
Endothelid Cell Gene Expression of a Neutrophil 
Chemotactic Factor by TNF-a, LPS, and IL-1f3 

Human endothelial cells produced a neutrophil chemotactic factor (NCF) upon 
stimulation with tumor neaosis facto~ca (TNF-a), interleukin-1 f3 (IL-IS), or l i p -  
polysaccharide (LPS). The expression of endothelial cell-derived NCF messenger 
RNA and biological activity was both time- and concentration-dependent. Maximal 
NCP mRNA expression occurred at 10 and at 2 nanograms per milliliter for TNF and 
IL-1f3, respectively; mRNA expression was first observed 1 hour after stimulation and 
was maintained for at least 24 hours. In situ hybridization analysis showed that NCP 
mRNA peaked in treated cells by 24 hours, whereas unstimulated cells were negative. 
These studies demonstrated that endothelial cells may participate in neutrophil- 
mediated inflammation by synthesizing a chemotactic factor in response to specific 
monokines and LPS. 

v ASCUIAR ENDOTHELIAL CELLS PAR- 
tiapate in acute inflammatory reac- 
tions ( I ) ,  a marked feature of which 

is the selective early influx of neutrophils from 
the peripheral blood (2). Here we show that 
endothelial cells can secrete a neutrophil che- 
motactic factor (NCF) with molecular and 
physical characteristics consistent with mono- 
cyte-derived NCF (3). 

The human recombinant TNF-a (20 
uniting) used in these investigations was 
expressed and purified as described (4). The 
steady state of NCF gene expression by 
TNF-a-treated human umbilical vein endo- 
thelial cells was measured by RNA blot 
analysis and was both concentration- and 
time-dependent (Figs. 1 and 2). There was 
maximal NCF mRNA expression at a TNF- 
a concentration of 10 nglml, and detectable 
expression at 0.5 n g h l  (Fig. 1A). We de- 
tected little or no endothelial cell-derived 
NCF mRNA in resting cells, with 50% of 
the maximum response at a TNF-a concen- 
tration of 2 n g / d  (quantitated by laser 
densitomeuy). Recombinant interleukin- 1 $ 
(IL-1 $) and lipopolysaccharide (LPS) could 
also induce endothelial cells to transcribe 
NCF rnRNA. The possibility that LPS con- 
tamination may have been responsible for 
the effect observed with TNF-a was ad- 
dressed by subjecting the TNF-a prepara- 
tion to either neutralizing polyclonal anti- 
body treatment or heat inactivation. Both 
treatments inhibited the induction of NCF 
mRNA (5). 

We observed NCF activity 1 hour after 
challenge with TNF-a, IGlP, or LPS, and 
this activity was present for at least 24 hours 
(Fig. 2). The kinetics of NCF mRNA exprrs- 
sion also showed an induction of NCF tran- 
scripts 1 hour after challenge. A peak in NCF 
mRNA occurred between 4 and 8 hours; 
expression was maintained fbr 24 hours (Fig. 
2). The expression of mRNA at this latter 
time point cotresponded with maximal ex- 
pression of biological activity. Neither TNF- 
a, L1$, nor LPS altered the expression of $- 
actin in any of the above investigations. Endo- 
thelial cell-derived NCF mRNA migration 
was indistinguishable h m  monocyte-derived 
NCF at approximately 1.8 kb (3). 

The human umbilical vein endothelial cell 
cultures used for these studies were judged 
to be uncontaminated by other cell types as 
determined by morphology under phase 
contrast microscopy, positive immunofluo- 
rescence for von Willebrand factor, and pos- 
itive staining with Ulex europaeus 1 lectin. 
Concurrent cultures were also examined for 
NCF mRNA by in situ hybridization analy- 
sis (Fig. 3, A and B). We used a 35S-labeled 
oligonucleotide, 3' end-labeled with termi- 
nal transferase, and found that most of the 
endothelial cells were positive for NCF 
mRNA after treatment with TNF-a. Thus, 
even minimal monocyte contamination of 
the endothelial C U ~ K ~ S  codd not account 
for the observed results. TNF-a also in- 
duced NCF mRNA in human alveolar mac- 
rophages (Fig. 3, C and D). A similar 
expression pattern was observed in TNF-a- 
trLted human monocytes (5). 
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gel exclusion by high-performance liquid 
chromatography (HPLC) . Neutrophil chem- 
otactic activity in individual fractions was 
determined in modified Boyden chambers (8) 
(Fig. 4). Fractionated supernatants &om en- 
dothelial cells treated with TNF-A (20 ng/ml) 
e x p d  sigdicant levels of NCF. Most of 
the activity eluted between phenol red and 

Flg. 1. Dose-dependent induction of NCF 
mRNA by TNF-a. Endothelid cells were extract- 
ed from human umbilical veins (18) and cultured 
in 20% fetal bovine serum in medium 199 supple- 
mented with endothelid cell growth supplement 
(ECGS; 100 @ml) (Collaborative Research, 
Bedford, Massachusetts) and bovine lung heparin 
(100 pgtml). Cells used in assays were derived 
from the second to fourth passages. The day 
before stimulation, cells were washed and cul- 
tured in fresh medium without growth factors. 
The following day, the cells were placed in fresh 
medium and TNF-a was added. After 16 hours of 
incubation at 3 K ,  the medium was removed and 
total cellular RNA was extracted by a modifica- 
tion of the method of Chirgwin et a/. (19) and 
Jonas et al. (20). A 30-nucleotide probe for human 
monocyte-derived chemotactic factor was synthe- 
sized with a cDNA sequence that was comple- 
mentary to nucleotides 262 to 291 and had the 
sequence 5'-GlT-GGC-GCA-GTGTGG-TCC- 
ACT-CTC-AAT-CAC-3' (3). The p-actin probe 
(21) used to demonstrate uniform RNA loading 
was 5'-GGC-TGG-m-GlT-GAA-GGT-CTC- 
AAA-CAT-GAT-CTG-GGT-CAT-3'. Both 
probes were 5'end-labeled with [y-3zP]adenosine 
5'-triphosphate (ICN). The extracted RNA was 
separated by electrophoresis, transblotted to ni- 
trocellulose, hybridized with '*P-labeled probe, 
and washed in 6 x saline sodium citrate (SSC) and 
0.5% sodium pyrophosphate at 57°C for 1 hour. 
The blots were subjected to autoradiography and 
quantitated by laser densitometry. (A) RNA blot 
analysis of mRNA from cells stimulated with 
increasing doxs of TNF-a and probed for NCF; 
(9) the relative density of the signals as deter- 
mined by laser densitometry; and (C) the same 
blot re-probed for p-actin mRNA. The RNA blot 
data in this figure are representative of four 
individual studies. 



cyduome c, with a molecular size of 7.5 
kD, consistent with monocyte-derived NCF 
(3). Fractionated supernatants from unstimu- 
lated endothelid cells had no NCF activity in 
this range. Neither unfractionated nor fiac- 
tionated TNF-A-treated endothelid cell su- 
petnatatItS exhibited chemotactic activity for 
isolated peripheral blood monocytes (9). Me- 
dia done with TNF-A, LPS, or I L - l ~  also 
failed to demonstrate sigdcant chemotactic 
activity (5). 

Vascular endothelid cells form the inner 
lining of the entire cardiovascular system. 
They are active participants in pathophys- 
iological reactions and, in inflammation, 
they use their strategic position to influence 
interactions of circulating leukocytes and the 
tissues. TNF-A is responsible for altering 
endothelid function leading to the active 
participation of this cell type in inflamma- 
tion (1). For example, TNF-A-stimulated 
endothelial cells can produce biologically 

active lipids (lo), tissue factor (11), IL-1 
(12, 13), platelet-derived growth factor (14), 
major histocompatibility complex class I 
gene, and surface antigen expression (15). In 
addition, TNF-A-treated endothelid cells 
can express freshly synthesized surface pro- 
teins that are adherent for neuaophils (16, 
17). Although these proteins may be a 
mechanism for trapping granulocytes in a 
localized area of tissue injury or inflamma- 
tion, other molecules such as NCF may 

Fig. 2. Time course of TNF-a-, LPS-, and IL-lpinduced endothelial NCF A 

expression. Endothelial cells were prepared as in Fig. 1. The cells were placed 
in fresh medium and either left unstimulated or treated with TNF-a or IL-P 4&em -- (20 nglml) or LPS (10 pglml). At indicated time points the culture medium 
was collected, centrifuged to remove pamculate material, and stored at - 70°C 
until neunophil chemotactic activity was determined. RNA was extracted 
from the cells and evaluated by RNA blot analysis for transcripts for NCF and 
$-actin, as described in the legend to Fig. 1. For the determination of .s Z 
bioactivity, neutmphilr were prepared from peripheral blood by Ficoll- $ ,! Hypaque density gradient cenmhgation and hypotonic lysis and were resus- E .- 
pended in Hanks balanced salt solution with calcium and magnesium (HBSS) 2 
at 2 x lo6 cells per milliliter. Chernotaxis was performed in blind multiwell - 
Boyden chemotactic chambers (8). HBSS (225 pl) was placed in the bottom 
well with either HBSS alone, a 50% dilution of culture supernatant, or ~O- 'M 
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fomyhethionylleucylphenylalanine (FMLP, Sigma). A 3-pm polycarbonate 
filter (polyvinylpyrrolidone-free, Nuclepore) was placed in the assembly, and me (hours) 

the neutrophil suspension (333 p1) was added to the top chamber. The 
neunophils were incubated for 30 min at 37'C in a humidified chamber. The filters were removed and stained with Diff-Quik (Baxter Healthcare). 
Neuwphis that had migrated to the bottom of the filter were counted in ten high-power fields. These chemotactic studies are representative of four 
individual experimens. (A), (B), and (C) show mRNA for endothelial cell-derived $-actin and NCF treated with either TNF-a, LPS, or IL-lp, respectively. 
Bioactivity is expressed as a percentage of chemotactic activity induced by FMLP (lO-'11.1). An unstimulated culture was also assayed after 24 hours, and 
neither mRNA nor chemotactic activity could be detected (5). The RNA blot analyses are representative of four individual studies. 

Fig. 3. In situ hybridization of human endothelid 
- 

cells and human alveolar macrophages with a 3' . . 
"S-labeled oligonucleotide probe. Endothelial 
cells in (A) the absence or (0) presence of TNF-a. - .  
Alveolar macrophages in (C) the absence or (D) *-F%, presence of TNF-a. Endothelial cells were pre- . . _ . .  _ .. -- 
pared as in Fig. 1 and cultured at 2 x 104 cells per . .  .;.< , 

well in eight-well Lab Tek (Miles) tissue culture 1 , a ***i:. . slides for 48 hours before stimulation. Human * .  B alveolar macrophages (lo5 per well) were placed .. . . 
in Lab Tek tissue culture slides and allowed to 
adhere for 2 hours in RPMI 1640 medium. Cells 
were unstimulated or treated with TNF-a (20 
ng/ml) for 24 hours. After incubation, the slides 
were placed in 4% paraformaldehyde (Eastman 
Kodak) in phosphate-buffered saline for 15 min at A 
room temperature and then rinsed three times in 
ice-cold 70% ethanol prepared with diethyl pyro- 
carbonate-treated water. The slides were fixed in 
4% paraformaldehyde for 10 min at room tem- 
perature, then rinsed in 0.5 x SSC for 10 min at 
room temperature and covered with prehybridiza- 
tion solution [lo% deionized formamide, 5 x  
SSC, 10% dextran sulfate, salmon sperm DNA 
(100 pglml), transfer RNA (100 pg/ml), l x  
Denhardt's, and 10 mM dithiothreitol]. Slides 
were incubated for 2 hours at 42°C in a sealed 
container. The prehybridization solution was 
shaken off and replaced with the same solution 
(100 pl) containing 106 cpm of the labeled probe. 
After 16 hours at 42"C, the slides were rinsed 

P 
twice in 2 x  SSC for 10 min at room temperature, I 
once in l x  SSC for 60 min at 42"C, then 
dehydrated in graded ethanols with 0.3M NH4 
acetate, coated with NTB-2 emulsion (Eastman Kodak), air-dried, and 
placed in a lightproof box with desiccant at 4°C. After 7 days the slides were was 3' end-labeled with [35S]deoxyadenosine 5'-(a-thio)mphosphate (Du 
developed with Kodak D-19, fixed with rapid fix, and counterstained with Pont Biotechnology Systems) with the use of a terminal deoxynucleotidyl- 
hematoxylin and eosin. The NCF probe, as described in the legend to Fig. 1, transferase kit (Bethesda Research Laboratories). 
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Fig. 4. Molecular size profile (in daltons) of TNF- 
a-induced endothelial cell supernatant chemotac- 
tic activity. Endothelial culture media were col- 
lected after 24 hours of treatment with TNF-a 
(20 nglml) or from unstimulated cultures. Partic- 
ulate material was removed by centrifugation, 
concentrated fivefold, and fractionated by HPLC 
in a TSK-3000 SW (Varian Instruments) column. 
Fractions (1.6 ml) were collected and chemotac- 
tic activity was determined, as described in the 
legend to Fig. 2. The results are expressed 
as a percentage of the chemotactic activity 
(minus unstimulated control) induced by FMLP 
(10-'M) and are representative of four individ- 
ual studies. Abbreviations: BSA, bovine serum 
albumin; and cyto c, cytochrome c. 

provide a signal to elicit selective diapedesis 
of neutrophils into the extravascular space. 

REFERENCES AND NOTES 

1. R. S. Cotran, Am.  J .  Pathol. 129, 407 (1987). 
2. D. L. Wilhelm. in Patholopv. W. A. D. Anderson and 

J. M. ~ i s sane , '~ds .  (MA&, St. Louis, 1977), pp. 
25-33. 

3. K. Matsushima et al., J. Exp. Med. 167, 1883 
(1988). 

4. A. M. Wang ef al., Science 228, 149 (1985). 
5. R. M. Strieter et al., unpublished observations. 
6. H. W. Farber, P. F. Weller, S. Rounds, D. J. Beer, 

D. M. Center, J. Immunol. 137, 2918 (1986). 
7. A. J. Mercandetti, T. A. Lane, M. E. M. Colmer- 

auer, J .  Lab. Clin. Med. 104, 370 (1984). 
8. L. Harvath, W. Falk, E. J. Leonard, J .  Immunol. 

Methods 37, 39 (1980). 
9. S. H. Phan, unpublished observations. 

10. M. Kawakani et al., Biochem. Biophys. Res. Comm. 
141,482 (1986). 

11. M. P. Bevilacqua ef al., Roc. Nad. Acad. Sci. U .S .A .  
83.4533 (1986). 

12. P. 'P. ~a-th'et al., J .  Exp. Med. 163, 1363 
(1987). 

13. P. Libby et al., Am.  J .  Pathol. 124, 179 (1986). 
14. K. A. Hajjar, D. P. Hajjar, R. L. Silverstein, R. L. 

Nachrnan, J .  Exp. Med. 166, 235 (1987). 
15. T. Collins, L. A. Lapierre, W. Fiers, J. L. Stro- 

minger, J. S. Pober, Roc. Natl. Acad. Sci. U . S .  A .  83, 
4-46 (1986). 

16. J. ~ . ' ~ a r n b l e ,  J. M. Harlan, S. J. Klebanoff, M. A. 
Vadas, ibid. 82, 8667 (1985). 

17. J .  S. Pober et al., J .  Immunol. 136, 1680 (1986). 
18. E. A. Jatfc, in Biology of Endothelial Cells, E. A. Jaffe, 

Ed. (Niihoff, The Hame, 1984). DO. 1-24. 
19. J. M: chirewin. A. ET Pkbvla:~: J. MacDonaJd. 

W. J.  utter, ~t'ochemistry 18: 5294 (1985). 
20. E. Jonas, T. D. Sargent, I. B. Dawid, Roc. Natl. 

Acad. Sci. U . S . A .  82, 5413 (1985). 
21. K. Tokunaga, H. Traniguchi, K. Yoda, M. Shimiza, 

S. Sakiyama, Nudeic Acids Res. 14, 2829 (1986). 
22. We thank G. Andtews for the synthesis of oligonude- 

otidcs, Otus Corporation for TNF-(r and antibody to tralia Traveling Fellowship (R.M.M.), and American 
TNF-a, and the Upjohn Company for IL-1B. Sup- Heart Association Established Investigators Awards 
potted by National Heart, Lung, and Blood Institute (S.H.P. and S.L.K.). 
p~ HL31237, HL31936, and HL35276, a Na- 
tional H d t h  and Medical Research Council of Aus- 13 September 1988; accepted 9 December 1988 

Identification of a Platelet Membrane Glycoprotein as 
a Falciparurn Malaria Sequestration ~eceptor  

Infections with the human malaria parasite Plasmodium falciparum are characterized by 
sequestration of erythrocytes infected with mature forms of the parasite. Sequestration 
of infected erythrocytes appears to  be critical for survival of the parasite and to mediate 
immunopathological abnormalities in severe malaria. A leukocyte differentiation 
antigen (CD36) was previously suggested to have a role in sequestration of malaria- 
infected erythrocytes. CD36 was purified fiom platelets, where it is known as GPIV, 
and was shown to be a receptor for binding of infected erythrocytes. Infected 
erythrocytes adhered to  CD36 immobilized on plastic; purified CD36 exhibited 
saturable, specific binding to infected erythrocytes; and purified CD36 or antibodies to  
CD36 inhibited and reversed binding of infected erythrocytes to  cultured endothelial 
cells and melanoma cells in vitro. The portion of the CD36 molecule that reverses 
cytoadherence may be useful therapeutically for rapid reversal of sequestration in 
cerebral malaria. 

RYTHROCYTES INFECTED WITH MA- 

ture stages of the human malaria 
parasite P. falcipatum are found se- 

questered along venular endothelium and 
not in the peripheral circulation of patients 
with malaria (1). Sequestration appears to 
contribute to the immunopathology of ma- 
laria (2, 3) and to the survival of the parasite 
by protecting nondeformable infected eryth- 
rocytes fiom destruction in the spleen (4). 
Assays of infected erythrocyte cytoadher- 
ence to cultured endothelial cells or C32 
melanoma cells have been developed as in 
vitro correlates of sequestration (5, 6). Elec- 
tron-dense knobs that develop on the sur- 
face of infected erythrocytes as the parasite 
matures are necessary for cytoadherence and 
are the points of attachment to endothelial 
cells in vivo (7) and to endothelial cells (5), 
melanoma cells (6), and monocytes (3) in 
vitro. An 88-kD leukocyte differentiation 
antigen (CD36), present on endothelial 
cells, melanoma cells, monocytes, and plate- 
lets and recognized by monoclonal antibody 
(MAb) OKM5, was shown indirectly to 
have a role in cytoadherence of malaria- 
infected erythrocytes (8-1 0). Malaria-infect- 
ed cells can bind to all these cell types but 
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not to cells lacking CD36. This glycoprotein 
was purified from platelets, where it is 
known as glycoprotein IV (GPIV) (1 1). We 
now present direct evidence that CD36 is a 
receptor for malaria-infected erythrocytes. 

When a suspension containing 6% malar- 
ia-infected erythrocytes and 94% uninfected 
erythrocytes was incubated with immobi- 
lized CD36, selective binding of infected 
erythrocytes to CD36 is observed (Fig. 1). 
Binding to CD36 was observed with human 
and Aotus monkey erythrocytes infected 
with knobby ( K + )  P. falcipanrm isolates 

Fig. 1. Binding of P. falcipanrm-infected erythro- 
cytes to CD36. Human erythrocytes infected with 
the K +  Brazilian Iffi strain of P. falcipanrm (12) 
were cultured to the mature trophozoite stage of 
parasite development. Infected erythrocytes (2% 
suspension, 6% parasitemia) were washed, resus- 
pended in RPMI 1640 medium, and a 2-ml 
portion was added to a plastic petri dish contain- 
ing immobilized CD36 (21). After incubation at 
37°C for 60 min, the dish was rinsed with RPMI 
1640 to remove unattached erythrocytes, fixed 
with 2% glutaraldehyde, and stained with 1% 
Giemsa. 
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