
Interactions between HIV-infected monocyte-derived

endothelial cells result in increased expression of
CC chemokines

Leonie A Boven*,1, Jeena Middel1, Esther CW Breij1, Diana Schotte1, Jan Verhoef1, Carl Soderland2 and
Hans SLM Nottet1

1Eijkman-Winkler Institute, Section of Neuroimmunology, University Medical Center Utrecht, The Netherlands and
2Cell Systems Corporation, Kirkland, WA 98034, USA

The presence of perivascular monocytic in®ltration is a major hallmark of HIV-
1-associated dementia. Since CC chemokines are chemoattractant cytokines
that are able to attract T cells and monocytes/macrophages to sites of
in¯ammation, and since in®ltrating monocytes/macrophages remain in close
contact with the brain endothelium, we investigated whether interactions
between HIV-1-infected macrophages and brain endothelium result in an
altered chemokine production. We found an increased mRNA expression of
monocyte chemotactic protein-1 (MCP-1), macrophage in¯ammatory protein
(MIP) -1a and MIP-1b, and RANTES by macrophages after HIV-1 infection.
Interactions between HIV-infected macrophages and brain microvascular
endothelial cells resulted in an additional upregulation of chemokine mRNA
expression, during cell ± cell contact as well as in a trans-well system. Since IL-
1b can function as a modulator of chemokine expression we investigated if
interleukin-1b could be involved in the regulation of chemokine induction.
Coculturing of HIV-infected macrophages and endothelial cells resulted in
immune-activation as indicated by increased mRNA expression of IL-1b.
Subsequently, addition of a neutralizing antibody against IL-1b resulted in
altered chemokine expression by macrophages, but not by endothelial cells.
Thus, IL-1b appears to play a major role in the regulation of chemokines during
cellular interactions in HIV-associated dementia, but other factors may also be
involved. Journal of NeuroVirology (2000) 6, 382 ± 389.
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Introduction

HIV-1-associated dementia (HAD) is a serious
neurodegenerative disease that may affect up to
one-third of children and 25% of adults with AIDS
(Navia et al, 1986; Price et al, 1988). In®ltration and
immune activation of monocytes are believed to
play a major role in HAD (Glass et al, 1995; Tyor et
al, 1992; Genis et al, 1992; Nuovo and Al®eri,
1996). In fact, one of the strongest predictors for
HAD is the presence of massive monocytic in®ltra-

tion (Glass et al, 1995). It is not yet fully understood
how and why monocytes are leaving the blood
stream and entering the brain parenchyma. An
important role has been proposed for adhesion
models like E-selectin and VCAM-1 (Nottet et al,
1996) and chemokines are currently studied inten-
sively for their role in HIV-1-associated dementia.
Chemokines are often upregulated in in¯ammatory
processes and they play a major role in the
mobilization as well as in the activation of all
blood leukocytes (Furie and Randolph, 1995; Proost
et al, 1996). Based on their function, sequence and
chromosomal location two families of chemokines
may be distinguished, the CC and the CXC
chemokines (Baggiolini et al, 1997; Moser et al,
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1998). Whereas the CXC chemokines mainly have
an effect on neutrophils, the CC chemokines mostly
attract lymphocytes and monocytes/macrophages
(Uguccioni et al, 1995; Cairns and D'Souza, 1998).
Therefore, the CC chemokines are particularly
interesting, considering the possible involvement
of macrophages in HAD. CC chemokines have been
found to enhance migration of monocytic cells
across the BBB (Randolph and Furie, 1995) and
into the brain parenchyma (Peterson et al, 1997). In
vivo, CC chemokines are signi®cantly elevated in
brains of demented AIDS patients (Schmidtmayer-
ova et al, 1996; Conant et al, 1998) and in vitro,
HIV-1 was shown to induce the CC chemokine
MCP-1 in macrophages and U937 promonocytic
cells (Mengozzi et al, 1999). Thus, by increasing
chemokine levels and adhesion molecules, HIV-1
infection may lead to enhanced in®ltration of
macrophages into the brain. Therefore, in HAD,
chemokines may prove to play an important role in
the attraction of large quantities of monocytes into
the brain.

Although many chemokine and receptor expres-
sion studies have been performed (Lukacs et al,
1995; Lavi et al, 1998; Sanders et al, 1998; Persidsky
et al, 1999), interactions between different cells in
the brain and their effect on chemokine production
are still poorly understood. Since in®ltrating
macrophages remain in close contact with endothe-
lial cells we studied interactions between these two
cell types in vitro. In these cocultures, levels of
mRNA expression of the CC chemokines monocyte

chemotactic protein (MCP-1), macrophage in¯am-
matory protein (MIP)-1a, MIP-1b, and RANTES
(regulated upon activation, normal T-cell expressed
and secreted) were investigated.

Results

MCP-1, MIP-1a, MIP-1b, and RANTES mRNA levels
are upregulated in cocultures of BMVEC's and
HIV-infected macrophages
Since in®ltrating monocytes may interact with
brain endothelial cells in HAD, the effect of
interactions between these two cell types on
chemokine production was studied in vitro. In
particular, it was tested whether the combination
of HIV-infected macrophages and BMVEC's re-
sulted in increased chemokine production as
compared to all other culture conditions. HIV-1-
infected or uninfected macrophages were cultured
alone or in the presence of BMVEC's and RNA was
isolated at 48 h. To study the effect of HIV-1
infection on chemokine production by macro-
phages, RNA was isolated from HIV-infected
macrophages. A semi-quantitative ¯uorescence
assay was used to determine the mRNA levels of
MIP-1a, MIP-1b, MCP-1, and RANTES. Because of
donor ± donor differences of the primary macro-
phages, the experiment was performed three times
and the mRNA levels of MIP-1a, MIP-1b, MCP-1 and
RANTES of a representative experiment are de-
picted in Figure 1A ± D, and are expressed in
relative ¯uorescence units (r.f.u.). Standard devia-

Figure 1 mRNA expression levels, expressed in relative ¯uorescence units (r.f.u.), of MIP-1a (A), MIP-1b (B), RANTES (C), and MCP-1
(D) in BMVEC's (e), macrophages (m), HIV-infected macrophages (Hm), cocultures of BMVEC's and macrophages (e+m), and
cocultures of BMVEC's and HIV-infected macrophages (e+Hm). The depicted results are representative for at least three independent
experiments and individual samples were analyzed three times by semi-quantitative PCR.
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tions re¯ect assay reproducibility. Except for
RANTES, mRNA levels of all chemokines were
increased in cocultures of BMVEC's and HIV-
infected macrophages as compared to all other
culture conditions (P50.05 according to the
Mann ± Whitney U-test). The effect of endothelial
cells on chemokine expression by uninfected
macrophages was studied by comparing expression
levels in cocultures of uninfected macrophages and
BMVEC's with uninfected macrophages alone. In
addition, the effect of HIV-1 infection on chemokine
expression was studied by comparing chemokine
expression by HIV-1-infected macrophages with
that of uninfected macrophages. Finally, the addi-
tional effect of BMVEC's was studied by comparing
chemokine expression by cocultures of HIV-in-
fected macrophages and BMVEC's with uninfected
macrophages alone. These ratios were determined
for three independent experiments and the mean
ratios are depicted in Table 1. All chemokines were
induced by HIV infection and the combination of
HIV-1 infection and the presence of BMVEC's
resulted in a signi®cant increase in MIP-1a, MIP-
1b and MCP-1 (P50.05 according to the Mann ±
Whitney U-test) as compared to cocultures of
uninfected macrophages and BMVEC's. The pro-
duction of proteins was con®rmed by Western blot
analysis (data not shown).

Soluble factors produced by HIV-infected
macrophages are responsible for induction of
MCP-1 and RANTES mRNA in BMVEC's
The coculture experiments were repeated in a trans-
well assay to investigate whether soluble factors
produced by (HIV-infected) macrophages could
have an effect on chemokine production by
BMVEC's. Uninfected or HIV-infected macrophages
were cultured in a chamber insert with BMVEC's for
48 h and RT ± PCR was performed on BMVEC's.
Figure 2 shows representative results that demon-

strate that when a chamber insert containing HIV-1-
infected macrophages was added, BMVEC's ex-
pressed more RANTES (3.5-fold) and MCP-1 (two-
fold) mRNA as compared to BMVEC's that were
cultured alone (P50.05 according to the Mann ±
Whitney U-test). These differences were 2.5-fold
and 1.5-fold for RANTES and MCP-1, respectively,
when BMVEC's were cocultured with uninfected
macrophages (P50.05 according to the Mann ±
Whitney U-test). No detectable mRNA levels of
MIP-1a and MIP-1b were observed.

Soluble factors produced by BMVEC's are
responsible for the induction of MIP-1a, MIP-1b,
and RANTES in macrophages
The coculture experiments were repeated in a trans-
well assay to investigate whether soluble factors
produced by BMVEC's could have an effect on
chemokine production by macrophages. Uninfected
or HIV-infected macrophages were cultured in a
chamber insert with BMVEC's in the lower compart-
ment and RT ± PCR was performed on the macro-
phages. Figure 3 shows chemokine expression by
uninfected and HIV-infected macrophages alone or
when cultured in the (trans-well) presence of
BMVEC's. Soluble factors produced by BMVEC's
caused an increase in MIP-1a, MIP-1b, RANTES and
MCP-1 mRNA expression by uninfected macro-
phages, and an increase in MIP-1a, MIP-1b and
RANTES expression by HIV-infected macrophages.
Except for MCP-1, chemokine production was
higher in HIV-infected macrophages that were
cocultured in the trans-well presence of BMVEC's
than in all other culture conditions (P50.05
according to the Mann ± Whitney U-test).

HIV-1 expression increases in the presence of
BMVEC's
HIV-1 replication was monitored in cocultures of
BMVEC's and HIV-infected macrophages and com-
pared to virus replication in infected macrophages
alone. The results are depicted in Figure 4. HIV-1

Table 1 Effect of HIV infection and BMVEC's on chemokine
mRNA expression by macrophages.

mf+BMVEC/
mfa

HIV mf/
mfb

HIV mf+
BMVEC/mfc

MIP-1a
MIP-1b
RANTES
MCP-1

3.2
4.8
3.5
3.9

3.8
4.3
2.7
3.2

8.1
9.2
3.7
6.3

Data show results that are representative of three independent
experiments. aRatio between chemokine mRNA levels of mixed
cultures of uninfected macrophages and BMVEC's
(mf+BMVEC's) and uninfected macrophages (mf). bRatio
between chemokine mRNA expression levels of HIV-infected
macrophages (HIV mf) and chemokine mRNA expression levels
of uninfected macrophages (mf). cRatio between chemokine
mRNA expression levels in mixed cultures of HIV-infected
macrophages and BMVEC's (HIV mf+BMVEC's) and chemokine
mRNA expression levels of HIV-infected macrophages (HIV
mf).

Figure 2 mRNA expression levels of RANTES and MCP-1 in
BMVEC's (e), and BMVEC's after being cocultured in the
presence of macrophages or HIV-infected macrophages in a
chamber insert (e (mtw) and e (Hmtw), respectively). The
depicted results are representative for at least three independent
experiments and individual samples were analyzed three times
by semi-quantitative PCR.
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expression increased threefold when infected
macrophages were cocultured with BMVEC's and
increased 2.2-fold when the macrophages were
cocultured with the BMVEC's in the trans-well
system. Thus, HIV-1 expression by macrophage was
signi®cantly higher in both coculture conditions as
compared to HIV-infected macrophages alone
(P50.05, according to the Mann ± Whitney U-test).
In conclusion, soluble factors appear to be involved
in the induction of HIV-1 expression.

IL-1b mRNA expression is increased in cocultures
of macrophages and BMVEC's
Since IL-1b is a potent regulator of chemokine
expression, we investigated whether IL-1b could be
involved in the induction of chemokines in the
cocultures. Figure 5 shows representative results of
IL-1b expression by BMVEC's and macrophages
under different culture conditions. HIV infection of
macrophages induced IL-1b mRNA expression 2.8-
fold and overall expression of IL-1b was increased

in cocultures of macrophages and BMVEC's (Figure
5A). Coculturing the cells using the chamber insert
also resulted in an increase of IL-1b expression by
BMVEC's (Figure 5B) as well as by uninfected and
HIV-infected macrophages (Figure 5C, P50.05
according to the Mann ± Whitney U-test). Thus,
HIV infection as well as coculturing the two cell
types both induce high levels of IL-1b mRNA in
both BMVEC's and macrophages.

Chemokine expression by HIV-infected
macrophages, but not by BMVEC's, is decreased in
a trans-well assay after addition of a neutralizing
antibody against IL-1b
To investigate whether the observed increase in
chemokine production by cocultures of HIV-in-

Figure 3 Chemokine expression by macrophages (m), HIV-
infected macrophages (Hm), and uninfected and HIV-infected
macrophages after being cultured in a chamber insert with
BMVEC's in the lower compartment (m(tw), and Hm(tw),
respectively). The depicted results are representative for at least
three independent experiments and individual samples were
analyzed three times by semi-quantitative PCR.

Figure 4 HIV-1 (tat-rev) expression by HIV-infected macro-
phages alone (Hm), cocultures of BMVEC's and HIV-infected
macrophages (e+Hm) and by HIV-infected macrophages that
were cultured in a chamber insert with BMVEC's in the lower
compartment (Hm(tw)). The depicted results are representative
for at least three independent experiments and individual
samples were analyzed three times by semi-quantitative PCR.

Figure 5 (A) IL-1b mRNA expression by BMVEC's (e),
macrophages (m), HIV-infected macrophages (Hm) and cocul-
tures of BMVEC's and uninfected (e+m) and infected macro-
phages (e+Hm). (B) IL-1b mRNA expression by BMVEC's (e), and
by BMVEC's after being cocultured with a chamber insert
containing uninfected or HIV-infected macrophages (e(mtw)
and e(Hmtw), respectively. (C) IL-1b mRNA expression by
uninfected and infected macrophages (m and Hm) and unin-
fected and HIV-infected macrophages after being cultured in a
chamber insert with BMVEC's in the lower compartment (m(tw)
and Hm(tw), respectively). The depicted results are representa-
tive for at least three independent experiments and individual
samples were analyzed three times by semi-quantitative PCR.
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fected macrophages and BMVEC's was IL-1b
dependent, trans-well coculture experiments were
repeated in the presence or absence of a neutraliz-
ing antibody against IL-1b. Subsequently, chemo-
kine and HIV-1 mRNA expression by HIV-infected
macrophages and BMVEC's was measured. Repre-
sentative results are depicted in Figure 6. BMVEC's
again enhanced chemokine expression by HIV-
infected macrophages and this enhancement was
at least partly abolished when anti-IL-1b was added
to the coculture (Figure 6A). Thus, except for MIP-
1b, in the presence of anti-IL-1b cocultures of
BMVEC's and HIV-infected macrophages no longer
demonstrated an increase of chemokine production
as compared to other culture conditions (P=0.8,
0.73, 0.61 for MCP-1, MIP-1a, and RANTES,
respectively, and P=0.05 for MIP-1b according to
the Mann ± Whitney U-test). In addition, HIV-1
expression decreased by 33% (data not shown). In
the presence of an isotype-matched control anti-
body there was still a signi®cant increase in
chemokine mRNA expression (P50.05, according
to the Mann ± Whitney U-test, data not shown).

BMVEC's expressed very low levels of MIP-1a
and MIP-1b, and anti-IL-1b did not alter this (data
not shown). MCP-1 and RANTES mRNA expression
by BMVEC's was upregulated when HIV-infected or

uninfected macrophages were added, and this
upregulation was not abolished when anti-IL-1b
was added (Figure 6B). We also noted that the
presence of an isotype-matched control antibody
did not affect the upregulation of chemokine mRNA
expression (P50.05, according to the Mann ±
Whitney U-test, data not shown).

Addition of an isotype-matched negative control
to the cultures did not affect chemokine mRNA
expression.

Discussion

This study demonstrates that endothelial cells may
participate in a highly active manner in the
neuropathogenesis of AIDS. Initially, HIV-1-infected
macrophages are shown to have a selective
advantage to enter the brain by upregulating
adhesion molecules and secreting matrix metallo-
proteinases to permeabilize the BBB (Nottet et al,
1997a). Since human monocytes will be attracted by
high levels of CC chemokines, increased levels of
CC chemokines in perivascular areas are likely to
stimulate transendothelial migration. Subsequently,
enhanced ®ltration of monocytes may result in
increased production of in¯ammatory and neuro-
toxic molecules and may thereby augment progres-
sion to HAD. In vivo, MIP-1a and MIP-1b mRNA
levels are elevated in brain tissue of demented AIDS
patients (Schmidtmayerova et al, 1996) and MCP-1
was shown to be increased in the cerebrospinal
¯uid of patients with HAD (Conant et al, 1998). We
show that, in vitro, infected as well as uninfected
macrophages may engage into intensive interactions
with brain endothelium, and this could have
profound consequences on disease progression.
Expression of CC chemokines increased signi®-
cantly when HIV-1-infected macrophages were
cocultured with BMVEC's. The increase was due
to higher expression by HIV-1-infected macrophages
for MIP-1a, MIP-1b and RANTES, whereas upregu-
lation of MCP-1 and RANTES was observed mostly
in the BMVEC's, as can be concluded from the
trans-well experiments. This implies that soluble
factors produced by BMVEC's stimulate MIP-1a,
MIP-1b and RANTES expression by HIV-1-infected
macrophages, whereas soluble factors produced by
HIV-1-infected macrophages induce MCP-1 and
RANTES production by BMVEC's. However, one
should realize that there probably is extensive
cross-talk between the cell-types and that the
induction of chemokines by BMVEC's or macro-
phage products is probably an end result of
induction and production of a variety of other
factors by the two cell-types. In addition, in this
study mRNA levels were measured that are likely to
parallel protein levels, but deviations may exist.

A soluble factor that could be responsible for at
least some part of the communication between

Figure 6 (A) Chemokine and IL-1b mRNA expression by HIV-
infected macrophages (Hm), HIV-infected macrophages from a
chamber insert with BMVEC's in the lower compartment
without anti-IL-1b (Hm(tw)) and in the presence of anti-IL-1b
(Hm(tw)+anti-IL-1b). (B) MCP-1, RANTES, and IL-1b expression
by BMVEC's (e), and BMVEC's cultured in the presence of HIV-
infected macrophages in a trans-well without and with anti-IL-1b
(e(Hm) and e(Hm)+anti-IL-1b, respectively). The depicted results
are representative for at least three independent experiments
and individual samples were analyzed three times by semi-
quantitative PCR.
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BMVEC's and macrophages is IL-1b. Immune activa-
tion and subsequent production of pro-in¯ammatory
cytokines, like IL-1b, appears to be highly associated
with HAD (Boven et al, 1999; Tyor et al, 1992;
Vitkovic et al, 1994). In addition, in the U1
monocytic celline model, it was demonstrated that
IL-1b can induce HIV-1 expression (Fan et al, 1994)
and HIV-1 infection of macrophages is able to
upregulate IL-1b production (Esser et al, 1996,
1998). This is in agreement with our ®ndings that
show that in primary human macrophages HIV-1
expression is increased when infected macrophages
were cocultured with BMVEC's. Furthermore, it has
been found that IL-1b can induce MCP-1 in
endothelial cells (Martin et al, 1997; Goebeler et al,
1997) and that it can upregulate MIP-1a and MIP-1b
in microglia (McManus et al, 1998). Thus, it seems
that IL-1b can indeed play a highly regulatory role in
the interactions between BMVEC's and macro-
phages. We demonstrate that BMVEC's express
higher levels of IL-1b when cocultured in the trans-
well presence of macrophages, signi®cantly more
when cultured with HIV-1 infected macrophages
and vice versa. Thus, it appears that both cell types
can immune activate each other without the need for
cell ± cell contact, and that subsequent IL-1b produc-
tion could very well be responsible for the observed
effects on chemokine and HIV-1 expression. Indeed,
when we add neutralizing antibodies against IL-1b to
the cocultures, chemokine expression by HIV-
infected macrophages decreases. However, the anti-
body did not result in inhibition of MCP-1 mRNA
expression by BMVEC's and even a small increase
was observed. Thus, this suggests that, in contrast to
BMVEC's, chemokine expression by macrophages is
IL-1b dependent. In addition, HIV-1 expression by
trans-well cultured macrophages almost returns to
control levels in the presence of anti-IL-1b, which
also suggests a role for IL-1b.

Thus, in HAD, immune activation appears to
result in many events that may eventually lead to
destruction of neuronal networks and functions.
The actions of cytokines on brain cells have been
found to result in increased oxidative stress (Lee et
al, 1993; Liu et al, 1996; Boven et al, 1999),
increased levels of chemokines (Rollins et al,
1990; Brown et al, 1994; Takahashi et al, 1995;
McManus et al, 1998) and can even be directly
neurotoxic (Rothwell and Strijbos, 1995; Talley et
al, 1995). Therefore, therapeutic strategies that are
aimed to decrease in¯ammatory processes may
prove to be highly successful in preventing HAD.

Materials and methods

Isolation and culture of primary human monocytes,
macrophages and BMVEC
Peripheral blood mononuclear cells were isolated
from heparinized blood from HIV-1-, HIV-2-, and
hepatitis B-seronegative donors and obtained on

Ficoll-Hypaque density gradients. Cells were
washed twice and monocytes were puri®ed by
countercurrent centrifugal elutriation. Cells were
498% monocytes by criteria of cell morphology on
May-GruÈ nwald-Giemsa-stained cytosmears and by
nonspeci®c esterase staining using a-naphtylacetate
(Sigma Chemical Co., St. Louis, MO, USA) as
substrate. Monocytes were cultured in suspension
at a concentration of 26106 cells/ml in Te¯on ¯asks
(Nalgene, Rochester, NY, USA) in Dulbecco's
modi®ed Eagle's medium (DMEM) with 10% heat-
inactivated human AB serum negative for anti-HIV
antibodies, 10 mg/ml gentamicin, and 10 mg/ml
cipro¯axin (Sigma). As previously described, HIV-
1 infection of non-adherent macrophages, espe-
cially when using a low multiplicity of infection,
appears much more reproducible than infection of
macrophages that were ®rst allowed to adhere
(Nottet et al, 1997b).

Human brain microvascular endothelial cells
(BMVEC) were obtained from Cell Systems Corp.
(Kirkland, WA, USA) and propagated as adherent
monolayers on highly puri®ed type 1 collagen-
coated T-75 tissue culture ¯asks (Costar, Cam-
bridge, MA, USA).

HIV-1 infection and cocultivation of macrophages
and BMVEC
After 7 days monocyte-derived macrophages were
recovered from the Te¯on ¯asks and infected with
HIV-1Ba-L at a multiplicity of infection of 0.01 for 2 h.
HIV-infected and mock-infected macrophages were
washed twice to remove unbound virus and
cultured in Te¯on ¯asks for an additional 5 days
to establish a chronic infection. Then, the 5-day-old
macrophages were washed and added directly or in
a chamber insert to 24-well plates containing a
monolayer of BMVEC in a 1 : 1 ratio for 48 h. For the
IL-1b blocking experiments, 5 mg/ml anti-human IL-
1b (R&D systems, Minneapolis, MN, USA) was
added. Coculture experiments were performed
three times and each experiment was analyzed
three times using semi-quantitative PCR. Since
substantial donor ± donor differences exist for
primary human monocyte-derived macrophages,
representative results are shown and statistics were
performed based on rank using the Mann ± Whitney
U-test to demonstrate consistent phenoma.

RT ± PCR detection of chemokines
Cocultures of macrophages and BMVEC's were
homogenized and lysed in 1 ml TRIzol (Life
Technologies, Gaithersburg, MD, USA) according
to the manufacturer's guidelines. Total RNA was
isolated and dissolved in diethylpyrocarbonate
(DEPC)-treated water and 1 mg of RNA was used
for the synthesis of complementary DNA and PCR
reactions were performed as described previously.
For semi-quanti®cation every primer pair was
tested at different cycle numbers to determine the
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linear range. GAPDH mRNA levels were measured
at 23 cycles, whereas cDNA had to be subjected to
25 cycles to be in the linear range to detect MIP-1a,
MIP-1b, and MCP-1 and 35 cycles for RANTES.

Aliquots of 5 ml of the biotinylated PCR product
were semi-quantitatively analyzed using a ¯uores-
cent digoxigenin detection ELISA kit (Boehringer
Mannheim) according to manufacturer's protocol as
described previously (Boven et al, 1999). All data
were normalized against GAPDH mRNA levels. The
sequences of the primers and probes are depicted in
Table 2.
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