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Lysophosphatidylcholine (LPC) induces proinflammatory cytokines by a
platelet-activating factor (PAF) receptor-dependent mechanism
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SUMMARY

Oxidized low-density lipoprotein (oxLDL) consists of both lipid components and apoprotein B100.
OxLDL has both proinflammatory and cytotoxic properties. The present study was undertaken to
investigate the effects of components in the lipid moiety of oxLDL on immune activation as
determined by cytokine and immunoglobulin secretion. LPC induced interferon-gammay)IFN-
secretion in peripheral blood mononuclear leucocytes from healthy blood donors. The effect varied
between individuals, and there were both responders and non-responders. Furthermore, LPC
induced enhanced antibody production, indicating B cell activation. None of eight oxysterols,
arachidonic acid (AA), or 15-lipoxygenase products of AA tested had immune stimulatory
properties. We recently demonstrated that PAF and oxLDL induce~Rcretion by a common
mechanism. LPC-induced IFi-secretion was inhibited by a specific PAF receptor antagonist,
WEB 2170, indicating that the PAF receptor is involved in LPC-induced immune activation. Both
oxLDL- and LPC-induced antibody formation was inhibited by WEB 2170. Furthermore LPC also
induced tumour necrosis factor-alpha secretion, and this effect was inhibited by WEB 2170. LPC is
produced during lipid oxidation (as in oxLDL), but also by enzymes such as phospholipa3ée\
findings indicate that LPC may play an important role in inflammatory reactions, including
atherosclerosis.

Keywords atherosclerosis cytokines oxidized LDL lysophosphatidylcholine platelet-activating
factor

INTRODUCTION of oxLDL are related to immune reactions seen in
atherosclerosis. OxLDL consists of lipids, including cholesterol
i{;md oxysterols, phospholipids, oxidized fatty acids, aldehydes

the chronic inflammation characterizing atherosclerosis, since S . ) .

. . - S nd lipid peroxides [15]. ApoB100 is the protein component
h tact fi Il fi t t AR .

is chemotactic and induces foam cell formation in monocy es/f;f LDL and it binds fo the LDL receptor [16]. During

macrophages [1,2]. It enhances the adhesion of leucocytes t0 . . )
the endothelium [3], activates and differentiates monocytesPX'dat'on of LDL.’ apoB100 is fragmented and co_ns_equently
macrophages [4,5] and is immunogenic [6—10]. Recently pAp-DL no Ionge_r_bmds to the LDL receptor. Instead it is taken

has been shown to play a role both in oxLDL-induced up by a specific group of scavenger receptlors. on monocytes/
endothelial-monocyte interactions [11] and oxLDL-induced g?g;%%li%esof[lgl—;ic' h";zlcge’;a d‘lﬁg;';?:;gg’ |tnc:pot:tean;
i tivati 12]. The i t f LDL i '

mmune activation [12] © lmportance Of OX " chemoattractant to monocytes [18] and T lymphocytes [19].

atherosclerosis is underlined by the presence oxLDL in th . : L
atherosclerotic lesion [13], and anti-oxidants such as BH.?Furthermore, LPC induces adhesion molecules and mimics the

inhibit development of atherosclerosis in experimental animalsoro"’ldhes've propertu_es of oxLDL [20], and we recently
[14]. Comparatively little is known about which components demonstrated antibodies to LPC and showed that they cross-
' react with oxLDL [21]. In the present study we report that

exposure to LPC, in contrast to other lipid components of
Correspondence: Johan Frosteyepartment of Medicine, Division OXLDL, |.nduces immune activation by aPAF r.eceptor-depend.en'F
of Rheumatology, Karolinska Hospital, S-171 76 Stockholm, Sweden. ~mechanism. The relevance of these findings in atherosclerosis is
E mail: johanf@rheum.ks.se discussed.

The oxidized form of LDL (oxLDL) may play an important role in
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MATERIALS AND METHODS

120 —e— A LPC
—o— A LPC 16:0
2 —s=— B LPC
Cell culture _ = 100 —o— B LPC 16:0
Peripheral blood mononuclear cells (PBMC) were isolated from 2 —a— CLPC
human buffy coats obtained from normal blood donors by sterile § 80 —a— CLPC 16:0
technique. The buffy coat was diluted in PBS at a ratio of 1:4, © —+— DLPC
. . . £ —o— D LPC 16:0
layered onto Ficoll-Hypaque and centrifuged for 20 min at&00 % 60

Cells at the interface were washed twice in PBS, counted and then:?J
resuspended in RPMI 1640 medium supplemented with HEPES» 40
buffer, penicillin and streptomycin and 10% fetal calf serum (FCS) ;

(complete medium) at a cell concentration of 10° cells/ml. o 20
Lipids and reagents 0
L-a-LPC (from egg yolk type 1),.-a-LPC 16:0 (synthetic),

L-a-lysophosphatidylserine (from bovine braimq-phosphatidyl- LPC (um)

cholinep-acetyl+-alkyl (PAF) were obtained from Sigma

(Stockholm, Sweden). Oxysterols were obtained from Steraloidssig. 1. Effect of LPC on the secretion of IFM:- Peripheral blood mono-
Inc. (Wilton, NH). The following oxysterols were usedi-hydro- nuclear cells (PBMC) from four different donors (A, B, C, D) was grown in
xycholesterol (5-cholesten83a -diol), 78-hydroxycholesterol  culture medium with the addition of LPC or LPC 16:0 at the indicated
(5-cholesten-8,75-diol), «-epoxide (cholestanepbo-epoxy- concentrations for 72h. The frequency of IRNsroducing cells was
38-ol), 3,5 diene (3,5 cholestadiene-7-one), cholestane triopetermined by ELISPOT as indicated in Materials and Methods. Each
(cholestaneB,5x,66-triol), 25-hydroxycholesterol (5-cholesten- Value represents the mean of three determinations.

36,25-diol), 7-ketocholesterol (5-cholestef-8l-7-one), 3-epoxide
(cholestan-B,668-epoxy-3-ol). Lipoxygenase products were
obtained from Biomol Research Labs Inc. (Plymouth Meeting,

PA). They included 15(S)-HETE, 15(S)-HPETE, 12(S)-HETE, three times in PBS and 1Q4d-cell suspensions at a concentration
12(S)-HPETE, 13(S)-HODE, arachidonic acid and le kotr'eneOf 10%well were transferred to the precoated ELISPOT wells. The
B ' ' idon : ukotn frequency of cells producing immunoglobulins was determined
All lipid substances were diluted in 70% ethanol. The final using a ml()dICf;Ed v%rs:jo? of the El_llsbPOT technique as above and
ethanol concentration in the experiments did not exceed 1% WEglS recently describe rom our fa oratory [24'25]' _Spots were
e . " counted under low magnificationx25) using an inverted
2170, a specific PAF receptor antagonist, was from Boehrmgerfnicrosco e
Ingelheim (Munich, Germany) [22]. pe.

with reagents as indicated. After 16h the cells were washed

Determination of tumour necrosis factor-alpha production

Detection of interferon-gamma production - . .
g P For determination of tumour necrosis factor-alpha (TéyFwith

The ELISPOT technique was used to determine the frequency olf:_ .
L i ' . . LISA, whole blood from healthy blood donors was diluted to 1:4
cells producing interferon-gamma (IFN-essentially as described with serum-free RPMI 1640, while kept at &, and then incu-

[12,23]. Briefly, PBMC were suspended in complete medium at . - .
concentration of % 10° cells/ml at 37C, 5% CQ and exposed to abated W|_th the indicated _compounds for 24 h. An ELISA kit from
-Medgenix (Fleurus, Belgium) was used according to the manufac-

different stimuli as indicated. Each measurement was performed I?urer‘s instructions. Cell viability was determined by trvoan blue
triplicate. After 48 h of culture 100l of the cell suspension were . ) 0 Yy I . y e
transferred to anti-IFN-coated, 96-well nitrocellulose plates exclusion and exceeded 95% in all experiments.

(Millititre HA; Millipore Co., Bedford, MA) for another 24h

incubation. The nitrocellulose plates were then washed twice an&tatistical analysis

100ul of a detector MoAb (7-B6-1-Biotin; Mabtech AB, Conventional methods were used for calculation of means and s.d.
Stockholm, Sweden) at a concentration oflfinl were then ~ Comparisons between control samples and samples stimulated
added to each well in PBS. Thereafter the plates were kept adith lipid derivates were analysed by computation of Student’s
4°C overnight. After washing, 108 of streptavidin-alkaline  t-test.

phosphatase (Mabtech AB) diluted at 1:1000 in PBS were added

for 2h at room temperature. After three more cycles of washing,

100ul of BCIP-NBT substrate solution (BioRad, Richmond, CA) RESULTS

were added for 1 h at room temperature. Thereafter, the plates were

washed three times with distilled water and left to dry at room|FN-y production at single-cell level

temperature. The frequency of cells producing WFNwas  To allow a quantitative determination of the induction of cytokines
determined. Spots were counted under low magnificatioP5]  at the single-cell level, the ELISPOT assay was used. There was an
using an inverted microscope, each spot representing on@terindividual variation in IFNy secretion both without and with

IFN-y-secreting cell. stimulation with LPC, which was present also when known
antigens such as tetanus toxoid were used (data not shown). IFN-
Detection of immunoglobulin production v stimulatory properties of LPC were detected. At concentrations

PBMC from healthy donors were cultured in complete medium at ébetween 0-1 and 564, LPC had the capacity to induce IFN-and
concentration of 1%cells/ml. Cell suspensions were incubated in general, maximal response occurred between 1 andi28t
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Fig. 2. Effect of LPC and oxidized LDL on the secretion of IFN-

Peripheral blood mononuclear cells (PBMC) from three different donors

was grown in culture medium with the addition LPCuf) or oxidized
low-density lipoprotein (oxLDL; ug/ml) for 72 h. The frequency of IFN-

y-producing cells was determined by ELISPOT as indicated in Materials

and Methods. Each value represents the mean of three determinations.

Increase in IFN-y-producing cells/105 cells

_20 1 1 1 1 J
2 3

WEB 2170 (um)

Fig. 3. Effect of a specific PAF inhibitor (WEB 2170) on PAF- and LPC-
induced IFN« secretion. Peripheral blood mononuclear cells (PBMC) were
grown in culture medium with gg/ml of PAF (@), 5um of LPC (O) or
culture medium alonelY), with addition of WEB 2170 at the indicate
concentrations for 72 h. Data are presented as increase i4fidducing
cells/1C cells. Each value represents the meas.d. of three determina-
tions. *** P <0-005 compared with basal level.
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Fig. 4. Effect of LPC on the secretion of IgG&), IgA (O), or IgM (@).
Peripheral blood mononuclear cells (PBMC) were grown in complete
culture medium with the addition of LPC for 16h. The frequency of
immunoglobulin-producing cells was then determined by ELISPOT as
indicated in Materials and Methods. Each value represents the mean
+s.d. of three determinations. *P<0-005.

concentrations of 50m or higher, LPC tended to inhibit IFN-
secretion (data not shown). Both LPC from egg yolk, containing
also unsaturated fatty acids, and LPC:16, with only saturated fatty
acids, enhanced IFN-secretion, indicating that oxidation is not a
prerequisite for the effects described here. The capacity of LPC and
LPC:16 to induce enhanced IFNsecretion is demonstrated in
Fig. 1. Both oxLDL and LPC could induce IFN-in the same
individuals, as shown in Fig. 2.

None of the eight oxysterols tested had any stimulatory effect
on IFN-y secretion at a concentration between 0-05 aad, and
some of these tended to be inhibitory on IRi$ecretion. At higher
concentrations, the oxysterols were inhibitory or toxic, and at
=5um the number of IFNy-secreting cells was below 50% of
controls. None of the hydroxy or hydroperoxy fatty acids,
including 15(S)-HETE, 15(S)-HPETE, 12(S)-HETE, 12(S)-
HPETE, 13(S)-HODE, arachidonic acid and leukotrieng t&ad
any significant stimulatory effect on IFM-secretion at these
concentrations (data not shown).

Characterization of LPC-induced IFN-production

In order to determine if LPC-induced IFi{-secretion was
mediated by the PAF receptor, we tested if a specific PAF receptor
antagonist, WEB 2170, could inhibit the LPC-induced effects
demonstrated here. We found that WEB 2170 inhibited both
LPC- and PAF-induced IFN-secretion in all individuals tested
(Fig. 3).
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70 To investigate further the importance of the alcohol group
of lysophospholipids on LPC-induced IFNsecretion, we tested
the effects of lysophosphatidylserine compared with LPC. Our

T results indicate that LPC had a much stronger capacity than

60 [
lysophosphatidylserine to induce IFN¢data not shown).

Effect of LPC on antibody secretion

The stimulatory effect of LPC on B cell activation was studied
by determination of immunoglobulin production by PBMC. IgA
showed the largest response of the immunoglobulins investigated.
A representative experiment out of four in which LPC stimulated
immunoglobulin formation as determined by the ELISPOT
technique is depicted in Fig. 4. LPC-induced antibody formation
was inhibited by WEB 2170 (Fig. 5).

Effect of LPC and PAF on TNE&-secretion in peripheral blood

20 F Whole blood was diluted with culture medium as described
in Materials and Methods, and LPC and PAF were added at
the indicated concentrations. After 24 h of culture, supernatants
were obtained, centrifuged to eliminate cells and then BNF-

Immunoglobulin-producing cells/105 cells

10 was determined by ELISA. The results show that LPC
induced TNFe secretion from cells in peripheral blood (Fig. 6a).
. | LPC from egg yolk had a comparable capacity to synthetic LPC:16
0 to induce TNFe secretion (data not shown). LPC-induced TF-
0 0-5 1 secretion was abolished by WEB 2170 (Fig. 6b).

WEB (pm)
: DISCUSSION

Fig. 5. Effect of a specific PAF inhibitor (WEB 2170) on LPC-induced The present study demonstrates that LPC induces,IBNeretion
antibody formation. Peripheral blood mononuclear cells (PBMC) were;. beMC. LPC is a compound present in the lipid moiety of
grown in culture medium with am of LPC (@) or culture medium alone '

(O), with addition of WEB 2170 at the indicated concentrations for 72 h. OXIdlzeq LDL, butis also IndU(_:ed enzymatlcally by r_)hosp_hollpase
Each value represents the means.d. of three determinations. A,, which we recently described in atherosclerotic lesions and

* P <0-005 compared with basal level. arteries [26]. The effects of LPC varied between individuals. LPC
containing both unsaturated and saturated fatty acids, and LPC:16,
with only saturated fatty acids, could both induce enhanced+FN-
secretion, indicating that oxidation is not a prerequisite for the
effects described here.

We recently reported that oxLDL has the capacity to induce
80T (a) 801 (b) enhanced antibody formation [10], and we here demonstrate that

T Ton this was the case also with LPC. We have recently detected
] antibodies to LPC and shown that LPC is an important
601 1 60 antigen for antibodies binding to oxLDL [21], and their

possible role in cardiovascular disease is presently under
Jrrr investigation.
Recently, we found that oxLDL induces IFiNsecretion by a
PAF receptor-dependent mechanism [12]. Also, LPC-induced
IFN-y secretion and antibody formation were inhibited by a
specific PAF receptor antagonist. Taken together, the results
indicate that LPC is one mediator of immune activation by
0 L L J 0 ! ! j oxLDL. LPC in itself does not bind to the PAF receptor, though
1 10 100 "o 1 2 3 it has structural similarities with PAF [27,28]. One explanation of
LPC (um) our finding could be that LPC undergoes enzymatic acetylation,

WEB 2170 (um) becoming a PAF-like lipid [27,28]. Recently, LPC was shown to

transduce C& via the PAF receptor in macrophages [29], a
finding which is in accordance with our findings presented here.

TNF-a (pg/ml)
iy
o
1
N
o

Fig. 6. LPC-induced tumour necrosis-factor (TNf-secretion (a) and

WEB 2170-induced inhibition of LPC-induced TNfsecretion (b). Whole : : :
blood was diluted 1:4 in culture medium at°87as indicated in Materials Since LPC is produced by secretory phospholipasefm

and Methods. (b) LPC at @ (O), 5um (@) or 25um (M), and/or WEB phosphc_;t!dylchollng, oxidatiorper se may therefore_ not be a
2170 were added at the indicated concentrations. The cells were then grov@{erequ's'te for Pfo'”f'é‘mm?‘tory effe?ts of LDL, _bUI instead, this
for 24 h in culture medium. TNRein the supernatant was then determined Kind of enzymatic modification involving production of LPC may
by ELISA as indicated in Materials and Methods. Each value represents thB€ of importance for the immune activation in the early phases of
mean= s.d. of three determinations. *P*<0-005. atherosclerosis and other inflammatory diseases [26].
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IFN-y may be produced both by T cells and natural killer (NK) retention of monocytes/macrophages during atherogenesis. Proc Natl
cells. The observed immunostimulatory properties of LPC may be Acad Sci USA 198784:2995-8.
related both to unspecific effects, or depend on activation by means? Steinberg D, Parthasarathy S, Carew TE, Khoo JC, Witztum JL. Beyond
of a conventional antigen presented on antigen-presenting cells. It cholestero_l._Modifications of low-density lipoprotein that increase its
is also possible that T cells already activated by other antigens are, itrr;esrtggéz"CJ'tyH':lee‘?Sferd/igfgiﬁifiﬂzﬂ\msson 3. Biologically
further stimulated by oxLDL and LPC. This would be compatible ' ! ' )

. . o . . . modified low density lipoprotein increases the adhesive properties of
with recent findings indicating an IL-12-inducing capacity of vascular endothelial cells. Atherosclerosis 1990:119-26.

oxLDL [30]. However, the different possible pathways are not 4 frosteged J, Nilsson J, Haegerstrand A, Hamsten A, Wigzell H,
mutually exclusive. Gidlund M. Oxidized low-density lipoprotein induces differentiation
Antibodies to cardiolipin recognize3,-glycoprotein |, in and adhesion of human monocytes and the monocytic cell line U937.
complex with a lipid, and these antibodies have been shown to Proc Natl Acad Sci USA 199®7.904-8.
cross-react with oxidized LDL [31]. Recently, antibodies to 5 Uyemura K, Demer LL, Castle S€t al. Cross-regulatory roles of
cardiolipin were shown to be directed against epitopes of oxidized interleukin (IL)-12 and IL-10 in atherosclerosis. J Clin Invest 1996;
phospholipids [32]. However, it is not known if LPC also may form 97.2130-8. , o
immunogenic lipopeptide complexes. 6 Palinski W, Rosenfeld ME, Yiilerttuala Set al. Low density lipo-

. ., protein undergoes modification in vivo. Proc Natl Acad Sci USA 1989;
Stressed macrophages express heat shock proteins (hsp) which 86:1372—6.

are recognized by T_Ce”S [33]. One possibility is tha't immunoger?i.c 7 Salonen JT, Yla-Herttuala S, YamamoteeRal. Autoantibody against
hsp such as hsp65, induced by oxLDL [34], may stimulate specific  oxidized LDL and progression of carotid atherosclerosis. Lancet 1992;

T lymphocytes. In line with this possibility is also recent findings

339883-7.

that antibody titres to hsp65 are enhanced in cardiovascular diseas8 Frosteged J, Wu R, Giscombe R, Holm G, Lefvert AK, Nilsson J.

[35,36].
Oxysterols are produced during oxidation of LDL and in

Induction of T cell activation by oxidized low density lipoprotein.
Arteriosclerosis Thrombosis 19922:461-7.

contrast to LPC they had no significant stimulatory effects, but © Stemme S, Faber B, Holm J, Wiklund O, Witztum JL, Hansson GK.
instead tended to be inhibitory. Oxysterols also have cytotoxic | YmPhocytes from human atherosclerotic plaques recognize oxidized
properties [37]. Other factors in the lipid moiety tested, including . '©" dénsity lipoprotein. Proc Natl Acad Sci USA 19%.3893-7.

arachidonic acid and some of its oxidized derivatives, had no eﬁ‘ec%0 Huang YH, Ranelid J, Frostelgal J. Oxidized LDL induces enhanced
’ antibody formation and MHC class Il dependent IFN-gamma produc-

on IFN"Y secretion. . o . . tion in lymphocytes from healthy individuals. Arteriosclerosis, Thromb

Using an assay where peripheral blood is diluted with medium,  y/as¢ Biol 1995:15:1577—83.
with no prior preparation of PBMC, LPC, like oxLDL [12], 11 watson AD, Navab M, Hama S¥t al. Effect of platelet activating
induced TNFe secretion. The main advantage of this assay is factor-acetylhydrolase on the formation and action of minimally
that stress is avoided during preparation of monocytes [38]. oxidized low density lipoprotein. J Clin Invest 19985:774—-82.

TNF-« is a cytokine with multiple proinflammatory properties, 12 Frostegal J, Huang YH, Ronelid J, Scher-Elinder L. PAF and
including induction of enhanced adhesion molecules on endothe- ©xidized LDL induce immune activation by a common mechanism.
lial cells and potentiation of immune reactions. Recently, TaNF- Arteriosclerosis, Thrombosis Vasc Biol 1997:963—-8.
has been related to enhanced insulin resistance, which occurs inlg Rpsenfeldt MI.E’ Pa“r.'Sk' w, Y%&Ie_rttuala S.’.Bu.ﬂ?r S, Pgrthasarathy S,

. s . . . Witztum JL. Distribution of oxidation specific lipid-protein adducts and
metabO“C_ syndrome which is associated with ath(_arosclero&s [_39]' apolipoprotein B in atherosclerotic lesions of varying severity from
OxLDL-stimulated PBMC enhance the expression of adhesion \yu1 rabbits. Arteriosclerosis 19900:349.
molecules on endothelial cells [40], and TN#F-induced by
LPC, may be responsible for this effect. LPC-induced TaNF-
secretion was inhibited by WEB 2170, clearly indicating the protects against atherosclerosis. Arteriosclerosis Thrombosis 1991;
importance of the PAF receptor. 11:15-22.

Other reports that support the notion of LPC as a proinflam-15 Esterbauer H,"dgens G, Quehenberger O, Koller E. Autooxidation of
matory factor include the finding that LPC potentates protein human low density lipoprotein: loss of polyunsaturated fatty acids
kinase C-mediated T cell activation [41] and is chemotactic for _ @nd vitamin E and generation of aldehydes. J Lipid Res 128295—509.

T lymphocytes [19]. Taking all data together, it is possible that16 Broyvn MS,_Kovanen P, Gol_dsteln J. Regulation of plasma cholesterol
LPC, produced during oxidation or enzymatic modification of LDL by lipoprotein receptors. Sci 198212628-35.

. L . 17 Brown MS, Basu SK, Falck JR, Ho YK, Goldstein JL The scavenger
in the artery wall, may attract and promote activation of immune- cell pathway for lipoprotein degradation. Specificity of the binding site

competent cells and thus participate in inflammatory diseases, that mediates the uptake of negatively-charged LDL by macrophages. J

including atherosclerosis. Supramol Struct 1980£3.67—81.

18 Quinn MT, Parthasarathy S, Steinberg D. Lysophosphatidylcholine: a
chemotactic factor for human monocytes and its potential role in
atherogenesis. Proc Natl Acad Sci USA 1988;2805-9.
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