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Abstract

We previously identified the gene expression of renin—angiotensin system in human monocyte-derived dendritic cells (DCs). This
study was conducted to examine the mechanisms by which angiotensin II and captopril, the inhibitor of the angiotensin-converting
enzyme (ACE), affect human DCs. In DCs, lipopolysaccharide (LPS)-induced production of tumor necrosis factor-o. (TNF-a),
interleukin-(IL)-1a, IL-10, IL-12, and IL-18 was significantly inhibited by captopril. In contrast, angiotensin II treatment resulted in
a significant increase in TNF-o and IL-6 protein biosynthesis by DCs. In addition, we have studied the global expression of 2400
genes in DCs from two donors. Here, we demonstrated the specific down-regulation of the ACE gene expression in captopril-treated
DCs. Our finding indicates the possible activation of NF-kB through the up-regulation of expressions of MEFV gene (encoding
PYRIN protein) and heterogeneous nuclear ribonucleoprotein R in DCs. This is the first study on the modulation of cytokine and
gene expression by angiotensin II and captopril in DCs. © 2002 Elsevier Science (USA). All rights reserved.
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Dendritic cells (DCs) are professional antigen-pre-
senting cells, which are central to the integration of in-
nate and specific immunity [1]. Dendritic cells that are
activated by innate stimuli and loaded with foreign an-
tigens travel to regional lymph nodes to activate the
acquired-immune system. Subsequently, the activated
acquired-immune cells move into tissues, where the in-
nate immune system sets off the danger signal [2]. Pro-
inflammatory cytokines such as tumor necrosis factor-o
(TNF-a), interleukins (IL)-1, 6, 10, 12, and 18 are crit-
ical linkers between the innate and adaptive cell-medi-
ated immunity. They activate growth and differentiation
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of T- and B-lymphocytes, and macrophages, and thus,
inflammatory processes [3,4].

Historically, the renin—angiotensin system was re-
garded only as important in the regulation of blood
volume, peripheral vascular tone, and blood pressure.
However, recent studies showed that the renin-angio-
tensin system is related to other biological processes,
such as apoptosis, vascular remodeling, and inflamma-
tion [5-7]. Angiotensin II is an octapeptide that is in-
volved in several steps of the inflammatory process.
Therefore, this vasoactive peptide is considered as a true
cytokine [8]. The precursor of angiotensin II is the an-
giotensinogen protein, which is subsequently cleaved by
renin into angiotensin I. An angiotensin-converting en-
zyme (ACE) converts angiotensin I into angiotensin II,
which binds specific receptors, namely AT, and AT,, on
cell membranes. It was shown that ACE inhibitors
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(captopril, enalapril, and cilazapril) suppress the syn-
thesis of TNF and IL-1 in mononuclear cells [9].
Moreover, captopril reduces the level of tissue factor
expression in endotoxin-stimulated mononuclear leu-
kocytes [10]. In contrast, the stimulation of monocytes
with angiotensin II causes the activation of NF-kB and
subsequent increase in the TNF-o production [11].
Previously, we reported the mRNA expressions of an-
giotensinogen, renin-binding protein, ACE, and angio-
tensin II/vasopressin receptor in DCs [12].

In this study, we investigated the modulation of the
functional features of DCs with angiotensin II and
captopril, the inhibitor of its production. Our results
suggest a novel mechanism by which angiotensin II in-
fluences the production of a variety of proinflammatory
cytokines in DCs.

Materials and methods

Preparation of human DCs and culture with captopril and angiotensin
II. Human monocytes were isolated from normal peripheral blood
mononuclear cells of healthy donors by magnetic-bead sorting with
anti-CD14 mAb (MACS, Miltenyi Biotech, Germany). DCs were
prepared from monocytes by culturing for five days in AIM-V medium
(Gibco-BRL, Rockville, MD) containing 10% FCS (Hyclone, Logan,
UT), 400 U/ml GM-CSF (Kirin Brewery Ltd., Gunma, Japan), and
400 U/ml IL-4 (Becton—Dickinson Labware, Palo Alto, CA). DCs used
in this study were CD14-negative, but substantially expressed MHC
class I, MHC class 1I, CD80, CD86, CD1b, CDlc, CD1d, CD40,
CD54, and CD86.

In cytokine assays, DCs were first pre-cultured for 24 h with 100 ng/
ml lipopolysaccharide (LPS) and then subjected to captopril treatment.
DCs were incubated for 24 h (for the cytokine assays) with 2 x 107> M
captopril (Sigma Chemicals, St. Louis, MO) or with 0.1 M angiotensin
II. DCs used for the angiotensin II stimulation were intact. For the
microarray experiments, DCs were cultured with captopril or angio-
tensin II at the same concentrations only for 6 h.

Cytokine assay. TNF-a, IL-10, IL-6, IL-10, IL-12, and IL-18 levels
in the culture supernatant were measured using a commercially
available Quantikine ELISA Kit (R&D Systems, Minneapolis, MN)
according to manufacturer’s instructions.

Isolation of total RNA and DNase I treatment. Total RNAs from
DCs were extracted from cells by the isothiocyanate method using the
TRIzol Reagent (Gibco-BRL, Rockville, MD) following manufac-
turer’s protocol. DNase I treatment was performed using a DNA-free
Kit (Ambion, Austin, TX) according to manufacturer’s instructions
(12).

Labeling of target cDNAs, microarray hybridization, detection, and
quantification analysis. mRNA samples were labeled using a TSA la-
beling and detection kit (Perkin-Elmer Biosystems, Boston, MA) ac-
cording to manufacturer’s instructions. The first step of labeling was
the synthesis of first-strand cDNA using 2pg total RNA using ol-
igo(dT) primers (3'-AT;;-5, 3'-CT}7-5, and 3'-G T};-5') in the presence
of an optimized dNTP mixture containing biotin-11-dCTP for intact
DCs (Perkin—Elmer Biosystems, Boston, MA) and fluorescein-12-
dCTP for DCs stimulated with captopril or angiotensin II (Perkin—
Elmer Biosystems, Boston, MA). These cDNA targets were mixed and
simultaneously hybridized to the Micromax microarray (Perkin—Elmer
Biosystems, Boston, MA) under a coverslip in a humid chamber at
65 °C overnight.

After several washings (carried out according to manufacturer’s
instructions), fluorescein- and biotin-labeled cDNAs were sequentially

Table 1
Gene specific primers used in semiquantitative RT-PCR

Primers Length of

PCR product

Name of gene

HPV16 El protein- S'-tgctgattgatgaggtggag-3’ 105
binding protein (HPV16) 5'-tttgggtcaagacagcattg-3’
Heterogeneous nuclear 5'-gagtccacaaagggacctga-3’ 105

ribonucleoprotein S'-tggaggaccaccatacttec-3'
R (HnrpR)
PYRIN S'-ttggaaacaagtgggagagg-3' 114

5'-caacctccacctcecagtaa-3’
5'-gaaggaatcagcatgggaga-3' 106
5'-caggaatgggcttaggatca -3’
S'-atacagagatggccgagtgg-3' 103
5'-taacatgggtgcgttcttca-3’
S'-tctgtgggaggatgaaggag-3’ 100
o-subunit (o-S1) 5'-gatcacgtcgatcttgteca-3'
Enteric smooth muscle  5'-gggccagaaagacagctatg-3' 101
y-actin 5'-catcccagttggtgatgatg-3'
NOF1 S'-tgactgtgatccggaaagtg-3’ 100
5'-acctgggtgacaggtgtett-3’
5'-cttcatcgcagecaagttc-3' 102
S'-agcttctgctgcatcaggtt-3'
H-2K binding factor-2 S'-tcaggaacaaaggtggctet-3' 100
(H2-K) 5'-getgtgaactggeatgaaaa-3’
CD359 5'-ctgetgeaagaaggacctgt-3' 100
5'-cagaaatggagtcaccagca-3’
Octamer-binding protein 5'-ccttggacatctccatcagg-3’ 102
Oct-1 (Oct-1) 5'-gaatcccecgattcttcatt-3'
Calmodulin-dependent S'-tttgaaggecgagtacgagt-3' 100
protein phosphatase 5'-tttetetgggtecttcteca-3’
(Calm)
Aangiotensin converting 5'-agctgcagccactctaccte-3’ 200
enzyme (ACE) 5'-catagcctctgtggtgteca-3'

Glutamine synthase
(GluSyn)

SnRNP core protein
Sm D3 (SmD3)
Coupling protein G(s)

Cathepsin D

detected with a series of conjugate reporter molecules according to the
instructions for the TSA labeling kit. Glass microarrays were scanned
and fluorescent signals (cyanine 3 and cyanine 5) were detected using
Scanarray 4000 (Packard Instrument Company, Meriden, CT). The
subsequent quantification analysis was carried out using commercially
available software (Array Gauge, Fuji Film, Tokyo, Japan).

Semiquantitative RT-PCR analysis. Total RNA (1pg was mixed
with 450 ng random hexanucleotide primers, heated at 70 °C for 3 min,
and then chilled on ice. Then, 1x first-strand buffer, 0.01 M DTT,
400 uM dNTP mixture and 200 U reverse transcriptase SuperScript 11
(Gibco-BRL, Rockville, MD) were added. The mixture was then in-
cubated at 42 °C for 1 h. Multiplex relative RT-PCR quantification was
performed using primers (5'-ttccgcaagttcacctacc-3’  and  5'-
cgggccggecatgetttacg-3') for the 15S ribosomal protein sequence as
previously described [12]. The gene-specific primer sequences used are
shown in Table 1.

Results and discussion

Effects of captopril and angiotensin Il on cytokine
synthesis in DCs

First, we determined by ELISA the effects of cap-
topril (ACE inhibitor) on LPS-induced TNF-o, IL-10,
IL-10, IL-12, and IL-18 production by human DCs. The
optimal LPS concentration (100 ng/ml) and culture time
(24 h) were determined in preliminary experiments and
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Fig. 1. Effect of captopril on LPS-induced in vitro expression of TNF-a (A), IL-1a (B), IL-10 (C), IL-12 (D), and I1L-18 (E) by DCs, as determined by

ELISA. Data are means +=SEM, n = 4.
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Fig. 2. Angiotensin II-pulsed DCs express TNF-o and IL-6, as deter-
mined by ELISA. Data are means + SEM, n = 4.

subsequently used throughout the experiments. As
shown in Fig. 1, captopril significantly inhibited LPS-
induced production of all examined cytokines in DCs
from three different donors. Captopril significantly de-
creased the levels of secreted TNF-a by 80%, IL-a by
54%, IL-10 by 95%, 1L-12 by 90%, and IL-18 by 100%.

As shown in Fig. 2, pre-incubation of DCs with an-
giotensin II increased the production of TNF-a by 80%
and IL-6 by 50%, but did not affect the IL-a, I11-10, IL12,
and IL-18 production (data not shown). The expression
of TNF-a and IL-6 is regulated by the NF-kB tran-
scription factor. Therefore, our results are consistent
with those obtained for monocytes, showing that an-
giotensin II enhances NF-«kB DNA binding [13]. Cell
viability was more than 95% in angiotensin II and cap-
topril-treated DCs of these cultures as assessed by flow
cytometry. The expression levels of DC cell surface
markers, such as HLA-DR, CCR-6, CD40, CDS0,
CDS83, CD86, CD 1b, and CDI14, did not show any
significant change after the stimulation with either cap-
topril or angiotensin II (data not shown).

Gene expression profiling in DCs pulsed with captopril
and angiotensin 11

The function of angiotensin II as a multifunctional
hormone with a key role in regulating cardiovascular
homeostasis is well known. However, in the past decade,
much attention has been focused on the importance of
angiotensin II as an immunomodulator and on the study

Table 2
List of genes up-regulated (>2-fold) in DCs after stimulation with
angiotensin II

GenBank  Gene name Ratio angiotensin
No. II-pulsed DC/
intact DCs
U78876 MEK kinase 3* 4.5
X64330 ATP-citrate lyase* 3.6
X15998 Chondroitin sulphate proteoglycan 3.5
versican*
M37400 Cytosolic aspartate 3.5
aminotransferase®
Y12711 Putative progesterone-binding 3.3
protein*
D63807 Lanosterol synthase* 33
L06419 Lysyl hydroxylase (PLOD)* 3.2
u75272 Gastricsin* 3.2
U96131 HPV16 El protein binding protein 3.0
X04011 X-CGD gene involved in chronic 2.9
granulomatous disease*
AF062347 Zinc finger protein 216 splice 2.6
variant 2 (ZNF216)
Y 00264 Amyloid A4 precursor of 2.5
Alzheimer’s disease
AF000364 Heterogeneous nuclear 2.3
ribonucleoprotein R
AF018080 PYRIN (MEFV) 22
141490 Elongation factor 1-a 1 (PTI-1)* 2.1
X59834 Rearranged mRNA for glutamine 2.1
synthase
J02984 Insulinoma rig-analog mRNA 2
encoding DNA-binding protein
Y 09858 mRNA for unknown protein 2

Note. *Labeled genes are those up-regulated both in angiotensin 11-
and captopril-pulsed DCs.

of its immunobiological activity. After we discovered
that angiotensin II and captopril (an inhibitor of an-
giotensin II synthesis) can modulate cytokine synthesis
in DCs, we performed a global evaluation of changes in
gene expression profiles in intact DCs and DCs incu-
bated with angiotensin II or captopril. Human cDNA
microarrays containing 2400 clones (spotted in dupli-
cate) were used to identify differentially expressed genes.
Targets from unstimulated DCs and angiotensin
II-pulsed DCs of one individual were mixed and hy-
bridized on one microarray slide. Similarly, the targets
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Table 3
List of genes down-regulated (>2-fold) in DCs after stimulation with
angiotensin 11

GenBank  Gene name Ratio intact
No. DCs/angiotensin
II-pulsed DC

AF083190 SPF31 (SPF31). 43

D16431 Hepatoma-derived growth factor 32

M13656 Plasma protease (C1) inhibitor 2.8

X04106 Calcium-dependent protease 2.8

D14041 H-2K binding factor-2 2.6

X74331 DNA primase 2.6

L07807 Dynamin* 2.5

M26880 Ubiquitin 2.4

M34671 Lymphocytic antigen CDS9/MEM43 2.3

X59434 Rohu 23

J05500 B-Spectrin (SPTB). 2.2

J05036 Cathepsin E. 2.1

M17885 Acidic ribosomal phosphoprotein PO 2.1

U43747 Frataxin (FRDA). 2.1
AFO051946  T-type calcium channel o-1* 2.1

J03575 Pyruvate dehydrogenase o 2.1

Z11531 Elongation factor-1-y 2.0

771929 FGFR2* 2.0

X63237 Uba80 2.0

S76730 MM, clone MM product 2.0

X97065 Sec23B isoform 2.0
AF039843  Sprouty 2 (SPRY2) 2.0

L14778 Calmodulin-dependent protein 2.0

phosphatase*

Note. * Labeled genes are those down-regulated both in angio-
tensin II- and captopril-pulsed DCs.

Table 4
List of genes up-regulated (>2-fold) in DCs after stimulation with
captopril

GenBank Gene name Ratio captopril-

No. pulsed DC/intact
DCs
M11233  Cathepsin D 7.4
D63807  Lanosterol synthase* 39
X64330  ATP-citrate lyase* 3.8
Y12711 Putative progesterone-binding protein* 3.7
U15009  SnRNP core protein Sm D3 3.6
U78876  MEK kinase 3* 35
L06419 Lysyl hydroxylase* 34
X04409  Coupling protein G(s) o-subunit 3.3
X16940  Enteric smooth muscle y-actin 3.0
X87949  BiP protein 3.0
X04011  X-CGD gene involved in chronic 2.9
granulomatous disease™®
L41490 Elongation factor 1-o 1* 2.8
U39400 NOFI 2.7
S80562 Acidic calponin 2.6
X15998  Chondroitin sulphate proteoglycan 2.4
versican*
M37400 Cytosolic aspartate aminotransferase* 2.2
U75272  Gastricsin* 2.1
X13694  Osteopontin 2.0

from intact DCs and captopril-pulsed DCs from the
same individual were hybridized to another microarray.
The ¢cDNA microarray analysis was performed for two
different donors. As a result, about 1333 (55%) of 2400
genes spotted onto the array were detected. In the case
of stimulation with angiotensin II, the expression levels
of 18 genes increased (Table 2) and those of 23 decreased
(Table 3). On the other hand, the expression of 18 genes
was up-regulated (Table 4) and that of 26 genes down-
regulated (Table 5) after captopril stimulation. Inter-
estingly, we found that the expression of 10 genes,
encoding proteins such as lanosterol synthase, ATP-ci-
trate lyase, putative progesterone-binding protein, MEK
3 kinase, lysyl hydroxylase, X-CGD protein, elongation
factor 1-al, chondroitin sulfate proteoglycan versican,
cytosolic aspartate aminotransferase and gastricsin, was
nonselectively up-regulated, following the stimulation
with angiotensin II and captopril. Similarly, the
expression levels of four genes encoding dynamin,

Table 5
List of genes down-regulated (>2-fold) in DCs after stimulation with
captopril

GenBank Gene name Ratio intact
No. DCs/captopril-
pulsed DC
X51521 Ezrin 4.5
AF051946  T-type calcium channel o-1 subunit* 3.5
M26657 Angiotensin converting enzyme 2.8
L41816 Cam kinase 1 2.7
L07807 Dynamin* 2.7
M34175 B-Adaptin 2.6
M31158 cAMP-dependent protein kinase 2.6
subunit RII-B
X13403 mRNA for octamer-binding 2.5
protein Oct-1
L03558 Cystatin B 2.4
Z11566 Pr22 protein 24
u04209 Associated microfibrillar protein 2.4
M15796 Cyclin protein gene 24
V00497 B-Globin 2.3
L14778 Calmodulin-dependent protein 2.3
phosphatase*
J00068 Adult skeletal muscle o-actin mRNA 2.3
U23942 Lanosterol 14-demethylase 2.3
cytochrome P450
J04173 Phosphoglycerate mutase 23
D87434 KIAA0247 gene 2.3
U69546 RNA binding protein Etr-3 2.3
M27492 Interleukin 1 receptor 2.2
AF044209  Nuclear receptor co-repressor 2.2
N-CoR
771929 FGFR2 mRNA* 22
X74070 Transcription factor BTF 3 2.2
M90656 v-Glutamylcysteine synthetase (GCS) 2.2
U87460 Putative endothelin receptor type 2.2
B-like protein
D45887 Calmodulin 2.1

Note. * Labeled genes are those up-regulated both in captopril- and
angiotensin II-pulsed DCs.

Note. * Labeled genes are those down-regulated both in captopril-
and angiotensin II-pulsed DCs.
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T-type calcium channel o-1 subunit, FGFR2, and
calmodulin-dependent protein phosphatase decreased in
DCs after treatment with angiotensin II and captopril.
Generally, both angiotensin II and captopril are recog-
nized and captured by DCs as exogenous antigens.
Thus, they may cause nonspecific up- and down-regu-
lations of the expression of genes that play important
roles in a network integrating cellular responses (en-
hancing antigen presentation, cell metabolism, rear-
rangements in cytoskeleton) to a number of stimuli. For
instance, lanosterol synthase catalyzes the cyclization of
squalene-2,3-epoxide lanosterol, which is the parental
compound of all steroids in mammals [14]. Recently, it
has been shown that steroids are the major components
of sphingolipid- and cholesterol-rich plasma membrane
microdomains, termed membrane rafts. The membrane
raft structure plays an integral role in early events of
CD40 signaling and MHC class I antigen presentation
in DCs [15,16]. Therefore, we suggest that the nonspe-
cific up-regulation of the lanosterol synthase in DCs
stimulated with antigens (angiotensin Il and captopril)
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indicates the activation of DCs to produce more steroids
to enhance the antigen-presenting and activating T-cell
costimulatory features of DCs.

We identified a subset of genes, the expression levels
of which in DCs were specifically regulated in the
presence of angiotensin II. It has been shown previ-
ously that angiotensin II, like TNF-o, causes rapid
activation of NF-kB in human mononuclear cells [13].
Moreover, in our study, we showed for the first time
that the angiotensin II stimulation up-regulates PY-
RIN (family member of PYRIN-containing Apafl-like
proteins) mRNA in DCs (Fig. 3). The family of PY-
RIN-containing Apafl-like proteins participates in in-
flammatory signaling by regulating the activation of
NF-kB and cytokine processing [17]. In addition,
heterogeneous nuclear ribonucleoproteins can bind to
the NF-kB enhancer motif, which stimulates its
phosphorylation in vitro by an associated serine/thre-
onine kinase [18]. We provide here the first direct
evidence that angiotensin II increases the expres-
sion levels of PYRIN and heterogeneous nuclear

2 3

o

Fig. 3. Semiquantitative RT-PCR with gene-specific primers, confirming the results of cDNA microarray analysis in angiotensin II- and captopril-
pulsed DCs. Genes specifically up-regulated by angiotensin II (A), up-regulated by captopril, down-regulated by angiotensin II (C), down-regulated
by captopril (D), and down-regulated by both angiotensin II and captopril. 1, intact DCs; 2, captopril-pulsed DCs; 3, angiotensin II-pulsed DCs.
These results are representative of three experiments using mRNA from DCs of unrelated donor. Primers for S15 ribosomal protein served as internal

standard.
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ribonucleoprotein R. Therefore, our finding indicates
the possible activation of NF-kB through the up-reg-
ulation of expressions of these genes in DCs. We
confirmed the up-regulation of PYRIN and heteroge-
neous nuclear ribonucleoprotein R gene expressions in
intact and angiotensin II-stimulated DCs by semi-
quantitative RT-PCR (Fig. 3).

ACE inhibitors are widely used in the treatment of
systemic hypertension. Aside from its blood pressure-
lowering properties, captopril has various immuno-
modulatory functions. The drug exhibits beneficial
effects on rheumatoid arthritis, prevention of compli-
cations in insulin-dependent diabetes mellitus, and in-
hibition of inflammation in experimental lupus diseases
[19-21]. Some ACE inhibitors including captopril are
capable of suppressing the production of monocytes/
macrophage-derived proinflammatory cytokines [22].
These immunomodulatory actions of captopril have
been explained by several mechanisms, including anti-
proliferation, anti-oxidant activity, inhibition of metal-
loproteases, and elevation of prostaglandin synthesis
[23-26]. To our knowledge, we demonstrated for the
first time by ¢cDNA microarray analysis the specific
down-regulation of ACE in captopril-treated DCs (Ta-
ble 5). These data were confirmed by semiquantitative
RT-PCR (Fig. 3). The inhibitory properties of captopril
may be related to the presence of thiol groups in the
captopril structure (providing specific binding sites for
ACE) as well as the indirect suppression of expression of
the gene encoding ACE.

In addition, we found the increased level (3.3-fold) of
coupling protein G(s) a-subunit in DCs after stimulation
with captopril (Table 4). These data are consistent with
previous data, in which captopril restored the levels of
Gi-a proteins to the base levels and also enhanced the
levels of Gi a-2 and Gi a-3 in the hearts of hypertensive
rats [27].

In conclusion, ACE converts angiotensin I into an-
giotensin II, which binds specific receptors on cell
membranes. Previously, we found that DCs can express
the receptor of angiotensin Il/vasopressin [12], angio-
tensinogen, and ACE. Therefore, it is conceivable that
under appropriate conditions, angiotensin II is formed
and occupancy of its receptor on DCs occurs in vivo.
Here, we showed that angiotensin II-stimulated DCs
produce proinflammatory cytokines and express genes
enhancing the activity of NF-kB transcription factor.
Moreover, we showed using cDNA microarray and RT-
PCR analyses that the proinflammatory cytokine in-
hibitory function of captopril in DCs can be induced by
suppression of gene expression of ACE. Our result is
consistent with the hypothesis that the induction of ex-
pression of proinflammatory cytokines by blood cells
(including DCs) can be regulated by angiotensin II. Fi-
nally, the gene expression profiles in angiotensin II- and
captopril-treated DCs obtained in the present study

clarify further the effects of angiotensin II and captopril
on blood cells and may provide an immunological
platform, based on which specific cellular therapies us-
ing DCs may be developed.
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