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Activation of complement in the vicinity of endothelium is thought to contribute to the tissue manifestations of inflammatory and
immune responses. Endothelial cells contribute to these processes in part by the elaboration of chemokines that activate various
leukocytes and direct their migration into tissues. We investigated the mechanisms by which activation of complement on endo-
thelial cell surfaces might influence the expression of chemokine genes in endothelial cells. In a model for the immune reaction
occurring in a xenograft, human serum, as a source of xenoreactive anti-endothelial Abs and complement, induced expression of
the monocyte chemotactic protein-1 (MCP-1), IL-8, and RANTES genes. The MCP-1 and IL-8 genes were expressed within 3 h
as a first phase and at>12 h as a second phase. The RANTES gene was expressed in porcine endothelial cells only 12 h after
exposure to human serum. The expression of these genes required activation of complement and assembly of membrane attack
complex, as it was inhibited by soluble CR1 and did not occur in the absence of C8. The early phase of MCP-1 and IL-8 gene
expression did not require de novo protein synthesis. The late phase of MCP-1, IL-8, and RANTES gene expression predominantly
required the production of IL-1 & as an intermediate step. The results indicate that the expression of chemokine genes in endo-
thelial cells occurs as a function of differential responses to complement and may in part be conditioned by the availability of
IL-1@. The Journal of Immunology,1998, 161: 4388—-4395.

ndothelial cells play a critical role in integrating leuko- genes in endothelial cells, thus influencing inflammatory reactions.

cytes into immune and inflammatory lesions because ofTo this end, we used cultured porcine aortic endothelial cells as a

their strategic position at the interface between circulatingmodel for the donor, and human serum as a source of anti-
cells and tissues (1). Endothelial control of leukocyte migrationendothelial cell Abs and complement that are known to be in-
and activation is mediated in part by expression of adhesion molvolved in xenograft rejection (15). Using such a model, it was
ecules and proinflammatory cytokines, including chemokines (2earlier observed that complement stimulates endothelial cells with
3). Chemokines are members of a large family of structurally andoss of barrier and anticoagulant functions (16—-18). We studied the
functionally related cytokines that, tethered to endothelial cell surcomplement-mediated regulation of expression of chemokines
faces, attract and activate leukocytes, facilitating emigration acrosMICP-1/ IL-8, and RANTES in cultured endothelial cells because
endothelium (4-6). Endothelial cell production of chemokines isof discrete as well as overlapping functional characteristics of
of special interest because chemokines secreted by the endothbese molecules. For example, IL-8 attracts and activates neutro-
lium can appear immediately at the tissue-blood interface wherghils (19, 20), while MCP-1 and RANTES attract and activate
they can exert their effects. monocytes and subsets of T cells (21-25). We show here that

Endothelial cells produce chemokines in response to a variety ofomplement differentially induces the expression of the MCP-1,

endogenous and exogenous stimuli, including IL-1 (7—10), BNF- IL-8, and RANTES genes as a direct consequence of its action on
(7, 9, 11), low density lipoprotein (12), endotoxin (7), and com- endothelial cells and through an intermediate step, the synthesis
plement (13). The expression of chemokines by endothelial celland elaboration of IL-&.
differs depending on the stimulators applied, and this differential
expression may contribute to the selectivity of cell recruitment inMaterials and Methods
various types of inflammation, since only a limited set of inmuneReagents

cells is sensitive to each chemokine (14).

. . S amples of human blood from healthy individuals were used as a source of
The present study examined the mechanisms and kinetics binti—endothelial cell Abs and complement (26). Blood collected in sterile,

which complement might induce the expression of chemokingyyrogen-free containers was allowed to clot at 4°C, and the serum fraction

was separated and stored as aliquots &°C until used. The titer of Abs

o in serum was determined by ELISA, as described previously using cultured
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Duke University (Durham, NC). Soluble complement receptor-1 (sCR1) A
was obtained from T-Cell Sciences (Cambridge, MA). Actinomycin D was
purchased from Boehringer Mannheim (Indianapolis, IN). Cycloheximide % HS % HS % HS-C
and LPS (LPSEsherichia coliserotype 0111:B4) were obtained from P e B

Sigma (St. Louis, MO). Porcine IL-8, ILdl, IL-18, and TNF« primers 2.55 10 20 25510202.55 10 20
were provided by Dr. Robin S. Monroe (Duke University). Porcine &.-1 ;

cDNA was obtained from Dr. Soheyla Saadi and Robert A. Holzknecht Hme(hs) 06 88 6 & 123121212121292 1212

I Control
| Control

Treatment

(Duke University). Human IL-8 cDNA was obtained from Drs. Joost J. Probe
Oppenheim and Kouji Matsushima (National Cancer Institute, National MCP-1 . -
Institutes of Health, Frederick, MD). Human MCP-1 cDNA was obtained ’

from Dr. Barrett Rollins (Dana-Farber Cancer Institute, Boston, MA). Hu-
man RANTES cDNA was obtained from Dr. Thomas J. Schall (DNAX

Research Institute, Palo Alto, CA). IL-8 . . ‘

Endothelial cells

Endothelial cells were explanted from porcine aortae and cultured in :

DMEM supplemented with 10% heat-inactivated FBS, 4 milutamine, Actin m “" "
50 U/ml penicillin, and 5Qug/ml streptomycin (Life Technologies, Grand

Island, NY) as previously described (28, 29). The endothelial cells were

characterized by their morphology, including a cobblestone appearance B

when confluent, and by the ability to take up acetylated low density li-

poprotein (28). During our initial screening of a number of primary endo- Treatment Control 10% HS 10% HS-C
thelial cell lines for their capacity to induce various cytokine genes in Time (hrs) 01224 3 61224 3 6 12 24
response to human serum, we identified an endothelial cell line that failed

to express IL-&, IL-183, and TNFe in response to complement. These Probe

cells had normal morphologic characteristics and sensitivity to complement MCP-1 "

as measured by deposition of normal amounts of iC3b after incubation with .
human serum and by a normal level of complement-mediated cytotoxicity

(data not shown) (30). Experiments were performed with cells at passage:

4 to 10 that were grown to confluence in 60-mm tissue culture dishes IL-8 -
(Corning, Corning, NY).

Stimulation of endothelial cells
] o RANTES
Confluent monolayers of endothelial cells were washed twice with DMEM

and then incubated with human serum diluted in DMEM. Human serum
that had been heated to 56°C for 30 min to inactivate complement was usel

as a control. Endothelial cells were also stimulated with LPS, dl.dr Actin m

TNF-a in DMEM containing heat-inactivated FBS, as discussed in the text.

Northern blot analysis FIGURE 1. Induction of chemokine MCP-1, IL-8, and RANTES gene

Total RNA was obtained by the single step method, using acidic guani_expressmn by complement in endothelial cefls Kinetics of chemokine

dinium thiocyanate (31). Samples of total RNA (18) were electropho- gene expression induced_ by varioqs concentrations of humap serum con-

resed, blotted by capillary transfer onto nylon membranes (Amersham@ning natural xenoreactive Abs with complement (HS) or without com-

Arlington Heights, IL), and cross-linked to membranes by UV irradiation Plement (HS-C).B, Kinetics of chemokine gene expression induced by

(CL 1000 Ultraviolet Crosslinker, UVP, San Gabriel, CA) as described 10% HS with or without complement. Northern blots of total RNA samples

previously (32). Blots were prehybridized at 68°C in QuikHyb (Stratagene,were hybridized with**P-labeled cDNA probes as indicated. The results

CA) containing 20Qug of herring sperm DNA and were hybridized for2h shown are representative of five experiments.

with *2P-labeled probes at 68°C in the same buffer. Blots were washed in

1X SSC/0.5% SDS at 23°C followed by high stringency washes in 0.1%

SSC/0.1% SDS at 50°C and were exposed to Kodak BIOMAX film (East- . . . )

man Kodak, Rochester, NY). Blots were stripped by exposure to bo”ingpllcate using human chemokine ELISA kits obtained from Endogen

0.1% SDS before reprobing. The probes used were the RT-PCR fragmef¥voburn, MA).

of porcine IL-8 (GAATTC CTT CCAAAC TGG CTG TTG CC and AAG

CTT CTG TAC AAC CTT CTG CAC CC) (33), actin (ATG TTT GAG Results

égg ;"TC AAC; AfC and CAIEf(EiQQIfI\_ chTA(/iAcTAGTA;c(ZGé)c@é?e Differential expression of MCP-1, IL-8, and RANTES genes in
ragment of porcine : : : :

AGA GC and AAG CTT TGG GTG TCT CAG GCA GCT CC) (35), the porcine endothelial cells stimulated with human Ab and

PCR fragment of porcine ILA (GAA TTC CCA TAG TAC CTG AAC complement

CCG CC and AAG CTT TCA TCG GCT TCT CCA CTG CC) (36), and  cyjtyred porcine aortic endothelial cells expressed low levels of

the PCR fragment of TNl (GAA TTC CGT TGT AGC CAATGT CAA . . .

AGC C and AAG CTT CCA GGT AGA TGG GTT CGT ACC) (37). RNA MCP-1, IL-$, and RANT_ES mMRNAs _und_er resting conditions (Elg.

loading was assessed by staining the blots for 5 min with 0.01% methylend)- TO begin to determine how activation of complement might

blue in 0.3 M sodium acetate. Quantitative analysis of blots was accominduce the expression of various chemokine genes in endothelial

plished using a Betascope (Betagen, Waltham, MA) or an Ultroscan Xlce|is, the pattern of expression of MCP-1, IL-8, and RANTES

laser densitometer (LKB, Gaithersburg, MD). genes in response to human serum containing xenoreactive natural

Metabolic labeling, immunoprecipitation, and ELISA Ab and complement was investigated. As shown in Figure 1 and

Endothelial cells were labeled witf®8]methionine and®fS]cysteine (Du- Table I. (columns on le];t)’. exposurg 0:] erdotlhell]?l cells to human

Pont-New England Nuclear, Boston, MA) as described previously (32).S€rUmM induced a notable increase in the ev_e S0 MC'_D'J-' IL-8, and

Aliquots of labeled culture supernatants were immunoprecipitated usiniRANTES mRNAs. However, the rate of increase in IL-8 and

anti-human MCP-1, anti-human IL-8, and anti-human RANTES Abs. Sam-MCP-1 mRNAs was different from the rate of induction of the

Hiscontnuous. SDS-poacniamide. gels. according 1o the method of (AN TES ene in response to complement. Thus, IL-8 and MCP-1

Laemmli (38). Proteins were visualized by fluorography (39) using KodakaNAs were lncrease_d as early as 6 h, while RANTES mRNA

BIOMAX film. The levels of MCP-1, IL-8, and RANTES proteins in the Was not expressed until 12 h had elapsed. The rate of induction of

culture supernatant of stimulated endothelial cells were quantitated in duMCP-1, IL-8, and RANTES mRNAs was a function of the amount
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Table I. Pattern of expression of chemokine genes in complement- A sCR1
stimulated porcine aortic endothelial célls +
Treatment Control 20% HS 20% HS
Complement-Mediated Complement-Mediated .
IL-lapExpressing Cells Non-IL-ga Expressing Cells Time(hrs) 1 6 1224 1 6 1224 1 612 24
Chemokine Probe
Genes HS, 10% HS, 20% HS, 10% HS, 20%
o e W
MCP-1 Delayed Immediate No Immediate
(>12 h) <1h) (<1 h)
IL-8 Delayed Immediate No Immediate
(>12 h) <1h) (<1h) IL-8 -
RANTES Delayed Delayed No No
(>12 h) (>6h)
Human serum. RANTES ‘

of complement applied to the endothelial cells, as MCP-1 and IL-8

mRNAs were not up-regulated until 12 h when cells were exposed Actin
to a 10% concentration of human serum, and lower concentrations
of human serum induced no up-regulation of these transcripts.

B &

Role of complement in the induction of MCP-1 and IL-8 mRNAs
in porcine endothelial cells stimulated with human Ab and
complement

We examined whether human serum-induced expression of Time (hrs) 6 6 6 6
MCP-1, IL-8, and RANTES genes was due to complement acti- Probe

vation. Endothelial cells treated with varying concentrations of MCP-1 *.
heat-inactivated human serum did not express increased levels of
MCP-1, IL-8, and RANTES mRNAs (Fig. 1A and B). To test

whether the heat-labile component was complement, endothelial IL-8 “
cells were treated with human serum in the presence or the absence

of sCR1, which inhibits C3 convertase. As shown in Figufe 2

sSCR1 abolished human serum-induced up-regulation of MCP-1, m
IL-8, and RANTES genes. It was previously demonstrated that
complement activation and assembly of membrane attack complex
were required for complement-induced up-regulation of thedL-1 15
gene (17). To investigate whether the assembly of membrane at- O ™Mcp-1
tack complex (MAC) induces the initial expression of MCP-1 and
IL-8 mRNAs, the induction of these transcripts was examined in
endothelial cells stimulated with a high concentration (20%) of
C8-depleted human serum. As shown in FigurB 2ndC, human
serum depleted of C8 did not induce MCP-1 and IL-8 mRNAs.
However, the C8-depleted serum reconstituted with purified C8
induced IL-8 and MCP-1 mRNAs. Taken together, these results
(Figs. 1 and 2) suggest that complement activation leading to as-
sembly of MAC on endothelial cells causes expression of MCP-1,
IL-8, and RANTES mRNAs.

Actin

S

10 4

TRANSCRIPT LEVELS

Secretion of chemokine proteins by porcine endothelial cells
stimulated with human Ab and complement

We next examined whether porcine endothelial cells that ex-
pressed high levels of mRNA for MCP-1, IL-8, and RANTES
genes also secreted the corresponding proteins. Endothelial cells
stimulated with human serum were labeled withSmethionine

and P°S]cysteine for 2 h, and the chemokines secreted from théIGURE 2. Role of complement activation in the expression of MCP-1,
cells were immunoprecipitated. SDS-PAGE analysis of the immu-L-8, and RANTES genes in endothelial cells. Cultured porcine aortic en-
noprecipitates revealed high levels of IL-8, MCP-1, and RANTESdothelial cells were stimulated with human serum containing xenoreactive Ab
in the supernatants of the stimulated cells but very low levels ir@"d complement (HS) in the presence or the absenceaj/l SCR1 as
controls (Fig. 3). Consistent with the later induction of RANTES indicated. Northern blots of total RNA samples were hybridized V-
MRNA, culture medium was found to contain RANTES protein at labeled cDNA probes as indicatd8landC, Cultured porcine aortic endothe-

. . . . h lial cells were stimulated with human serum, C8-depleted human serum, or
16 h, but not at 3 h, following stimulation (FigC3. The sizes of C8-depleted human serum reconstituted with purified C8 y8#ml). B,

these porcine chemokines, estimated by migration in polyacrylygrhern biots of total RNA samples were hybridized viR-labeled cDNA
amide gels, were similar to those of human chemokines (40). Th@robes as indicated, Hybridization signals on x-ray film were quantified
levels of MCP-1, IL-8, and RANTES proteins were quantitated by using a laser densitometer. The values were normalized to the level of actin
ELISA in the culture supernatant of human serum-stimulatednRNA. The results shown are representative of three experiments.

CONTROL
20% HS
20% HS5-Cs8

20% HS-C8 + C8
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Anti-hu Anti-hu Anti-hu
Immunoprecipitation MCP-1 Ab Immunoprecipitation IL-8 Ab Immunoprecipitation RANTES Ab
—_— —_ I
10% 20% &10% 20% & 10% 20%
Treatment ¢° HS HS Marker Treatment G  HS HS Marker Treatment ¢° HS HS Marker
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A . ' e
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ks - RANTES -

FIGURE 3. Secretion of MCP-1, IL-8, and RANTES by endothelial cells after stimulation with complement. Cultured porcine aortic endothelial cells
were stimulated for 3 or 16 h with human serum containing xenoreactive Ab and complement (HS) as indicated and were metabolically labeled as descrit
in Materials and MethodanAbs specific for MCP-14), IL-8 (B), or RANTES () were added to the supernatants, and immunoprecipitates were analyzed
by SDS-PAGE followed by fluorography. The results shown are representative of three experiments.

endothelial cells. Table Il shows one experiment that is represeniaboratory indicated that following stimulation of porcine endo-
tative of four conducted. As was seen with immunoprecipitationthelial cells with complement, the induction of tissue factor was
analysis, high levels of IL-8, MCP-1, and RANTES were detectedmediated by IL-& produced by the endothelial cells in response to
in the culture supernatants of the stimulated endothelial cellsSMAC (17). Our analysis using PCR and Northern blots revealed
while low levels of MCP-1 and undetectable levels of IL-8 and that endothelial cells express very little IlBIMRNA and unde-
RANTES were seen in controls. A lower concentration (10%) oftectable levels of TNFee mMRNA in response to human serum (data
human serum induced MCP-1, IL-8, and RANTES at 16 h follow- not shown). Thus, we considered the possibility that tLright
ing stimulation; higher concentrations (20%) of human serum in-be a potential factor regulating the late phase induction of chemo-
duced an early increase in MCP-1 and IL-8 but not RANTES.kine genes. To directly test whether the expression of MCP-1,
Although immunoprecipitation and ELISA have different levels of |L-8, and RANTES mRNAs is determined in part by expression of
sensitivity, the results by ELISA were similar to those obtained|L-1q, porcine aortic endothelial cells were stimulated with human
with immunoprecipitation. serum in the absence or the presence of neutralizing Ab against
human IL-1x or in the presence of IL-1RA. As Figure 4 shows, the
delayed induction of MCP-1 and IL-8 mRNAs by 10 and 20%
human serum was strongly inhibited by anti-lk-1Ab (91 and
The early induction of MCP-1 and IL-8 mRNAs by an increased 80% inhibition, respectively). On the other hand, the early (at 3 h)
level of human serum may be a direct consequence of the action @ip-regulation of MCP-1 and IL-8 mRNAs by 20% human serum
complement. Conversely, the apparent delay in inductehh)  was minimally inhibited by the anti-IL¢ Ab (25% inhibition).
of MCP-1, IL-8, and RANTES mRNAs by human serum under Similar levels of inhibitory response were observed with the in-
some conditions suggested that these genes might be regulated 8lyision of IL-1RA (Fig. 4). These results suggest that MCP-1 and
intermediary factors produced by the endothelial cells in responsg -8 genes are induced by two mechanisms, one involving an ini-
to primary stimuli. Previous work indicated that the physiology of tial phase that is IL-& independent and another late phase that is
endothelial cells was potentially regulated by endogenousdl-1 dependent upon synthesis of ll-Jand its action on endothelial
(41). Specifically, it was shown that the induction of cyclo-oxy- cells. In contrast, up-regulation of RANTES mRNA was always
genase in endothelial cells was mediated by synthesis ol inhibited by anti-IL-kx Ab or IL-1RA, suggesting that RANTES
its action on endothelial cells. In addition, previous work from our gene induction by complement requires the synthesis and avail-

ability of IL-1a.

To demarcate IL-1-independent and IL-1-dependent mecha-

Table Il. MCP-1, IL-8, and RANTES protein levels in the culture nisms of induction of MCP-1, IL-8, and RANTES genes by com-
supernatant of complement-stimulated porcine aortic endothelial®cells . . .

plement, we studied a line of endothelial cells that do not express
detectable amounts of ILel IL-18, or TNF« (Fig. 5A and data

Different phases of MCP-1, IL-8, and RANTES mRNA induction
by complement

MCP-1 IL-8 RANTES . . .
Treatment (pg/ml) (pg/ml) (pg/ml) not shown) in response to complement. During routine culture,
an these cells constitutively expressed low levels of MCP-1 and IL-8
Control (3 5 0 0 _ ; ; ;
Human serum, 10% (3h) 110 0 0 mthl:lAs but”not I.thx ohr' RhANTES mRNA (Flg(.] B). fS:]lmuIatlon
Human serum, 20% (3h) 155 2 0 0 these cells with a high concentration (20%) of human serum
Control (16 h) 20 0 0 induced heightened levels of MCP-1 and IL-8 mRNAs but negli-
Human serum, 10% (16 h) 370 38 95 gible levels of IL-lx and RANTES mRNAs. This is in contrast to
Human serum, 20% (16 h) 200 8 140 the expression of all three chemokine mRNAs in normal IL-1-

2Values shown are means of duplicate samples tested by ELISA. expressing cells (compare Fig. A,with B; Table 1). Following
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anti- anti- A anti- anti-
IL-1a IL-1a IL-1a Ab IL-1a Ab
Ab Ab  IL-1RA IL-1RA (10 pg/ml) (20 ug/mi)  SCR1
+ + + + + + ¥
Treatment Control 10% HS 20% HS 10% HS 20% HS 10% HS 20% HS Treatment Control  20% HS 209, s  20% HS 20% HS
Time (hrs) 31224 31224 3122431224 3122431224 31224 Time(hrs) 1 612241 61224 1 612241 612241 612 24

Probe Probe
MCP-1 . ”’ LI - mce-1 B m L
M W o o e
RANTES s e & kY™
RANTES “ : : .

T IL-1a
IL-1a EEY
. . B anti- anti-
FIGURE 4. Role of endogenous ILel in the expression of MCP-1, IL-1a Ab  IL-1a Ab
IL-8, RANTES, and IL-1x genes to complement in endothelial cells stim- (10 pg/ml) (20 pg/mi) scf‘
+

ulated with human serum. Cultured porcine aortic endothelial cells were Treatment  Control  20% HS 20.{ HS 20% HS 20% HS
stimulated with human serum containing xenoreactive Ab and complement Time (hrs) 1 612241 612241 61224 1 61224 1 6 12 24

(HS) in the presence or the absence ofuddml anti-IL-1a: Ab or 12 ng/ml ]
IL-1RA as indicated. The control Ab was noninhibitory to the induction of et . ‘.M..
these cytokine genes in porcine aortic endothelial cells (17). Northern blots

of total RNA samples were hybridized witiP-labeled cDNA probes as
indicated. The results shown are representative of three experiments. IL-8 w-— -

exposure to lower concentrations (10%) of human serum, IL-1- RANTES ' e ¢
nonexpressing cells did not express MCP-1, IL-8, or RANTES

MRNA (data not shown), while IL-1-e_xpressmg cel_ls d|d so (Fig. Lt ’. '.

4 and Table ). Furthermore, the anti-lle1Ab that significantly

inhibited late induction of MCP-1, IL-8, and RANTES mRNAS in

IL-1-expressing cells (Fig.B) did not alter the levels of MCP-1 Actin m

and IL-8 mRNAs in IL-1-nonexpressing cells (FigAp IL-1-non-

expressing cells were able to respond normally to other types JfIGURE _5. Diﬂ‘grential inducti_on of chemqkine genes in end_othelial cells
stimulation, as treatment of the cells with rlle(Fig. 6), LPS that vary in the ability to synthesize ILal Porcine aortic endothelial cell cells

(Fig. 6), or FTNFe (data not shown) induced RANTES as well as that do not express ILelin response to complemerf)(and normal porcine
- aortic endothelial cells that express lk-Ih response to complemer)(were

MCP-1 and IL-8 mRNAs. Taken together, these results demongy . -ted with human serum containing xenoreactive Ab and complement

strate that RANTES gene '“du?t'on by complement for th? mos’{HS) and then tested for the induction of MCP-1, IL-8, and RANTES mRNAs
part depends on the production of endogenous dl-while  in the presence or the absence ofifiml anti-IL-1e Ab, 20 ug/ml anti-IL-1e
MCP-1 and IL-8 genes are induced directly by complement.  Ab, or 6 ug/ml sSCR1 as indicated. Northern blots of total RNA samples were

hybridized with®?P-labeled cDNA probes as indicated. The results shown are
Effects of transcriptional and translational inhibitors on the representative of three experiments.

initial up-regulation of MCP-1 and IL-8 mRNAs in porcine
endothelial cells stimulated with human Ab and complement

We investigated whether initial induction of MCP-1 and IL-8 mR-

NAs in endothelial cells by complement was the result of tran-and IL-8 mRNAs compared with those in endothelial cells treated
scriptional or post-transcriptional mechanisms. Endothelial cellswith either cycloheximide or 15% human serum alone. These re-
that did not express IL-1 in response to complement were stimusults demonstrate that de novo protein synthesis is not required for
lated with 15% human serumrf@ h and were further cultured for the initial induction of MCP-1 and IL-8 gene transcription in en-
additional time with or without actinomycin D (Fig. 7). MCP-1 dothelial cells stimulated with a high concentration of human se-
and IL-8 mRNAs decayed similarly in actinomycin D-treated and rum. Further, we extended our studies to check the effects of cy-
untreated cells. These experiments suggest that the human serunieheximide to ascertain the role of protein synthesis in the late
induced increase in MCP-1 and IL-8 mRNA levels resulted fromphase (beyond 12 h) expression of MCP-1, IL-8, and RANTES
induction of MCP-1 and IL-8 gene transcription. We then inves-mRNAs in 10% human serum-stimulated endothelial cells. Cyclo-
tigated whether the initial expression of MCP-1 and IL-8 genesheximide alone induced the expression of MCP-1, IL-8, and RAN-
required de novo protein synthesis, since these genes are induc@&S mRNAs similar to the levels up-regulated by human serum in
as a direct consequence of the action of complement. As shown ithe presence or the absence of cycloheximide (data not shown).
Figure 8, incubation with cycloheximide alonerf® h led to an  These results suggest that protein synthesis, presumably the syn-
increased basal level of expression of MCP-1 and IL-8 mRNAsthesis of endonucleases, is an important factor in degrading the
Incubation with cycloheximide followed by stimulation with 15% mRNA synthesized during stimulation and determining the kinet-
human serum resulted in a further increase in the levels of MCP-1ics of these responses.
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FIGURE 6. Complement-stimulated endothelial cells that do not pro-
duce IL-1x respond to exogenous Ilelor LPS with the induction of
IL-1a, RANTES, IL-8, and MCP-1 mRNAs. Cultured porcine aortic en-
dothelial cells that do not express Iledn response to complement were
stimulated with rIL-2x (800 U/ml) in the presence or the absence of 10
wg/ml anti-IL-1 Ab or 20 ug/ml LPS as indicated. Northern blots of total o - o '
RNA samples were hybridized wittfP-labeled cDNA probes as indicated.

The results shown are representative of three experiments. HOURS POST-HS

25 4

DENSITOMETRY (% 2 HOURS)

12
16

FIGURE 7. Effect of RNA synthesis inhibition on complement-induced
Discussion MCI_3-1 and IL-_8 transcript stability in endothel!al cells. Cultured porcine

aortic endothelial cells that do not express I&-th response to comple-
It is increasingly evident that complement is involved either di- ment were stimulated f2 h with 15% human serum containing xenore-
rectly or indirectly in many facets of immune and inflammatory active Ab and complement (HS). Actinomycin D (AcD) was then added at
responses (42). A number of studies have shown that the depogi-ptg/ml (time zero), and cells were incubated for the indicated times.
tion of complement components on leukocytes as well as tissulorthem blots of total RNA samples were hybridized witiP-labeled
cells triggers cell activation and the release of inflammatory meMCP-1 or IL-8 cDNA probes. Hybridization signals on x-ray film were

diators (43, 44). Notably, in a vascular xenograft model using pc)r_quantified using a laser densitometer. The values were normalized to 100

. . at time zero for comparison of transcript stability and were represented as
cine endothelial c_ells and human ser_um, CSP'CQ_(MAC) has beenymbols. The lines Fe)lre the linear regpression t%?tted to thesep points. The
demonstrated to induce the expression of biologic response mogsgits shown are representative of two experiments.

ifiers such as P-selectin and IleX17, 45). Due to alterations of

the physiologic status induced by complement, the endothelial

cells loose barrier function and thereby may amplify inflammatory

responses in part by directing the trafficking of inflammatory cells.genes, the mechanisms leading to the induction of these genes and
The association of cellular infiltration with humoral immune re- the pattern of chemokine gene expression that ensues are uncertain
sponses involving activation of complement may well depend(13). The present report addresses the relationship between acti-
upon the production of a cascade of chemokines by endothelialation of complement and differential expression of chemokines
cells. Thus, the pattern of expression of chemokine genes that o®¢CP-1, IL-8, and RANTES in endothelial cells. Both MCP-1 and
curs in response to complement or other inflammatory mediatorfi_-8 responded early with a prolonged induction as a result of high
may contribute to the kinetics and selectivity of cell recruitment, level complement activation. RANTES expression, on the other
since a limited set of immune cells is sensitive to each chemokindéand, occurred late regardless of the quantity of complement com-
(5, 14). Although MAC is thought to induce MCP-1 and IL-8 ponents generated. The late phase induction of the MCP-1, IL-8,
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MCP-1 have simultaneously influenced the expression of IL-8 and MCP-1
genes during the early phase in cells exposed to higher concentra-
tions of human serum. ILd-dependent late phase induction of

18 these chemokine genes suggests that thedllgéne is more sen-
10 sitive to complement-induced signaling pathways. Additionally, it
% ] may be due to IL-1 inducing its own biosynthesis (46). The de-
o pendence of MCP-1, IL-8, and RANTES expression on endoge-
E 75 4 nous IL-lx activity suggests that factors governing local availabil-
x 5 ity of IL-1, such as regional blood flow, could play an important
2 7 role in inflammation. Consequently, the present study indicates
=z that the expression of chemokines in endothelial cells occurs as a
Fo25 4 function of differential responses to complement. Consistent with
these observations, it has been demonstrated that early induction of

0 the IL-8 and MCP-1 genes and delayed induction of RANTES
occur in a number of cell types, including endothelial cells, in
response to stimulation by a variety of other agents (7-10, 47, 48).
The pattern of induction of chemokine genes would appear to
correlate with in vivo cellular infiltration associated with acute
vascular and cellular rejection. It has been well documented that
IL-8 predominantly attracts and activates neutrophils, whereas
MCP-1 attracts and activates monocytes and T cells (19-22, 25).
Although RANTES is known to attract and activate monocytes, a
number of studies indicate that RANTES is a potent attractant and
activator of T cells (23, 24). Infiltration of neutrophils and mac-
12.5 rophages into xenografts has been observed at early time points,
consistent with potential involvement of IL-8 and MCP-1 (49).
10 The notable accumulation of T cells during the 2 to 3 days fol-
lowing transplantation of xenogeneic organs may reflect the ex-
7.5 4 pression of RANTES brought about by complement activation
(50). A slower pattern of expression of these genes and cellular
5 infiltration was recently observed in vivo during skin allograft re-
jection (51), perhaps reflecting the relative absence of active com-
25 plement products.
Using IL-1-nonexpressing cells, the present study allowed a sep-
o aration of primary and secondary mechanisms of induction of
MCP-1 and IL-8 genes by MAC. Our investigation with IL-1-
nonexpressing cells revealed that early induction of MCP-1 and
IL-8 mRNAs required no de novo protein synthesis and appeared
to occur at the transcriptional level in primary response to acti-
vated complement components. It appears from these observations
that MAC may modulate the activity of already existing transcrip-
FIGURE 8. Effect of protein synthesis inhibition on early MCP-1 and tional factors and thereby up-regulate the expression of MCP-1
IL-8 gene expression to complement in endothelial cells. Cultured porcineand IL-8 genes.
aortic endothelial cells that do not express l&-ih response to comple- The signaling pathway by which MAC specifically promotes the
ment were pretreated for 0.5 h with or without @@/ml cycloheximide  aypression of MCP-1 and IL-8 genes in endothelial cells has yet to
(CHX) and then stimulated with 15% human serum containing xenoreacyq yeermined. Previous studies have shown the ability of MAC to
tive Ab and complement (HS) for 3 h. Northern blots of total RNA samples . . . .
were hybridized with??P-labeled MCP-1 or IL-8 cDNA probes. Hybrid- '”duc_e a number of dlfferent' cell signaling pathways_ that could
ization signals on x-ray film were quantified using a laser densitometer.pOSSIny regulate the expression of these genes. Studies from other
The values were normalized with the levels of total RNA. The results/aboratories demonstrated that the complement components C5b-8
shown are representative of two experiments. and C5b-9 up-regulate intracellular levels of diacylglycerol and
activate protein kinase C (52, 53). MAC may also influence cell
function by interacting with guanine nucleotide-binding proteins
and RANTES genes indicates that the level of induction of inter-(G proteins). It is possible that by these pathways deposition of the
mediary factors by complement could regulate the expression oMAC may modulate the expression or activity of transcriptional
these chemokine genes. Two phases of chemokine gene inductidactors, in turn leading to a selective up-regulation of MCP-1 and
are clearly separated by inhibition of ILalIn the absence of any IL-8 genes. A recent study has demonstrated that the translocation
role for IL-1B or TNF-w, inclusion of anti-IL-Xx Ab or IL-1RA of NF-kB is necessary for endothelial activation with the induction
only minimally inhibited the expression of MCP-1 and IL-8 genes of IL-8 and MCP-1 genes (54). Activation of NkB has been
during the early phase, but prevented later expression of MCP-Ishown to play a crucial role in the induction of many different
IL-8, and RANTES genes. Based on this finding, we reasoned thagenes by a number of stimuli in the endothelial cells (55). In this
the incomplete inhibition of expression of chemokines genes bycontext, the IL-1-nonexpressing cells might constitute a unique
anti-IL-1a Ab or IL-1RA during the early phase of stimulation system to understand the complement-mediated primary response
reflects a primary response to complement. In other words, botbf MCP-1 and IL-8 genes in endothelial cells. Additional studies
complement and IL-d rapidly synthesized by complement might are underway to understand the precise pathways by which MAC
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modulates the expression of these chemokine genes in endothelizd.

cells.
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