
and the cell pellet was diluted 1/1 with 0-9% NaCI solution
before dextran sedimentation (Dextran T-500; Pharmacia Fine
Chemicals, Uppsala, Sweden) of the erythrocytes. The leuco-
cyte-rich supernatant was centrifuged (350 g, 10 min), the pellet
was resuspended in isotonic solution, layered over a Ficoll-
Paque (Pharmacia) cushion, and centrifuged at 700 g for 20 min
according to the method of Bdyum.29 The peripheral blood
mononuclear leucocytes (PBML) were collected at the interface
and were washed twice in Ca2+/Mg2+-free Dulbecco's phos-
phate-buffered saline (PBS). Mononuclear cells were then
purified by either adherence or counterflow centrifugal elutria-
tion depending on the experiments.

Purification by adherence
PBML were suspended in RPMI-1640 medium with 10% heat-
inactivated foetal bovine serum (FBS). The cells were then
allowed to adhere to the surface of plastic Petri dishes previously
coated with baby hamster kidney cell microexsudate. This was
effective in enriching the adherent population to > 90% mono-
cytes as assessed by non-specific esterase staining. This popula-
tion was removed with EDTA (0 01 M) in RPMI-1640 medium
and resuspended in RPMI-1640 medium, 5% FBS, at a final
concentration of 1 x 106 cells/ml. This concentration proved to
be optimal in our assays. The cells were allowed to rest overnight
to allow them to return to baseline activity following initial
activation by adherence. The cells were then incubated for 24 hr
in the absence or the presence of MDP (1 pg/ml), BN 52021
(10-4M) or PAF (I0-'6-10-6M) alone or in combination. After
incubation, the cell suspensions were centrifuged and the cell-
free supernatants were used for the TNF and IL-l assays. In
selected experiments, monocytes were further fractionated on a
discontinuous Percoll gradient. Five 2-ml aliquots of Percoll/
PBS of densities 1-045, 1-050, 1055, 1060 and 1065 were
overlaid with 20-25 x 106 monocytes in 1 ml and centrifuged at
400 g for 25 min. Bands 1 + 2 correspond to cells at 1-045 and
1-050 interfaces, and bands 3 + 4 correspond to cells at 1-055 and
1-060 interfaces.

Purification by counterflow centrifugal elutriation
PBML were purified using a Beckman JE-6 elutriator rotor.30
The elutriation buffer consisted of Ca2+/Mg2+-free PBS supple-
mented with 0 25% bovine serum albumin (BSA) and 2 mM
EDTA. The cells were injected into the separation chamber at a
flow rate of 8 ml/min and constant rotor speed of 2500 r.p.m.
Platelets were washed out after 1/2 hr of elutriation at the

injection flow rate. Fractionation of PBML was achieved by
increasing the flow rate from 8 to 20 ml/min using steps of 1 ml/
min (leading to lymphocytes) and from 20 to 25 ml/min with
steps of 0-25 ml/min (leading to enriched monocyte fractions).
Fifty millitres ofmedium were collected at each step, centrifuged
(350 g, 10 min) and the cell pellet was washed once in isotonic
solution and finally resuspended in the incubation medium.
Enriched monocyte fractions (lymphocytes < 20%) were pooled
and adjusted to 1 x 106 monocytes/ml. Incubations were per-
formed in 12 x 75 mm sterile polypropylene culture tubes at 370
under humidified atmosphere with 5% CO2. Differential cell
counts of leucocytes were performed by (i) flow cytometry
(EPICS-C, Coulter, Hialeah, FL) using forward angle and right
angle light scatter characteristics;30 (ii) non-specific esterase and
Wright's stains; and (iii) phase-contact microscopy analysis for
platelet contamination, which was found to be less than one
platelet per 10 monocytes in pooled fractions of enriched
monocytes. Cell viability was routinely assessed by trypan blue
exclusion test and was greater than 95%. Incubation medium
was RPMI-1640 supplemented with L-glutamine, 5% FBS and
pen-strep; Ca2+ and Mg2+ chlorides were added at final
concentrations of 2 and 0 5 mm, respectively.

Purified monocytes were then cultured in the absence or
presence of 1 ,g/ml MDP at 370, in a humidified atmosphere of
5% CO2. In preliminary experiments, this MDP concentration
proved to be optimal for IL-I and TNF production.

Thymocyte proliferation assay for IL-]
The IL-i-like material in monocyte supernatants was assessed
by using the mouse thymocyte proliferation assay.3' Briefly,
1-5 x 106 C3H/HeJ mouse thymocytes were cultured in a final
volume of 200 ml in RPMI-1640 medium containing 7.5% FBS
with dilutions of monocyte supernatants in the absence or
presence of PHA (0 05%). Appropriate controls contained
medium, MDP or PAF or antagonists, alone or in combination.
Cultures were incubated for 66 hr in a humidified CO2
atmosphere at 370, pulsed with 1 yCi of [3H]thymidine (specific
activity 2 Ci/mmol; New England Nuclear, Boston, MA) and
were harvested at 72 hr onto glass fiber filters with a Skatron cell
harvester. Total cell-associated radioactivity was measured in a
Beckman scintillation spectrophotometer, and bioassay data
are expressed as units per ml, derived from a standard curve with
human rIL-lB (Genzyme, Boston, MA). Rabbit anti-human
IL-,IB antibodies (Genzyme) neutralized > 94% of experi-
mental IL-i-like activity.

Enzyme immunoassay for IL-Ih and IL-1I,
The measurements of IL-la and IL-,IB were performed using
two highly specific enzyme immunometric assays (EIA) with
acetylcholine esterase (AChE) as label.32 Briefly, selected mono-
clonal anti-IL-ho and 1# antibodies were used for a two-site
immunometric assay. The EIA was performed in 96-well
microtitre plates coated with one of the monoclonal antibodies
(mAb). Covalent conjugates of mAb coupled to the tetrameric
form of AChE from electric eel Electrophorus electricus were
used as tracers. AChE activity was measured using the colori-
metric method of Ellman and the absorbance at 414 nm of each
well was assessed using an automatic reader Multiscan MCC
Titertek (Flow Lab. Mississauga, Ontario, Canada). One-
hundred p1 of IL-I solution (as a recombinant standard or a
sample) were added to wells together with 100 p1 ofmAb-AChE
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conjugate. Reactions were then allowed to proceed overnight at
40 with agitation. Plates were then extensively washed using
phosphate-Tween buffer. Solid-phase bound AChE activity was
determined by addition of 200 p1 of Ellman's reagent. Both EIA
for IL-la and IL-I detected concentrations as low as 2 pg/mi
without any significant cross-reactivity ( < 0-01 %) for the other
IL-I and other cytokines.32 Concentrations of each IL-I were
obtained by comparison to a standard curve drawn from
measurements of homogeneous human recombinant IL-la or
IL-l (a gift from Dr A. Shaw, Glaxo, Geneva, Switzerland)
diluted in the incubation medium RPMI-1640 with 5% FBS.

TNF assay
L929 cells (ATCC, Bethesda, MD) were used as target cells in
the TNF assay. This bioassay was performed essentially as
described elsewhere.33 Briefly, L929 cells were seeded into flat-
bottomed 96-well microtitre plates (Costar, Cambridge, MA) at
a density of 5 x 104 cells per well. After overnight incubation,
spent medium was removed and 100 p1 of twofold dilutions of
human monocyte supernatants were added to each well. One-
hundred of microlitres of medium containing actinomycin D
were then added at a final concentration of 5 pg/ml. Plates were
incubated for 20 hr, medium removed and cells stained with
crystal violet (0 5%) in methanol/water (:4 v: v) for 10 min. The
amount of cell lysis was determined by measuring absorbance at
540 nm using a microplate EL 310 Autoreader. Percentage of
cytotoxicity of a given dilution against L929 cells was calculated
using the following formula:

% CYtotoxiCitYdil. Aont-Adil x 100
Acont

where percentage cytotoxicitydiI is the amount of L929 cell
destruction at a particular dilution, Ao t= absorbance in con-
trol wells and Adi=absorbance at a particular dilution of
human monocyte supernatants. A standard of human recombi-
nant (r)TNF was used (Cistron, Pine Brook, NJ) and results are
expressed as units of TNF, based on the rTNF dilution curve.
Anti-TNF-alpha antibody (rabbit anti-human TNF-alpha,
polyvalent, 10,000 neutralizing units/ml: 1/40 final dilution;
Endogen, Boston, MA) was used to identify the monokine being
assayed on L929 target cells. Neither PAF, PAF antagonists nor
their vehicles had any direct effect on L929 cells.

Enzyme immunoassay for TNF-x
Production of TNF-a was also measured in terms of immuno-
reactive TNF-cx using a commercial ELISA immunoassay
(Endogen).

Statistical analysis
Statistical significance of differences between group of ex-
periments was assessed by Student's t-test for paired data.
Confidence level was at P < 0 05.

RESULTS

When adherence-purified human monocytes were exposed to
graded concentrations of PAF, enhanced production of TNF
was observed in response to I pg/ml MDP (Fig. la). Two
distinct peaks ofenhanced activity were actually evident at PAF
concentrations of 10- 15-l0-13M and 10-9-l0-7M. TNF produc-
tion was significantly augmented by 50-90% in monocyte
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Figure 1. Production of TNF (a) and IL-I (b) by human monocytes,
isolated by adherence to microexsudate-coated plastic dishes, stimu-
lated with MDP (1 Mg/ml) and incubated for 24 hr in the absence (0) or
presence (-) of 10-4M BN 52021 and graded concentrations of PAF.
Data represent means+SEM of six experiments. Asterisks indicate
significant differences (P<0-05) between control (C) and PAF-stimu-
lated cultures. TNF and IL-I production in the absence of MDP was
22 + 2 and 18 + 2 U/ml, respectively. BN52021 had no effect on these
levels.

supernatants. Cell-associated TNF was, however, undectable
(data not shown). Under identical conditions, concomitant
production of IL- I was also augmented by PAF, with two peaks
of activity at identical concentrations (Fig. lb). Lyso-PAF, the
biologically inactive precursor metabolite of PAF, had no effect
on either TNF or IL-1 production (data not illustrated).

When monocyte cultures were pretreated for 5 min with the
PAF receptor antagonist BN 52021 (10-4M) before addition of
PAF and MDP, enhanced production ofTNF (Fig. I a) and IL- I
(Fig. Ib) was effectively blocked at PAF concentrations of 10-9-
I0-7M, while only partial, non-significant reduction was
observed at the lower concentrations of PAF. Similar results
were observed with a structurally different PAF antagonist,
WEB 2086 (10-5M, gracious gift of Dr H. Heuer, Boehringer,
Mannheim, FRG).

Monocytes isolated by counterflow elutriation also showed
two peaks of enhanced production of TNF in the presence of
10-15-10-'4M and 10-8-10-6M PAF (Fig. 2). Responses of
elutriated monocytes to PAF in terms of IL-I production were
also similar to those of adherence-purified monocytes. Pretreat-
ment with BN 52021 blocked the augmented TNF and IL-1
production at higher PAF concentrations, while having no
effect on enhanced cytokine production at lower PAF concen-
trations (data not illustrated).

Analogous results were obtained using a commercial
ELISA-immunoassay for TNF-a and the newly developed EIA
for IL- I a and f (data not shown). Interestingly, PAF was found
to stimulate TNF (Fig. 3) and IL-1 (Fig. 4) production in
elutriate monocytes in the absence of MDP [all reagents were
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Figure 2. Comparative production ofTNF (El) and IL- I (*) by human
monocytes isolated by elutriation, stimulated with MDP (1 pg/ml) and
incubated for 24 hr with increasing concentrations of PAF. Data
represent means + SEM of four experiments. Asterisks indicate signifi-
cant differences (P < 0-05) between control (C) and PAF-stimulated
cultures. TNF and IL-1 production in the absence of MDP was 21 + 3
and 15 + 2 U/ml, respectively.

endotoxin free ( < 0-1 ng/ml) by the Limulus amoebocyte assay],
as measured both by bioassays and immunoassays. Addition of
rabbit anti-human TNF-a and IL- 1,B antibodies abolished by
greater than 90% the bioassay values for TNF and IL-1,
respectively.

Fractionation of monocytes on a discontinuous Percoll
gradient yielded a denser subpopulation which responded
preferentially to the higher degree range (10-8-10-6M) of PAF
concentrations (bands 3+4, Fig. 5): TNF production was
significantly enhanced at 10-8-10-6M PAF, while no effect was
observed at lower PAF concentrations, in contrast to bands
1+2 or unfractionated monocytes. Table 1 presents data on
phenotypic characterization of the subpopulations. Most
markers are equally represented in both denser (bands 3 + 4) and
less dense (bands 1 +2) subsets, except for a newly developed
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Figure 3. Comparative measurements of immunoreactive TNF-a and
bioactive TNF in same supernatants of human monocytes isolated by
elutriation and incubated for 24 hr with increasing concentrations of
PAF in the absence of MDP. Data represent means+SEM of four
experiments. Asterisks indicate significant differences (P < 0-05)
between control (C) and PAF-stimulated cultures.
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Figure 5. Production of TNF by monocytes, unfractionated (0) or
fractionated on a discontinuous Percoll gradient and stimulated with
MDP (1 Mg/ml) and PAF. Bands 1+2 (-) correspond to cells recovered
from 1-045 and 1-050 g/ml and bands 3+4 (-) correspond to cells
recovered from 1-055 and 1-060 g/ml interfaces.
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Figure 4. Comparative measurements of immunoreactive IL-la and IL-1,B and bioactive IL-1 in same supernatants of elutriated
monocytes stimulated with graded concentrations of PAF in the absence (a and b) or presence (c and d) of 1 Mg/ml MDP. Means of
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Table 1. Phenotypic profile of human monocyte
subpopulations as fractionated on Percoll density

gradient

Markers Fraction 1+2 Fraction 3+4

CDllb (MO.1) 99+2 95+4
CD 14 (Leu-M3) 98 + 2 93 + 2
HLA-DR 98 + 3 86 + 6
CL-7* 89+5 34+6
Naphtyl esterase 90 + 3 97 + 2
CD19 (Leu-12) <1% 2+2
CD3 (Leu-4) <2% <2%

* Mouse monoclonal antibody reactive with acti-
vated macrophages.50

marker, identified by our mAb CL7, which labels preferentially
the less dense monocytes.

This absence of response to lower PAF concentrations was
not due to presence of inhibitory factors, since addition of such
supernatants to the TNF bioassay using human rTNF had no
effect. Furthermore, immunoassay measurements by ELISA of
TNF production closely parallel the presented bioassay data.

DISCUSSION

Our present findings indicate that PAF can modulate the
concomitant production, by human monocytes, of the inflam-
matory and immunoregulatory cytokines TNF and IL-1. Of
particular interest was the finding of a second peak of PAF
activity at femtomolar concentrations. In contrast to the
nanomolar peak which could be blocked by the PAF receptor
antagonists BN 52021 and WEB 2086, the femtomolar peak was
mostly resistant to the antagonists. Its presence was consistently
observed in cultures of monocytes, purified either by adherence
or elutriation, from different donors at different times and was
not seen with lyso-PAF, suggesting a specific effect of PAF.

The finding that a denser subpopulation of monocytes
responded only to one of the two ranges ofPAF concentrations
suggested that there could be a differential distribution of PAF
'receptors' on distinct monocyte subsets. Human34-39 and rat4O,41
monocyte-macrophage heterogeneity has been described in
terms of prostaglandin or IL- 1 production and cytotoxic
activity and may represent different functional states or matura-
tional levels.

We and others have recently reported on modulation of IL- I
production by PAF in cultures of rat and human monocytes-
macrophages.'8"9'21,42 Ward et al.19 and Salem et al.21 showed
enhanced IL-I production by LPS- or MDP-stimulated mono-
cytes, at PAF concentrations of 10-12-10I8M or > 10-9M
respectively. Pignol et al. I8 showed enhanced production of IL- I
by rat splenic macrophages at 10- 12M PAF. Similar responses
were obtained with ex vivo cells from rats chronically infused
with PAF.43 Femtomolar concentrations ofPAF were either not
tested or not reported in these studies.

As for TNF, rat alveolar macrophages respond to PAF with
a bell-shaped augmentation ofTNF production in a single peak
at 10-'0M and no effect below 10-13M PAF.4 Human large
granular lymphocytes also produce augmented amounts of
TNF following stimulation with certain target cells in the

presence of 10-'4&10-IOM PAF.45 Thus human monocytes may
have this particularity of responding to two concentration
ranges of PAF in a positive way. Recently, Barthelson et al.20
showed that the THP-1 human monocytic leukaemia cell line
also responded to PAF in a multiphasic dose-response curve.

Valone et al.46 have shown that PAF can augment mono-
cyte-mediated killing of a TNF-sensitive, but not a TNF-
resistant, target cell. Our present findings may suggest one
underlying mechanism for a such a cytotoxic activity, although
only a single peak of PAF activity was reported by these
investigators in their study.

Because isolation ofmonocytes by their adherence to plastic
or fibronectin often allows for ample (5-15 platelets/monocyte)
platelet contamination, certain effects of PAF on monocytes
could be indirectly due, under these circumstances, to inter-
actions with activated platelets. We therefore used elutriation to
isolate monocytes in suspension, avoiding both adherence,
which activates monocytes, and platelet contamination (less
than 0-1 platelet per monocyte). The effect of PAF on cytokine
production by monocytes isolated by either technique was
similar, suggesting that neither activation by adherence nor
contamination with platelets was responsible for the observed
effects. It also indicated that similar monocyte populations were
probably being studied with either isolation technique.47

Binding studies indicate a single class of PAF receptors on
unfractionated human PBML (containing 10-15% monocytes),
with a Kd of 6 nm and antagonism by triazolam, alprazolam and
L-659,989.48 Binding studies also indicate a single class of PAF
receptors on the P388D1 murine macrophage line with a
dissociation constant of approximately 10-10 M and effective
antagonism by BN 52021. In contrast, human U937 or HL-60
cells also bind PAF, but binding is not antagonized by BN
52021, suggesting 'atypical' receptors for PAF may be present
on certain cell types. Our findings that the effects on cytokine
production mediated by femtomolar PAF were not blocked by
BN 52021 suggest that normal human monocytes may also have
'atypical' but functional PAF receptors. Further studies are
underway to characterize these putative receptors, but it must be
stated that, at present, there is no direct proof that the biological
responses observed with subpicomolar concentrations of PAF
are mediated by receptors on the cell membrane.

Our findings reported herein thus indicate that PAF can
directly modulate TNF and IL-1 production by human mono-
cytes and suggest that its action may involve two types of
'receptors' of different affinity and structure with differential
distribution within monocyte subpopulations.
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