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Synthesis of platelet-activating factor by 
human monocytes stimulated by 
platelet-activating factor 

Frank H. Valone, MD San Francisco, Calif. 

The capacity of platelet-activating factor (PAF) to stimulate its own synthesis by human 
monocytes was examined. Adherent human monocytes of X5% purity were incubated with 100 
fM to 10 r&l of PAF in the presence of 20 p.Ci of [3H]acetic acid to radiolabel newly 
synthesized PAF. After incubation for 15 minutes to 15 hours, PAF was purtfied by 
high-petiormance liquid chromatography, and newly synthesized PAF was quantijed by its 
radioactivity. PAF stimulated its own synthesis in a dose-related manner with a maximal twofold 
to threefold increase in synthesis at 10 pM to 100 pkl of PAF. Maximal PAF synthesis occurred 
after incubation for 6 to 8 hours. There was a good correlation (r = 0.95) between PAP 
quanttfied by [3H]acetic acid incorporation and by rabbit platelet aggregation bioassay, 
indicating that the radioactive material is PAF. The protein synthesis inhibitor, cycloheximide, 
did not inhibit delayed PAF synthesis, indicating that delayed PAF synthesis does not require 
protein synthesis. PAF is metabolized rapidly in vivo. The capacity of PAF to stimulate its own 
synthesis would result in a prolonged efSective half-life in vivo. This prolonged half-life could 
contribute to the capacity of PAF to induce prolonged inflammatory reactions in vivo. 
(J ALLERGY CLINIMMJNOL 1991;87:715-20.) 
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PAF is a structurally novel mediator of acute and 
subacute immunologic reactions. Administration of 
PAF induces delayed or persistent reactions in animals 
and humans. ‘, * Intradermal injection of PAF in hu- 
mans induces an acute wheal-and-flare reaction that 
resolves and is followed 3 to 6 hours later by an 
erythematous, indurated skin lesion.’ Inhalation of 
PAF by humans induces acute bronchospasm that re- 
solves within 1 hour and is followed by airway hy- 
persensitivity to methacholine that may persist for 
weeks.’ PAF is degraded rapidly by specific serum 
and cellular acetylhydrolases; thus, the half-life of 
PAF in vivo is only a few minutes.’ Given the short 
half-life of PAF, it is possible that prolonged biological 
effects of PAF result from production of secondary 
mediators induced by acute PAF administration. Sev- 
eral recent studies support this possibility. PAF stim- 
ulates IL-1 synthesis by human monocytes. the 
monocytic cell line THP-I , and rat splenic macro- 
phages.4-7 PAF also stimulates TNF synthesis by hu- 
man monocytes and alveolar macrophages.Xm” PAF is 
a weak stimulus for IL-1 and TNF synthesis but has 
a much larger effect when it is combined with other 
stimuli, such as endotoxin or IFN~J.~-” Another pos- 
sible mechanism for inducing prolonged biologic ef- 
fects is the stimulation of PAF synthesis by PAF itself. 
Autocrine stimulation of its own synthesis would re- 
sult in an effective half-life that is much longer than 
the half-life of a few minutes that was calculated from 
the metabolism of exogenous, radiolabeled PAF. A 
recent publication demonstrates that PAF stimulates 
neutrophils to synthesize PAF. I2 We now present data 
demonstrating that PAF also stimulates human mono- 
cytes to synthesize PAF. 

MATERIAL AND METHODS 

The following materials were obtained as noted: 
PAF(l-O-hexadecyl-2-acetyl-sn-glycero-3-phosphocholine, 
Bachem Co., Torrance, Calif.), [‘HIPAF (1-0-[1’,2’- 
3H]alkyl-, 5 1 Ci/mmol) and [‘“lacetic acid (80 Ciimmol) 
(New England Nuclear, Boston, Mass.), 5 pm of Ultra- 
sphere HPLC column (4.6 mm by 15 cm, Beckman Instru- 
ments, Palo Alto, Calif.), HPLC grade solvents and culture 
plasticware (Fisher Scientilic Co., Santa Clara, Calif.), cell- 
culture media (Applied Scientific, San Francisco, Calif.), 
and low endotoxin fetal bovine serum (Hyclone Laborato- 
ries, Logan, Utah). BN 52021 was a generous gift of Dr. 
Pierre Braquet (Enstitut Hemi Beaufour, Paris, France). All 
other reagents were obtained from Sigma Chemical Co. 
(St. Louis, MO.). 

Stimulation of PAF synthesis 

Newly synthesized PAF was quantified by incorporation 
of [‘HIacetic acid into the sn-2 position.” Human monocytes 

Abbreviations used 
IFN-?I: Interferon-y 

IL-1 : Interleukin- 1 
TNF: Tumor necrosis factor 
PAF: Platelet-activating factor. l-()&i<X.!.~ .” a, 

acetyl-sn-glycero-3-phosphocholinc 
HPLC: High-performance liquid chromatography 

were oreoared by a modification of previous methods” that 
. I 

yielded 10h adhkrent monocytes of >85% purity in each 
well of 24-well plates. The adherent monocytes in each well 
were covered with 1 ml of RPM1 1640 containing 0.25 
gm / dl of endotoxin-free bovine serum albumin (Boehringer 
Mannheim, Indianapolis, Ind.). Twenty microcuries of 
(‘HIacetic acid in 5 ~1 of RPM1 1640 were added to each 
well, and the plates were incubated at 37” C in a humidified 
atmosphere of 5% CO, per 95% air. After 30 minutes, 10 
~1 of PAF suspended in RPM1 1640 containing 0.25 
gmidl of endotoxin-free bovine serum albumin or 10 ~1 of 
buffer were added to replicate wells. The plates were then 
incubated for 5 minutes to 15 hours at 37” C in a humidified 
atmosphere of 5% CO> per 95% air. Cell viability was as- 
sessed by trypan blue dye exclusion and was >9O% at all 
time points. At the end of the incubation, the culture fluids 
were removed, and each milliliter of fluid WZE mixed im- 
mediately with 2.2 ml of chloroform:methanol ( 1: 1. 
vol / vol) Immediately after the culture fluids were removed, 
0.5 ml of methanol was added to each well. the adherent 
cell ghosts were detached by scraping, and the methanol 
extract was transferred to glass tubes. Each well was rinsed 
with 0.5 ml of methanol, and the rinse fluid was added to 
the original extract. Sufficient chloroform, methanol, and 
water were added to the cell extracts to achieve tinal con- 
centrations of 1.1, 1.1, and 1 .O ml, respectively. This pro- 
cess recovers >95% of [jH]PAF added to monocyte cultures 
(n = 3). Fifty micromoles of unlabeled PAF was added to 
each extraction mixture, after which the fluid and cell cx- 
tracts were further extracted with chloroform: methanol as 
described. ” 

Quantitation of PAF synthesis 

Each supematant and cell extract was dried in a centrif- 
ugal evaporator and resuspended in 200 ~1 of methtinol that 
contained 5 p.g each of phosphatidylcholine and lysophos- 
phatidylcholine as internal standards for elution times from 
HPLC. Twenty microliters of each sample was saved to 
quantify total radioactivity extracted. The remaining ma- 
terial was injected onto an Ultrasphere HPLC column that 
was developed with a linear gradient from 95% solvent 
A:4% solvent B to 92% solvent A: 8% solvent B during 
25 minutes at a flow rate of 1.5 ml/min.14. ” Solvent A was 
hexane : isopropanol : ammonium hydroxide ( I : 1: O.OC@S , 
vol/vol), and solvent B was water containing 0.5% 
(vol I vol) of ammonium hydroxide. The optical absorbancy 
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FIG. 1. Time course of synthesis of PAF by monocytes stimulated with PAF. Monocytes were 
incubated with 10 pM of PAF or buffer for the indicated times, after which PAF released into 
culture fluids and cell-associated PAF were quantified. These data are the mean -+ SD total 
femtomoles of PAF per IO6 adherent monocytes recovered from culture fluids plus cell extracts; 
n = 4 for 5, 15, and 30 minutes; n = 8 for 1 to 15 hours. 

of the column eluate at 206 nm was monitored and recorded 
continuously. The eluate was collected in 30-second (0.75 
ml) fractions that were mixed with 2 ml of Scintiverse 
(Fisher Scientific Co.), and the radioactivity was quantified 
by liquid scintillation counting. The efficiency of counting 
[‘H]PAF was 55% k 4% (mean k SD; n = 3). On 16 
consecutive days, the elution times of the purified standards 
were dipalmitoylphosphatidylcholine, 15.9 k 0.6 min; 
[W]PAF, 22.8 k 0.8 min; and lysophosphatidylcholine, 
24.8 +- 0.6 min (mean + SD). There were no differences 
in elution times between purified standards and standards 
mixed with monocyte extracts. The recovery of the [3H]PAF 
standard from the column was 86% +- 3% (mean k SD; 
n = 16). PAF was quantified based on the specific activity 
of [‘HIacetic acid added to the monocyte cultures. 

In some experiments, PAF was quantified by both in- 
corporation of [SH]acetic acid and by bioassay. In those 
experiments, unlabeled PAF was not added during the ex- 
traction procedure. The HPLC column eluates were divided 
in half and one half was used to quantify [‘Hlacktic acid 
incorporation. The saved portions of the fractions that con- 
tained the peak of radioactivity were pooled, dried in a 
centrifugal evaporator, resuspended in water, lyophylized 
twice, and then resuspended in 0.2 ml of phosphate-buffered 
saline, pH 7.25, containing 0.1 gm/dl of human serum 

albumin. PAF was then quantified by bioassay with rabbit 
platelet aggregation. I4 

RESULTS 
Time course of PAF synthesis 

Initial studies examined the capacity of 10 pM of 
PAF to stimulate monocytes to synthesize PAF during 
incubation for 5 minutes to 15 hours. PAF was equally 
distributed between culture fluids and cells at all times 
with the culture fluids containing 5 1.3% + 19.1% of 
the total amount of PAF recovered (mean 2 SD; 
n = 24). The total quantity of PAF recovered from 
culture fluids plus cells after incubation for the dif- 
ferent times is illustrated in Fig. 1. Adherent mono- 
cytes spontaneously produced small quantities of PAF 
with maximal synthesis occurring after incubation for 
4 hours. PAF synthesis by monocytes incubated with 
10 pM of PAF or vehicle were the same for the first 
4 hours of incubation. After incubation for 5 to 15 
hours, PAF stimulated PAF synthesis to levels two to 
three times the levels observed for control monocytes 
incubated with buffer (p < 0.03, Student’s paired 
I test; n = 25). The quantity of PAF recovered at the 
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FIG. 2. Concentration dependence of the synthesis of PAF 
by monocytes stimulated by PAF. These data are from 
two experiments and are the mean femtomoles of PAF 
per IO6 monocytes recovered from supernatants plus cells 
after incubation for 7 hours; n = 3 to 6. 

later times was 50 to 100 times the quantity of PAF 
used as a stimulus, indicating that net PAF synthesis 
had occurred. 

Dose dependence of PAF synthesis 

The capacity of 100 fM to 10 nM of PAF to stim- 
ulate synthesis of PAF by monocytes was determined 
in two experiments (Fig. 2). PAF stimulated its own 
synthesis over a broad concentration range with max- 
imal stimulation at 10 pM of PAF. The increase was 
statistically significant for 1 to 100 pM of PAF 
(p < 0.05, Student’s paired t test). 

Contribution of protein synthesis 

Cytokines, such as IL- 1, TNF, and IFN=y, stimulate 
delayed synthesis of PAF by monocytes and endothe- 
lial cells, and the delayed synthesis requires protein 
synthesis. 14. ” To determine if protein synthesis is also 
required for delayed synthesis of PAF induced by PAF 
itself, monocytes were stimulated with 10 pM of PAF 
in the presence or absence of 10 pg/ ml of the protein 
synthesis inhibitor, cycloheximide. In two experi- 
ments, mean synthesis of PAF by lo6 monocytes in- 
cubated with different combinations of stimuli and 
inhibitor for 7 hours was buffer, 880 fmol; 10 pM of 
PAF, 1500 fmol; and PAF plus cycloheximide, 2360 
fmol. To confirm that cycloheximide inhibited protein 
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TABLE 1. Quantitation of PAF synthesis by 
bioassay and incorporation of 13Hlacetic acid 

PAF synthesis (fmol/lO” 
monocytes) 

Stimulus* Bioassay Radioassay 

Buffer 40 2.3: 
PAF (pMj 

I 70 am 

IO 286 i)Tii 

100 168 ioo 

*Monocytes were incubated with the indicated stirnull I;tr 7 hours. 
Total PAF in the cultures was extracted, after which the eXtfaC[b 

were divided into two equal portions for quantitatitrn of PAF by 
bioassay and radioassay. These data are the mean of replicate 
determinations. 

synthesis by the monocytes, cell-associated lL- 1-p 
was quantified by protein immunoblotting after mono- 
cytes were incubated for 4 hours with buffer or IO 
pM of PAF without or with 10 kg/ml of cyclohex- 
imide.’ PAF stimulated a twofold increase in IL-1 
protein that was completely inhibited by cyclohex- 
imide. 

Correlation of PAF quant#ied by soessay 
and radioactivity 

Seventeen samples (nine pellets and eight super- 
natants) were analyzed for PAF by both radioactivity 
and bioassay. Each sample contained platelet- 
aggregating material that eluted with retention times 
identical to the PAF standards. The specific PAF an- 
tagonists, BN 52021 ( 1 pmol/L) and kadsurenone 
(4 kmol/L), completely inhibited platelet aggregation 
by the samples, indicating that the aggregating ma- 
terial is PAF. There was a good correlation between 
the quantity of PAF determined by bioassay and ra- 
dioassay (r = 0.95). The bioassay confirmed that 
PAF stimulates its own synthesis by monocytes 
(Table 1). 

DISCUSSIZIN 

These experiments demonstrate that PAF stimulates 
human monocytes to synthesize and release PAF. Two 
observations indicate that the material quantified as 
PAF by [3H]acetic acid incorporation is indeed PAF. 
The material coelutes with PAF on HPLC and induces 
platelet aggregation that can be inhibited completely 
by selective PAF antagonists. There can be difficulty 
distinguishing stimulus and product in our studies. 
[“HIacetic acid could exchange with the acetyl side 
chain of PAF used as a stimulus. The resuiting 
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r3H]PAF would then be considered newly synthesized 
PAF. Also, the bioassay cannot distinguish PAF, the’ 
stimulus, from PAF, the product. These two consid- 
erations cannot, however, account for most of the PAF 
identified in the monocyte cultures because the amount 
of PAF recovered was 50 to 100 times more than the 
stimulus. Thus, the bulk of the PAF identified in the 
monocyte cultures represents newly synthesized PAF. 

Monocytes synthesize PAF spontaneously with 
maximal synthesis after 4 hours of incubation, perhaps 
because of adherence to plastic dishes. Stimulation of 
PAF synthesis by PAF follows a similar time course, 
and there is no net synthesis until 6 to 8 hours of 
incubation. Cytokines, such as IL-1 and TNF stim- 
ulate delayed synthesis of PAF by monocytes and en- 
dothelial cells. I43 I6 In those cases, however, the delay 
results, at least in part, from the requirement for pro- 
tein synthesis before delayed synthesis of PAF occurs. 
Proteins that might be involved in delayed PAF syn- 
thesis include enzymes in the biosynthetic pathway of 
PAF16 and protein cytokines, especially TNF.14 De- 
layed PAF synthesis induced by PAF does not require 
protein synthesis, however. Therefore, the mecha- 
nisms for enhanced synthesis are not known in this 
case. 

PAF synthesis occurs by two distinct pathways: the 
remodeling pathway and the de novo pathway. Is. I9 On 
the remodeling pathway, a phospholipase A2 cleaves 
the SN-2 ester bond of the PAF precursor, l-o-alkyl- 
2-acyl-sn-glycero-3-phosphocholine, to yield lyso- 
PAF, which is then acetylated by an acetyltransferase 
to yield PAF. In the de novo pathway,the final step 
yielding PAF is the incorporation of phosphocholine 
into l-0-alkyl-2-acetyl-sn-glycerol through the action 
of a DTT-insensitive CDP-cholinephosphotransfer- 
ase. Quantitation of PAF by incorporation of 
[3H]acetic acid into lyso-PAF only detects synthesis 
via the remodeling pathway. The good correlation be- 
tween PAF measured by radioassay and bioassay sug- 
gests, however, that very little PAF is synthesized via 
the de novo pathway. The origin of lyso-PAF used by 
monocytes for PAF synthesis is somewhat ambiguous, 
since the albumin used in our cell cultures may contain 
substantial quantitites of lyso-PAF. Whether this lyso- 
PAF contributes to PAF synthesis is unclear. Our ex- 
periments used low endotoxin albumin preparations 
to minimize the effects of endotoxin on PAF synthesis. 
These albumin preparations are not designed specif- 
ically to be fatty-acid free but should have low fatty- 
acid content. 

The capacity of PAF to stimulate its own synthesis 
has been noted before in experiments with neutro- 
phiIs.‘* The quantities of PAF produced by neutrophils 
stimulated by PAF are substantially more than the 

quantitites of PAF produced by monocytes in our stud- 
ies. Regardless, the quantities of PAF produced by 
monocytes may be biologically relevant. The concen- 
tration of PAF in the monocyte cultures was approx- 
imately 500 pM to 2 nM (500 to 2000 fmol/ ml). These 
concentrations of PAF are sufficient to stimulate 
monocyte cytotoxicity and synthesis of cytokines” 
and to activate other cells, such as platelets. It appears 
to be a general property of immunologic mediators 
that they can stimulate their own synthesis. For ex- 
ample, IL-l and TNF both stimulate their own syn- 
thesis. *O, ” These observations suggest that PAF, TNF, 
and IL- 1 are autocoids whose synthesis is required for 
monocyte activation. Additional experiments are re- 
quired to evaluate this possibility. 

There are several possible mechanisms by which 
PAF can induce delayed or persistent inflammatory 
reactions. PAF stimulates delayed release of cytokines 
and itself. This delayed release of inflammatory me; 
diators would be expected to produce prolonged in- 
flammatory reactions. Not only does PAF stimulate 
synthesis of cytokines and itself, but cytokines also 
stimulate synthesis of PAF and themselves. These ob- 
servations establish positive feedback loops in the syn- 
thesis PAF and cytokines by monocytes. These loops 
could be important to the amplification of the immune 
response, but they could, if they escape local regu- 
lation, lead to uncontrolled, sustained release of these 
potent factors and thereby result in diseases of inflam- 
mation 

I acknowledge the expert technical assistance of Mr. Tim- 
othy Toda and the secretarial assistance of Mrs. Junetta 
Garrard. 

REFERENCES 

1. Archer CB, Page CP, Paul W, Morley J, MacDonald DM. 
Inflammatory characteristics of platelet-activating factor (PAF- 
acether) in human skin. Br J Dermatol 1984;110:45-50. 

2. Cuss FM, Dixon CM, Barnes PJ. Effects of inhaled platelet- 
activating factor on pulmonary function and bronchial respon- 
siveness in man. Lancet 1986;2: 189-92. 

3. Blank ML, Cress EA, Whittle T, Snyder F. In vivo metabolism 
of a new class of biologically active phospholipids: I-alkyl-2- 
acetyl-sn-glycero-3-phosphocholine, a platelet-activating- 
hypotensive phospholipid. Life Sci 198 1;29:769-75. 

4. Barthelson RA, Valone FH. Interaction of platelet-activating 
factor with interferon-y in the stimulation of interleukin-1 pro- 
duction by human monocytes. J ALLERGY CLIN IMMUNOL 
1990;86:193-201. 

5. Ward S, Lewis G, Westwich J. Platelet-activating factor 
stimulates Interleukin-1 production from human adherent 
monocyte-macrophages. In: Braquet P, ed. Platelet-activating 
factor and cell immunology. New York: S Karger AG, 1988:6- 
12. 

6. Barthelson RA, Potter T, Valone FH. Synergistic increases in 
IL-l synthesis by the human monocytic cell line THP-1 treated 
with PAF and endotoxin. Cell Immunol 1990;125:142-50, 



720 Valone 

7. Pignol B, Henane S, Mencia-Huerta J-M, Braquet P. Effect 
of long-term treatment with platelet-activating factor on cy- 
tokine production by rat spleen cells. Int Arch Allergy Appl 
Immunol 1989;88:161-3. 

8. Ruis NM, Rose JK, Valone FH. Tumor necrosis factor release 
by human monocytes stimulated with platelet-activating factor 
[in press]. Lipids. 

9. Rose JK, Debs RA, Philip R, Ruis NM, Valone FH. Se- 
lective activation of human monocytes by the platelet- 
activating factor analog I-0-hexadecyl-2-O-methyl-sn-gly- 
cero-3-phosphorylcholine. J Immunol 1990;144:35 13-7. 

10. Bonavida B, Mencia-Huerta J-M, Braquet P. Effect ofplatelet- 
activating factor on monocyte activation and production of 
tumor necrosis factor. Int Arch Allergy Appl Immunol 
1989;88: 1157-60. 

1 I. Dubois C, Bissonnette E, Rola-Pleszczynski M. Platelet- 
activating factor (PAF) enhances tumor necrosis factor pro- 
duction by alveolar macrophages. J Immunol 1989:143:964- 
70. 

12. Tessner TG, O’Flaherty JT, Wykle RL. Stimulation of platelet- 
activating factor synthesis by a nonmetabolizable bioactive 
analog of platelet-activating factor and influence of arachidonic 
acid metabolites. J Biol Chem 1989;264:4794-9. 

13. Prescott SM. Zimmerman GA, McIntyre TM. Human endo- 
thelial cells in culture produce platelet-activating factor (I- 
alkyl-2-aceteyl-sn-giycero-3-phosphocholine) when stimulated 
with thrombin. Proc Nat1 Acad Sci USA 1984:81:3534-8. 

14. Valone FH, Epstein LB. Biphasic platelet-activating factor 

J ALLERtiY CL:N !MMUNOi.. 
MARCH 1991 

synthesis by human monocytes stimulated with IL I -beta. tu- 
mor necrosis factor, or IFN-gamma. J Immunol 1988: 141. 
3945-50. 

15. Blank ML, Snyder F. Improved high-performance liquid chro- 
matographic method for isolation of platelet-acti\zating mctor 
from other phospholipids. J Chromatogr 1983:273.-t 1.5.20 

16. Camussi G, Bussolino F, Salvidio G, Baglioni c‘. Tumor nc- 
crosis factoricachectin stimulates peritoneal macrophagcs, 
polymorphonuclear neutrophils, and vascular endothclial cells 
to synthesize and release platelet-activating factor. .I Exp Med 
1987;166:1390-1404. 

17. Wykle RL. Malone B, Snyder F. Enzymatic \ynthesrs t~f 
I -alkyl-2-acetyl-sn-glycero-3-phosphocholine. a hypotensivr 
and platelet-aggregating lipid. J Biol Chem 1980;255: 10256 
60. 

18. Woodard DS, Lee T-C,Snyder F. The tinal step m the de not<) 
biosynthesis of platelet-activating factor. J Biol Chem 19X6; 
262:2520-l. 

19. Valone FH. Philip R. Debs RJ. Enhanced human monocyte 
cytotoxicity by platelet-activating factor. Immunology 1988; 
64:715-g. 

20. Warner SJC, Auger KR, Libby P. Interleukin-I mduces B-I 
gene expression in smooth muscle cells. J Exp Med 1987: 
165:1316-31. 

21. Philip R. Epstein LB. Tumor necrosis factor as tmmuno 
modulator and mediator of monocyte cytotoxicity induced by 
itself. gamma-interferon, and interleukin-I Nature 1986;323: 
86-9. 


