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Monocyte chemotactic protein-1 (MCP-1) chemoat-
racts and activates monocytes. The nature of the
enes that are transcriptionally activated in the mono-
ytes by MCP-1 is not well understood. To identify
uch genes, human blood monocytes were incubated
ith or without MCP-1 for periods of 1, 4, and 12 h and

he RNA extracted from these monocytes was sub-
ected to differential display. The differentially ex-
ressed transcripts were cloned and sequenced. Dif-
erential display showed that interleukin-1b (IL-1b)
ene expression was upregulated by MCP-1 treatment
f monocytes for 4 to 12 h. Quantitative PCR and
LISA assays showed that MCP-1 treatment caused
levation in the levels of IL-1b transcripts and protein,
espectively. Immunoblot analysis showed that most
f the protein was pro-IL-1b. Since IL-1b is known to
nduce MCP-1 synthesis, the present demonstration
hat MCP-1 induces IL-1b synthesis suggests that the
nduction of each other would amplify the biological
ffects of these cytokines during inflammation. © 2000

cademic Press

Key Words: MCP-1; IL-1b; monocytes; differential
isplay.

Monocytes play an important role in host defense
echanisms. In most tissues, peripheral blood mono-

ytes migrate in response to the gradient of monocyte
hemotactic protein-1 (MCP-1). Once these cells inter-
ct with chemokines, they adhere to the vascular en-

Abbreviations used: MCP-1, monocyte chemotactic protein-1; IL-
b, interleukin-1b; ELISA, enzyme-linked immunosandwich assay;
CR, polymerase chain reaction; RT, reverse transcription; LPS,

ipopolysaccharide; ICE, interleukin-1b cleavage enzyme; NF-kB,
uclear factor-kB; CCR2, CC chemokine receptor 2; IL-IR1, interleu-
in receptor type 1; IL-1 RacP, interleukin-1 receptor accessory
rotein; TNFa, tumor necrosis factor a; SDS-PAGE, sodium dodecyl
ulfate-polyacrylamide gel electrophoresis.
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nd traverse into the extracellular matrix where they
ature into macrophages (1, 2). In vitro, MCP-1 shows

hemotactic activity for monocytes, T cells, mast cells,
nd basophils. MCP-1 can be produced by a plethora of
ells including endothelial cells, epithelial cells, fibro-
lasts, cardiomyocytes, leukocytes, and platelets (1).
ts production is induced by cytokines indicative of
njury and inflammation such as interleukin-1 (IL-1)
nd tumor necrosis factor a (TNF-a), and by signals of
nfection such as lipopolysaccharide (LPS) (1, 3–7).

CP-1 expression has been shown to be induced
nder a variety of pathological conditions involving
n inflammatory component such as atherosclerosis,
ongestive heart failure, rheumatoid arthritis, sys-
emic lupus erythematosus, and idiopathic pulmonary
brosis.
Once MCP-1 binds to its seven-transmembrane re-

eptor, CCR2, a series of G-protein-coupled signaling
vents occur (8–11). Some of these events are involved
n chemotaxis and others must lead to the induction of
xpression of specific genes for other biological func-
ions possibly including activation and/or maturation
f monocytes. The nature of the genes that are tran-
criptionally activated as a consequence of MCP-1
inding to monocytes is poorly understood. In this
tudy, we explored this by performing mRNA differen-
ial display that revealed that IL-1b mRNA is among
he transcripts upregulated in human monocytes as a
esult of exposure to MCP-1. We confirmed this finding
y demonstrating increase in IL-1b transcripts by
uantitative RT-PCR and increased production of pro-
L-1b protein by immunological methods. These re-
ults suggest that IL-1b and MCP-1 trigger the expres-
ion of each other to amplify their biological effects.

ATERIALS AND METHODS

Isolation of monocytes from blood. Monocytes were isolated from
uffy coat from human blood (local Red Cross) using Ficoll-Paque
ollowed by adherence separation. The adherent monocytes were
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.



incubated in RPMI-1640 with human sera (20%) in the presence or
a

b
D
T
e
t
a
G
T
f
a
m
W
h
a
c
s

w
R
w
G
C
r

t
c
P
m
B
w
c
p
5
c
w
G
C
w
C
C
w
g

w
8
a
1
w
i

R

D

m
w
i
t
s

a
s
a
p
M
c
a
a
r
c
s
s
c
1
a
p
c
W
p
a
s
t

E

t
I
u

o
c
m
p
s

Vol. 277, No. 1, 2000 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
bsence of MCP-1 (7 nM) for different periods of time.

mRNA differential display. Total RNA from monocytes, isolated
y TRIzol method (Gibco BRL-Life Technologies), was treated with
Nase I (Clontech), and purified with the QIAGEN RNeasy mini-kit.
he mRNA differential display was performed using a Delta differ-
ntial display kit (Clontech) according the manufacturer’s instruc-
ions using pairwise combination of P and T primers [10 arbitrary P
nd 9 oligo(dT) T primers]. Example: P1 (ATTAACCCTCACTAAAT-
CTGGGGA) and T1 (CATTATGCTGAGTGATATCTTTTTTTT-
AA). The PCR conditions: 94°C (5 min), 40°C (5 min), 68°C (5 min)

or one cycle, 94°C (2 min), 40°C (5 min), 68°C (5 min) for two cycles
nd 25 cycles at 94°C (1 min), 60°C (1 min), 68°C (2 min). The PCR
ixture (1.5 ml) was subjected to electrophoresis and transferred to
hatman paper, dried, and exposed to X-ray film at 270°C for 12–18

. DNA from the gel segments was reamplified by PCR for 20 cycles
t 94°C (1 min), 60°C (1 min), 68°C (1 min). These products were
loned into T/A-cloning vector (pCR 2.1-TOPO) from Invitrogen, and
equenced.

RT-PCR. Total RNA, obtained as for mRNA differential display,
as converted into first strand cDNA by SuperScript II RNase H
everse Transcriptase (Gibco-BRL) and aliquots were subjected to PCR
ith the following primers for IL-1b: forward 59-AAACAGATGAA-
TGCTCCTTCCAG-39; reverse 59-TGGAGAACACCACTTGTTGCT-
CA-39 and for b-actin: forward 59-GACTACCTCATGAAGATCCT-39;

everse 59-CCACATCTGGTGGAAGGTGG-39.

Quantitative PCR. All real time PCR reactions were conducted in
he Bio-Rad iCycler. For each 50 ml reaction mixture, the following
omponents were assembled in a master mix: 45 ml 1.13 Platinum
CR Supermix (Life Technologies), 2 ml 50 mM MgCl2, 0.15 ml 100
M each of forward and reverse primers, 0.1 ml 100 mM probe (PE
iosystems), 1.0 ml DNA, 1.6 ml ddH2O. Aliquots (50 ml) of the mix
ere dispensed into a 96-well thin-wall PCR plate, the plate was

overed with a piece of optically clear sealing film and the plate was
laced in the iCycler. PCR conditions were 3 min at 95°C, followed by
0 cycles of 95°C for 10 s and 63°C for 30 s. Optical data were
ollected during the 63°C step. Primer and probe sequence for b-actin
ere: forward: 59-TGCGTGACATTAAGGAGAAG-39, reverse: 59-
CTCGTAGCTCTTCTCCA-39, probe: 59-6FAM-CACGGCTGCTTC-
AGCTCCTC-TAMRA-39. Primer and probe sequence for IL1-b
ere: forward: 59-CATTGCTCAAGTGTCTGAAG-39, reverse: 59-
CTCATTGCCACTGTAATAAG-39, probe: 59-6FAM-CAGAAGTAC-
TGAGCTCGCCAGTG-TAMRA-39. Amplification of genomic DNA
as used to verify that the PCR conditions did not amplify any
enomic DNA contamination.

Immunoblotting and ELISA. Cells were harvested, washed twice
ith PBS, lysed for 30 min at 4°C in lysis buffer (50 mM Tris-Cl, pH
.0, 150 mM NaCl, 1% NP-40, 100 mg/ml PMSF, 1 mg/ml aprotinin,
nd 1 mg/ml leupeptin), and the cell lysate was centrifuged at
6,000g for 10 min. Aliquots of cell extract and cell culture media
ere diluted with PBS and analyzed for IL-1b by ELISA (R&D) and

mmunoblotting.

ESULTS AND DISCUSSION

ifferential Display Showing Induction of IL-1b in
Human Monocytes Resulting from Incubation
with MCP-1

To explore induction of gene expression in human
onocytes by MCP-1, a differential display approach
as used. Total RNA extracted from human monocytes

ncubated with 7 nM of MCP-1 and from control (un-
reated) monocytes were reverse transcribed and first-
trand cDNA was amplified by using a combination of
38
rbitrary P primers and oligo(dT) T primers. Figure 1
hows the area of a differentially displayed gel where
mplified products were obtained with P1 and T1
rimer combination as indicated under Materials and
ethods. Enhanced level of expression of a gene

aused by treatment of monocytes with MCP-1 for 1, 4
nd 12 h was indicated by the appearance of a product
t 480 bp (Fig. 1). When the DNA from this band was
ecovered from the gel, re-amplified by PCR, and
loned, and six clones were sequenced, each showed the
ame sequence. A GenBank search revealed that this
equence was identical to that of IL-1b/pro-IL-1b
DNA (12, 13) beginning at position 671 and ending at
054 to 1100 bp. The IL-b precursor is a 269 amino-
cid protein which is cleaved into a 116 amino acid
ro-segment and 153 amino acid mature peptide en-
oded by nucleotides from position 426 to 884 (12).
ith mRNA differential display, we found MCP-1 de-

endent synthesis of pro-IL-1b in human monocytes
nd this transcript level reached a maximum after
everal hours of treatment with physiological concen-
rations of MCP-1.

ffect of MCP-1 Treatment on the Level of IL-1b
Transcripts in Human Monocytes

We performed RT-PCR and real time PCR to further
est whether MCP-1 treatment caused an increase in
L-1b transcript level. We found that 18 cycles of PCR
nder our conditions most clearly demonstrated the

FIG. 1. A differential-display gel showing the amplified products
btained with P1 and T1 primer combination. (A) 1:10 dilution of
DNA, (B) 1:40 dilution of cDNA. 1, 3, 5: templates from untreated
onocytes; 2, 4, 6: from MCP-1-treated monocytes; MCP-1 treatment

eriods are shown on top. Arrow, the band representing IL-1b tran-
cript fragment.
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nhanced level of IL-1b transcript resulting from
CP-1 treatment of monocytes (Fig. 2). This increase
as discernible at 1, maximal after 4 h, and remained
pproximately at this level for 12 h of MCP-1 treat-
ent; b-actin transcript level remained unchanged

Fig. 2A).
IL-1b transcript levels were measured by real-time

CR using the probe and primers indicated under Ma-
erials and Methods with b-actin transcript as a con-
rol (Fig. 2B). Increase in IL-b transcript level was
bvious (5-fold) after 1 h of treatment with MCP-1.
urther increase by 4 h (14-fold) and less marked in-
rease (4-fold) during the next 12 h were observed.

ncreased IL-1b Protein Levels in Human Monocytes
Treated with MCP-1

To test whether the enhanced IL-1b mRNA level was
eflected in the level of IL-1b protein in human mono-
ytes, we performed immunoblotting and ELISA as-

FIG. 2. (A) RT-PCR products of IL-1b and b-actin transcripts
rom human monocytes treated with 7 nM MCP-1. Equal amounts of
NA were used for first-strand cDNA synthesis. (B) MCP induced
hanges in the levels of IL-1b transcripts measured by real-time
CR. Standard curves derived from plasmids were used to quanti-
ate starting copy number in the unknown samples. The data were
ormalized to the b-actin controls. A one-tailed, paired Student’s t
est showed significance at all treatment times (1 h, P , 0.01; 4 and
2 h, P , 0.05). Data are displayed as means 1 SEM.
39
hows a time course of increase of pro-IL-1b levels in
uman monocyte extracts. We observed much higher

evels of pro-IL-1b in MCP-1-treated monocytes as
ompared to control cells. We did not detect mature
L-1b in the monocyte extract. The medium containing
he secreted form of IL-1b also showed only the unproc-
ssed form. Quantitative analysis of IL-1b with anti-
odies that detect both the pro- and the mature forms
f IL-1b confirmed induction of IL-1b by MCP-1 treat-
ent of monocytes. Time-dependent accumulation of

L-1b in the culture media was observed and higher
evels of this cytokine were found in MCP-1-treated

onocytes when compared to controls (Fig. 4). Both
estern blot analysis and ELISA assay showed that at

very time point MCP-1-treated cells had higher IL-1b
rotein levels when compared to controls. This finding
s consistent with the elevated mRNA levels observed
n MCP-1-treated monocytes. This cytokine accumu-
ated in the monocytes during the early period of

CP-1 treatment and subsequently was released into
he medium.

It is well established that inflammatory cytokines
uch as IL-1b stimulate expression of MCP-1 that is
roduced by many different cell types including endo-
helial cells, fibroblasts, and monocytes. MCP-1 also
lays a pivotal role in monocyte migration and activa-
ion (14). Migration is an early response that probably
oes not require expression of new genes. Activation,
n the other hand, probably requires expression of
enes triggered by the MCP-1 induced signaling. The
ature of the genes that might be transcriptionally
ctivated as a result of MCP-1 treatment of its target
ells remains unclear. In this paper, we demonstrate
hat MCP-1 treatment of human monocytes causes
ncreased expression of IL-1b gene. Quantitative real
ime PCR and immunological assays show the increase
n IL-1b transcript and protein levels, respectively,
aused by MCP-1 treatment of the monocytes. This
irect demonstration of induction of IL-1b gene by
CP-1 treatment is consistent with the following ob-

ervations. A D10 proliferation assay of lysates of
CP-1 treated monocytes suggested that MCP-1
ight have caused an increase in IL-1b (15). Treat-
ent of sensitized rabbits with anti-MCP-1 antiserum

howed a trend towards decreased levels of IL-1b in the
ung tissue (16).

The sequence of events involved in processing and
elease of the 31-kDa pro-IL-b to the mature 17-kDa
orm has not been established. It has been postulated
hat IL-1b is produced by monocytes and macrophages
nd released by a normal secretory apparatus only
fter proteolytic processing. However, some recent ev-
dence suggests that the primary translation product
31 kDa) and 28- and 3-kDa fragments as well as the
7-kDa mature form can be released (17). Our immu-
oblots show that the unprocessed IL-1b is produced
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nd released by monocytes. Neither the shorter forms
or the mature IL-1b were detected in the MCP-1-
reated monocytes. It has been reported that secondary
timuli such as ATP and monovalent cations enhance
rocessing and secretion of IL-1b (18, 19). Maturation
f the IL-1b processing enzyme (caspase-1, ICE),
resent in monocytic cells as an inactive 45-kDa pre-
ursor (20), is enhanced by treatment with ATP (21).
xtracellular ATP was reported to increase post-

ranslational processing of pro-IL-1b via a surface P2Z-
ype purine receptors (22, 23).

The molecular basis of MCP-1 induction of IL-1b
roduction is not clear although it is likely that such

FIG. 3. Immunoblot of IL-1b in cell extract (A) and culture media
CP-1 for different periods of time. 5–20 mg of protein from cell ext

ransferred onto an Immobilon-P membrane and treated with rabb
iotechnology). After incubation with HRP-conjugated secondary a
uper Signal West Dura Extended Duration Substrate (Pierce) and
rrow.

FIG. 4. Total amount of pro-IL-1b in cell extract and cell culture
edia of monocytes incubated in the absence and presence of 7 nM
CP-1 as determined by ELISA. After different periods of time

ultured media were collected, and cells were harvested and lysed.
qual amounts of cell lysate and equal volumes of culture media
ere analyzed and total amounts of IL-1b were calculated. 1, control

ell extract; 2, extract from MCP-1 treated cells; 3, control media; 4,
edia from MCP-1 treated cells.
40
nduction involves some products of MCP-1-induced
ignaling. The cellular effects of MCP-1, mediated by
ts binding to chemokine receptor 2 (CCR2), involves
timulation of the formation of the lipid products of
hosphatidyl inositol signaling pathways (24) and pro-
ein kinase C (PKC) (25). IL-1b synthesis in human
onocytes induced by Epstein–Barr virus is known to

nvolve the same phosphatidyl inositol signaling path-
ays and PKC (26). This process involves activation of
uclear factor kB (NF-kB) (26, 27). Thus, MCP-1 bind-

ng can activate IL-1b synthesis via NF-kB.
IL-1b, in turn, is known to stimulate MCP-1 synthe-

is (1, 3–7). IL-1b signals through the type 1 interleu-
in receptor (IL-1RI) and its co-receptor accessory pro-
ein (IL-1 RacP) (28) and activates NF-kB (29). Using
ene Discovery Array (GDA, Genome Systems) we

ound enhanced production of IL-1RAcP and IL-1RI
recursor in monocytes treated with MCP-1 for 4 h
data not shown). IL-1b itself is a major inducer of
F-kB (30–32). The promoter of the MCP-1 gene con-

ains sites for NF-kB and thus, IL-1b causes induction
f MCP-1 synthesis (33, 34). Thus, mutual transcrip-
ional activation of MCP-1 and IL-1b probably involves
F-kB.
Like IL-1b, MCP-1 is involved in many inflamma-

ory, immune-mediated, and infectious human dis-
ases such as rheumatoid arthritis, sepsis, inflamma-
ory bowel disease, and atherosclerosis to name a few.
L-1b is known to increase MCP-1 levels, and our re-
ults provide direct evidence that MCP-1 induces ex-
ression of IL-1b. Thus, these two cytokines have pos-
tive feedback loops to enhance the production of each
ther to amplify their biological consequences and am-
lification probably occurs in certain pathological con-
itions. Both of these cytokines are found to be ele-
ated in the serum of patients with heart failure (35).
CP-1 is also known to play a very important role in

therogenesis as it attracts monocytes to the damaged

) of human monocytes incubated in the absence or presence of 7 nM
t and 30 ml of the culture media were subjected to 15% SDS-PAGE,
anti-human IL-1b polyclonal antibody (1:10,000 dilution) (Upstate
ody (1:100,000 dilution) (Sigma), the membrane was immersed in
osed to a film. Bands at 31 kDa represent pro-IL-1b, shown by an
(B
rac
it

ntib
exp



vessel wall. MCP-1 has been detected in atherosclerotic
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esions (36, 37) and elevated levels of MCP are found in
he serum of patients with heart failure (38). By eluci-
ating the mechanisms involved in the interplay be-
ween these cytokines, it might be possible to devise
ovel therapies directed at these pathways.
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