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18 quinoline-based compounds were tested for antiviral properties against human immunodeficiency
syndrome (HIV). The compounds tested here contain quinoline or tetrahydroquinoline rings and can be
divided into two main groups: group 1 includes 4-(2-oxopyrrolidinyl-1)-1,2,3,4-tetrahydroquinolines
with 2-(3-nitrophenyl) substituent (N-series) or 2-(3-aminophenyl) moiety (H-series), and group
2 includes 2-(3-nitrophenyl)- or 2-(3-aminophenyl)-substituted quinolines (S-series). Two different
antiviral assays were performed in order to test the anti-HIV activity of compounds: 3-(4,5-dimethyl-
uinoline derivatives
IV
IDS
ntiviral

thiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) and recombinant virus assay (RVA). Results
showed that the most active compounds were 2-aryl quinolines, particularly those containing methoxy
substituents or no substituents in the quinoline skeleton. HIV transcription inhibition appears to be their
target in both resting and phorbol myristate acetate (PMA) activated primary lymphocytes, and nuclear
factor-�B (NF-�B) and specificity protein-1 (SP1) seems to be the most important transcription factors

involved in their action.

. Introduction

Acquired immunodeficiency syndrome (AIDS) due to infec-
ion with the human immunodeficiency virus (HIV) continues to
e a worldwide epidemic. Existing therapies are targeted at the
irus-associated reverse transcriptase, protease, gp41 or fusion
eptide and recently CCR5 and integrase antagonists have been

ncluded as a strategy to inhibit viral replication (Warnke et al.,
007; Battegay et al., 2008; Menéndez-Arias and Tözsér, 2008).
he emergence of drug-resistant virus strains and the occurrence
f side effects are major disadvantages of the current therapies
or the treatment of AIDS and make currently available drugs
nsufficient to maintain a safe therapeutic arsenal against HIV
Bagasra, 2006; Williams and Greene, 2007; Hirsch et al., 2008).
lthough effective synergy has been found when using combi-
ations of drugs directed against different targets, therapeutic
ailure is relatively frequent, especially from a long-term perspec-
ive. In view of these considerations, there is a definitive need
or new classes of drugs suitable for use that could replace, or
artially substitute existing drugs, and preferably act on new tar-

∗ Corresponding author. Tel.: +34 91 394 22 76; fax: +34 91 394 17 26.
E-mail address: mjabad@farm.ucm.es (M.J. Abad).

166-3542/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.antiviral.2010.06.006
© 2010 Elsevier B.V. All rights reserved.

gets engaging novel molecular mechanisms (Greene et al., 2008;
Hughes et al., 2008; Coiras et al., 2009). Therefore, the develop-
ment of new anti-HIV agents is focusing on novel heterocyclic
structures.

Heterocyclic systems with quinoline nucleus represent priv-
ileged moieties in medicinal chemistry, and are ubiquitous
sub-structures associated with biologically active natural prod-
ucts. Quinoline derivatives have been shown to display a wide
spectrum of biological activities such as antibacterial (Hoemann
et al., 2002; Martínez-Grueiro et al., 2005; Lilienkampf et al.,
2009), antifungal (Vargas et al., 2003; Meléndez Gómez et al.,
2008), anti-parasitic (Kouznetsov et al., 2004, 2007), antiviral
(Grande et al., 2008; Chen et al., 2009), cytotoxic and antineo-
plastic (Jacquemond-Collet et al., 2002) and anti-inflammatory
and immunosuppressive behaviours (Dorey et al., 2000; Liu et
al., 2009). Due to their broad biological activity, quinoline com-
pounds have been considered as good starting materials for the
search of novel anti-HIV agents. In this study, we focused on
the HIV inhibitory activity of 18 quinoline-based compounds and

we have shown that some of them are potent inhibitors of HIV
replication. We also present evidence of the exact mechanism
of action of these compounds, as well as discussing some of the
unique structure–activity relationships associated with this series
of quinolinic molecules.

dx.doi.org/10.1016/j.antiviral.2010.06.006
http://www.sciencedirect.com/science/journal/01663542
http://www.elsevier.com/locate/antiviral
mailto:mjabad@farm.ucm.es
dx.doi.org/10.1016/j.antiviral.2010.06.006
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Fig. 1. Chemical structu

. Materials and methods

.1. Compounds

The compounds evaluated in this research were selected as
art of a preliminary systematic screening, and were prepared
sing chemical procedures already reported by us (Kouznetsov
t al., 2006). The synthesized quinolines have been divided into
wo groups according their chemical structure, based mainly on
he nature of the quinoline moiety (Fig. 1). Group 1 (N-series
nd H-series) includes 2-(3-nitrophenyl) or 2-(3-aminophenyl)-
-(2-oxopyrrolidinyl-1)-1,2,3,4-tetrahydroquinolines and group

(S-series) includes 2-(3-nitrophenyl)- or 2-(3-aminophenyl)-
ubstituted quinolines. Compounds were dissolved in DMSO and
ssayed at concentrations ranging from 0 to 500 �g/ml.

.2. Cells

MT-2 cells (American Type Culture Collection, Rockville, MD)
Harada et al., 1985) were cultured in RPMI 1640 medium con-
aining 10% (v/v) fetal bovine serum, 2 mM l-glutamine, penicillin
50 IU/ml) and streptomycin (50 �g/ml) (all Whittaker M.A. Bio-
roducts, Walkerville, MD). MT-2 cells were cultured at 37 ◦C in
5% CO2 humidified atmosphere and split twice a week. 293T

ells (Dubridge et al., 1987; Pear et al., 1993) were cultured in
MEM medium containing 10% (v/v) fetal bovine serum, 2 mM l-
lutamine, penicillin (50 IU/ml) and streptomycin (50 �g/ml) (all
hittaker M.A. Bio-Products, Walkerville, MD). 293T cells were cul-

ured at 37 ◦C in a 5% CO2 humidified atmosphere and split twice a
eek.

.3. Mononuclear cell preparation

Peripheral blood mononuclear cells (PBMCs) were isolated from
ealthy blood donors by centrifugation through a Ficoll-Hypaque
radient (Pharmacia Corporation, North Peapack, NJ) and were
esuspended in RPMI 1640 medium supplemented with 10% fetal
alf serum (PAN Biotech GmbH, Aidenbach, Germany), 2 mM l-
lutamine and antibiotics (100 �g/ml streptomycin and 100 IU/ml
enicillin) before culture at a concentration of 2 × 106 cells/ml
Sancho et al., 2004). Phorbol myristate acetate (PMA) was obtained
rom Sigma–Aldrich, St. Louis, MO (USA) and used at 0.1 �M.

.4. Plasmids

The vector pNL4.3-Luc was generated by cloning the luciferase
ene in the HIV-1 proviral clone pNL4.3 (Adachi et al., 1986). Plas-
id pNL4.3 Renilla was generated by cloning the renilla gene in the

ef site of pNL4.3 (Garcia-Perez et al., 2007) and pJR Renilla plas-

id was generated by cloning the env gene of HIV-1 JRCSF in the

NL4.3 Renilla plasmid (Connor et al., 1995). The 3-enh-�B-ConA-
uc plasmid (Arenzana-Seisdedos et al., 1993) carries a luciferase
ene under the control of three synthetic copies of the �B consensus
f the immunoglobulin �-chain promoter cloned into the BamHI
synthesized quinolines.

site located upstream from the conalbumin transcription start site.
The Sp1-luc plasmid (a kind gift from Dr. Solís-Herruzo, Hospital 12
de Octubre, Madrid, Spain) contains two consensus sequences for
SP1 cloned into the p19LUC vector. DNA for the vesicular stomati-
tis virus (VSV) G glycoprotein was cloned in the pcDNA3.1 plasmid
(pcDNA-VSV).

2.5. Anti-HIV activity evaluation

Anti-HIV activity of compounds was evaluated with the classic
3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT) and recombinant virus assays (RVA). Classic antiviral assays
were performed by either infecting or not MT-2 cells with HIV
(NL4.3 strain) in the presence of different concentrations of the
compounds and maintained at 37 ◦C 5% CO2. After 7 days, the MTT
reagent was added and left in culture for 2 h. Afterwards, the cell
culture was lysed and cell viability determined by UV absorption
(Pauwels et al., 1988). The RVA was performed as follows: infectious
supernatants were obtained from calcium phosphate transfection
on 293T cells of plasmids pNL4.3-Luc or co-transfection of the
pNL4.3-Luc-R−E− (AIDS Research and Reference Reagent Program,
NSAID, National Institutes of Health), full-length HIV-DNA that
do not express HIV envelope, and pcDNA3-VSV (Oberlin et al.,
1996), that express G protein of VSV. These supernatants were
used to infect cells in the presence or absence of the compounds to
evaluate. Anti-HIV activity quantification was performed 48 h post-
infection. Briefly, cells were lysed with 100 �l of buffer provided by
“Luciferase Assay System Kit with Reporter Lisis Buffer” (Promega,
Madison, WI). Relative luminescence units (RLUs) were obtained in
a luminometer (Berthold Detection Systems, Pforzheim, Germany)
after the addition of substrate to cell extracts. Viability was per-
formed in parallel treated cells with the same concentrations of
compound as in the classic or RVA. After 48 h, cell viability was
evaluated with the CellTiter Glo (Promega) assay system follow-
ing the Manufacturer’s specifications. Inhibitory concentrations 50
(IC50) and cytotoxic concentrations 50% (CC50) were calculated
using GraphPad Prism Software (sigmoidal dose–response).

2.6. Retrotranscriptase assay

PBMCs were seeded in 24 well plates and infected with a wild
type NL4.3 obtained from MT-2 infected cells in the presence or
absence of the compounds on trial. After 18 h, genomic DNA was
extracted from cell cultures with QUIA DNA blood mini kit (QUIA-
GEN). Genomic DNA was subjected to a real time PCR in an Applied
biosystems PCR with the following primers: R/U5 (forward), 5′-GGC
TAA CTA GGG AAC CCA CTG-3′; LTR/gag (reverse), 5′-CCT GCC TCG
AGA GAG CTG CTC TGG-3′. DNA quantification was performed as
compared to a non-infected control and a non-treated but infected

control (NL4.3). Actin primers were used as standard genomic DNA.
DNA expression was calculated as Ct (Cycle threshold, number
of cycles needed to reach a significant fluorescence signal) and
expressed as percentage of relative expression as compared to an
untreated control (100%).
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Table 1
Antiviral activity evaluation of compounds.

MTT RVA PVA

IC50 �M SE CC50 �M SE IC50 �M NL4.3-Luc SE CC50 �M SE IC50 �M Delta-VSV-Luc SE

1 >50 ND >50 ND >142 ND 53.47 3.62 ND ND
2 >50 ND >50 ND >148 ND 51.58 3.92 ND ND
3 >50 ND >50 ND >136 ND 47.33 3.20 ND ND
4 >50 ND >50 ND >108 ND 60.85 2.75 ND ND
5 >50 ND >50 ND 53.77 4.91 >137 ND ND ND
6 >50 ND >50 ND 53.73 4.33 >126 ND ND ND
7 >50 ND >50 ND 74.64 4.60 >156 ND ND ND
8 >50 ND >50 ND >163 ND >163 ND ND ND
9 69.07 18.75 103.35 49.25 31.30 6.69 63.36 4.41 25.97 5.32
10 >50 ND >50 ND 54.42 3.15 >115 ND ND ND
11 88.86 7.88 >50 ND >149 ND >149 ND ND ND
12 116.27 6.34 >50 ND 113.73 4.46 75.39 3.82 ND ND
13 63.67 11.67 135.77 24.80 19.66 4.77 76.68 5.98 24.63 7.66
14 >50 ND >50 ND >189 >8 >189 ND ND ND
15 87.86 13.66 122.46 3.43 8.97 4.73 >178 ND 18.57 6.18
16 >50 ND >50 ND 110.27 5.21 >180 ND ND ND
17 18.48 8.04 102.89 6.68 16.74 4.74 >161 ND 18.86 3.98
18 72.71 15.05 107.60 46.81 9.67 6.71 109.43 5.61 156.56 41.5

MTT classic assay results are shown in the columns on the left, recombinant virus assay (RVA) results in the columns in the middle and pseudotyped virus assay (PVA) in
the columns on the right. MTT assay was performed by infecting MT-2 cells with 2 ng/well of NL4.3 viral clone in the presence or absence of different concentrations of
compounds. Cell culture was maintained for 7 days and HIV-infected or mock-infected cell viability evaluated by MTT addition and absorbance measurement. RVA or PVA
w SV-Lu
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as performed by infecting MT-2 cell with NL4.3-Luc (20 ng/well) or NL4.3-�-env-V
fter 48 h, cell culture was lysed and RLUs measured in a luminometer. Toxicity in
ame concentrations of compounds and cell viability was measured by CellTiter G
etermined using sigmoidal dose–response curves (GraphPad software).

.7. Transfection assays

Freshly isolated PBMCs were maintained in culture without
timuli for 1 day prior to the transfection assay. Afterwards, PBMCs
ere resuspended in 350 �l of RPMI without serum and antibiotics

nd electroporated using an Easyject plus Electroporator (Equibio,
iddlesex, UK). PBMCs were transfected at 320 V, 1500 �F, and
aximum resistance with the plasmids at a concentration of

.5 �g/106 cells. After transfection, cells were incubated in RPMI
ith 10% fetal calf serum at 37 ◦C, activated or not with differ-

nt stimuli and harvested 48 h later. Luciferase activity (RLUs) was
easured in a luminometer.

.8. Isolation of nuclear extracts and western blot

MT-2 cells (15 × 106/well) were pretreated with the active
uinolines (20 �M) or PMA 0.1 �M for 30 min. After 2 h of stimula-
ion, cells were washed twice with cold PBS and nuclear proteins
ere isolated by standard procedures. Protein concentration was
etermined by the Bradford method (Bio-Rad, Richmond, CA)
nd 40 mg of proteins were boiled in Laemmli buffer and elec-
rophoresed in 7.5% SDS/polyacrylamide gels. Separated proteins
ere transferred to nitrocellulose membranes (0.5 A at 100 V;

–8 ◦C) for 1 h. Blots were blocked in TBS solution containing
.1% Tween 20 and 5% non-fat dry milk overnight at 4–8 ◦C, and

mmunodetection of specific proteins was carried out with primary
ntibodies for p65, I�B and Sp1 (Santa Cruz, CA) using an ECL system
GE Healthcare, Uppsala, Sweden).

. Results

Anti-HIV activity of compounds was evaluated with the classic
TT and RVA. Both assays enabled us to identify those compounds
ith antiviral activity, although RVA is more sensitive, since it is
ble to identify compounds just 48 h after infection (7 days for the
TT assay) and it allowed us to perform assays in PBMCs, since
TT assay is not sensitive enough to test viability of primary lym-

hocytes. Briefly, cells were treated with different concentrations
f compounds and left in culture for 2 h. Afterwards, cells were
c (20 ng/well) in the presence or absence of different concentrations of compounds.
and PVA was performed in mock-infected MT-2 cells treated in parallel with the

ay. Inhibitory concentration 50 (IC50) and cytotoxic concentration 50 (CC50) were

infected with HIV (NL4.3 clone) and left in culture for 7 days. Such
a long treatment was able to detect compounds with high potency,
but those with low stability are not easily detected. To resolve
this, RVA was also performed. This assay is performed by infecting
PBMCs with recombinant virus carrying luciferase reporter genes.
Thus, viral replication is directly evaluated leading us to test com-
pounds in just 48 h.

As shown in Table 1, compounds of S-series (13–18) were
more potent than all compounds of N-series (1–6) or H-series
(7–12) (Fig. 1). Among N-series, no activity was found in any of
the compounds tested with MTT assay, although RVA was able to
identify two tetrahydroquinolines with moderate activity (5 and
6) against HIV infection. Among H-series, three tetrahydroquino-
line molecules were active in both assays (9, 11 and 12), with IC50
values ranging from 50 to 100 �M, although toxicity suggests a non-
specific mechanism of action, especially for compounds 9 and 12.
Interestingly, just one molecule of this series (9) was also active
against VSV-pseudotyped HIV (NL-�-env-VSV-Luc) infections.

The most potent series, S-series, showed three quinoline
molecules (13, 15 and 17) with the highest potency in both assays.
Compound 17 was the most potent in MTT assay (IC50 of 18.48 �M),
although IC50 values in RVA suggest similar potency for the three
compounds (range 10–20 �M with CC50s above 70 �M). On the
other hand, the activity of compounds 13, 15 and 17 had similar
IC50 values against both virus (HIV and VSV-pseudotyped), sug-
gesting a target which is not related to HIV envelope, and thus, to
viral entry.

To further study the potential action of these compounds, a
retrotranscriptional assay was performed. In this assay, viral DNA is
directly quantified by real time PCR. In the case that the compounds
inhibit reverse transcriptase or a related target, lower amounts of
DNA would be detected, as compared to a positive control and
zidovudine, as a control of retrotranscription inhibition. No inhi-
bition was detected for any of the active compounds in this assay

(Table 2), although zidovudine was able to effectively decrease the
total DNA amount. Therefore, the total DNA amount in cell infec-
tions is not reduced by treatment with active compounds. This
fact suggests that a later step would be the target of these com-
pounds.
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Table 2
Viral DNA quantification real time PCR after treatment with active quinolines.

Relative expression

Not treated 100%
Zidovudine 1 �M 25%
9 188%
13 117%
15 175%
17 168%
18 381%
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Table 3
Effect of quinoline compounds on HIV transcription.

Compound Transcription PBMCs Transcription MT-2

NL4.3-Luc PMA
0.1 �M + c. 20 �M

NL4.3-Luc + c. 20 �M

% RLUs SD % RLUs SD

1 268% 32% 152% 8%
2 272% 33% 129% 1%
3 193% 23% 153% 9%
4 148% 18% 105% 18%
5 176% 21% 134% 2%
6 127% 15% 129% 6%
7 173% 21% 92% 6%
8 245% 29% 121% 2%
9 269% 32% 70% 4%
10 222% 27% 141% 4%
11 296% 36% 132% 6%
12 226% 27% 142% 5%
13 40% 5% 18% 1%
14 197% 24% 119% 6%
15 41% 15% 9% 1%
16 112% 13% 101% 8%
17 27% 3% 8% 0%
18 259% 31% 98% 6%

Transcription PBMCs: resting PBMCs were transfected with a luciferase expres-
sion vector under the control of complete HIV provirus (NL4.3) and treated with
compounds (20 �M) and PMA (0.1 �M). 48 h later, cells were lysed and luciferase
expression measured in a luminometer. Results are expressed as percentages com-
pared to a PMA-treated culture (100%). Results are the mean and standard deviation
of at least three independent experiments.
Transcription MT-2: MT-2 cells were transfected with a luciferase expression vec-
tor under the control of complete HIV provirus (NL4.3) and treated with compounds

T
E

T
c
a
T
(
R

esults are shown as relative expression as compared to a not treated control (100%).
idovudine at 1 �M was used as inhibition control. Quinoline derivative treatment
as performed at a single concentration of 50 �M.

To further analyze the target of active compounds, viral
ranscription was studied in resting or stimulated primary lym-
hocytes. To this end, MT-2 cells or resting PBMCs obtained from
ealthy donors by standard procedures, were transfected with a

uciferase construct under the control of the whole genome of
IV (NL4.3-Luc) and treated with PMA (0.1 �M) and compounds
t 20 �M. The culture was maintained at 37 ◦C in 5% CO2 for 48 h
nd cells were harvested and lysed following the manufacturer’s
nstructions (Luciferase assay system, Promega). Luciferase activity

as measured in cell lysates in a luminometer.
As shown in Table 3, the most potent compounds in antiviral

ssays are also the most active in the transfection experiments in
oth PMA-activated PBMCs and MT-2 cells. Compounds 13, 15 and
7 inhibit HIV transcription in MT-2 cells and transcription induced
y PMA in resting PBMCs.

Since HIV transcription is a complex process in which a lot of
iral and cellular factors are involved, the three most potent com-
ounds were further studied as inhibitors of transcription. To this
nd, resting PBMCs or MT-2 cells were transfected with luciferase
onstructs under the control of nuclear factor-�B (NF-�B) or speci-
city protein-1 (Sp1) transcription factors.

As shown in Table 4, the three most potent compounds are able
o decrease HIV transcription through NF-�B and Sp1 inhibition.
F-AT induced transcription treated with PMA 0.1 �M, ionomycine
nd quinolines were not affected (data not shown).

Since viral latency has always been a cause of concern, effect
f quinolines derivatives on viral transcription was further stud-
ed in resting PBMCs without treatment with PMA. To this end,
esting PBMCs were again transfected with luciferase reporter con-
tructs under the control of complete HIV genome (NL4.3-Luc).
BMCs were not treated with PMA, and remained resting, and
ere treated with quinoline derivatives. After 48 h, cells were

ysed and luciferase activity (RLUs) measured in a luminome-
er.
As shown in Table 5, transactivation of resting PBMCs was
ffectively achieved by PMA. On the other hand, quinolines were
lso able to inhibit HIV replication in resting PBMCs, although the
ranscription signal was at least 10 times lower. Curiously, com-
ound 17 was more potent in non-PMA-treated cells than with

able 4
ffect of compounds on HIV transcription.

Transcription PBMCs

3-enh-KB-Luc + c. 20 �M SD Sp1-Luc + c. 20 �M SD

13 24% 6% 26% 6%
15 21% 4% 25% 11%
17 77% 16% 47% 7%

ranscription PBMCs: resting PBMCs were transfected with a luciferase expression vect
ompounds (20 �M) and PMA (0.1 �M). 48 h later, cells were lysed and luciferase express
PMA-treated culture (100%). Results are the mean and standard deviation of at least thr
ranscription MT-2: MT-2 cells were transfected with a luciferase expression vector under
20 �M). 18 h later, cells were lysed and luciferase expression measured in a luminomete
esults are the mean and standard deviation of at least three independent experiments.
(20 �M). 18 h later, cells were lysed and luciferase expression measured in a lumi-
nometer. Results are expressed as percentages compared to a non-treated culture
(100%). Results are the mean and standard deviation of at least three independent
experiments.

PMA-induced transcription, since the percentage of transcription
inhibition is lower.

To further study the action of active quinolines in transcription,
the expression of p65 and I�B proteins was measured by west-
ern blot in nuclear extracts of MT-2 cells. As shown in Fig. 2, the
three compounds, but particularly 17, diminish the expression of
p65. This suggests that quinolines act through the blockade of the
nuclear translocation of p65, and thus inhibit the action of NF-�B.
On the other hand, the inhibitor of NF-�B, I�B, is less expressed in
quinoline-treated cell nuclear extracts. Since p65 is able to stim-
ulate the synthesis of its inhibitor, the blockade of the action of
NF-�B also blocks the re-synthesis of I�B, and it is thus not present
in nuclear extracts when treated with quinolines as compared to a
non-treated cell control.
4. Discussion

Since the 1980s, AIDS has become a disastrous epidemic which
greatly threatens the health of mankind and brings crises and chal-

Transcription MT-2

3-enh-KB-Luc + c. 20 �M SD Sp1-Luc + c. 20 �M SD

10% 1% 8% 0%
5% 2% 4% 1%

49% 6% 45% 7%

or under the control of NF-�B (3-enh-�B-Luc) or Sp1 (Sp1-Luc) and treated with
ion measured in a luminometer. Results are expressed as percentages compared to
ee independent experiments.
the control of NF-�B (3-enh-�B-Luc) or Sp1 (Sp1-Luc) and treated with compounds
r. Results are expressed as percentages compared to a non-treated culture (100%).
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ig. 2. Expression of p65 and I�B proteins in nuclear extracts of MT-2 cells treated
ith the active quinolines at 20 �M. MT-2 cells were treated with 20 �M quino-

ines (13, 15 and 17) or PMA at 0.1 �M for 2 h. Nuclear extracts were obtained and
xpression of p65 and I�B were detected with specific antibodies.

enges to the healthcare system, with more than 38 million people
nfected worldwide (Wakabi, 2007; El Amari and Hirschel, 2009).
oday, there are more than 20 drugs available in the clinic for the
reatment of HIV infection. In spite of a wide variety of potent HIV
nhibitors, a number of severe problems are still associated with
IV infection. Two major concerns are the emergence of resistant
r even multi-resistant viruses following combination therapy, and
he noxious side effects associated with some inhibitors. In conse-
uence, as long as it remains impossible to eradicate the virus and
ntil a protective vaccine is available, there is an urgent need for
ffective inhibitors capable of controlling resistant virus variants
ith a more favorable tolerance profile.

Antiviral drug development has substantially increased. The
harmaceutical industry has shown a continued interest in fur-
her exploiting existing drug targets, obtaining proof of concept for
ew ones and initiating new drug development programs focusing
n novel structures. Considerable attention has been paid to the
ynthesis of quinoline derivatives, as this structural framework is
ften found in synthetic pharmaceuticals with unique biological
ctivities. Moreover, 4-quinolones, oxo-derived quinolines, have
reviously shown anti-HIV activity through transcription inhibi-
ion (Stevens et al., 2005; Tabarrini et al., 2008).

The compounds tested here contain quinoline or tetrahy-
roquinoline rings and can be divided into two main
roups: group 1 includes 4-(2-oxopyrrolidinyl-1)-1,2,3,4-
etrahydroquinolines with 2-(3-nitrophenyl) substituent
N-series) or 2-(3-aminophenyl) moiety (H-series), and group

includes 2-(3-nitrophenyl)- or 2-(3-aminophenyl)-substituted
uinolines (S-series). Two different antiviral assays were per-
ormed in order to test the anti-HIV activity of the compounds:

TT and RVA. Compounds of the S-series were more potent than

he H-series, although there were five compounds with moderate
ctivity in the MTT assay (5, 6, 9, 11 and 12). Interestingly, in RVA,
he active compounds were tetrahydroquinoline molecules 5, 6,
, 9, 10 and 12, although these differences could be related to

able 5
ffect of quinoline compounds on HIV transcription.

Transcription PBMCs

NL4.3-Luc + c. 20 �M SD

PMA 0.1 �M 503% 136%
13 14% 7%
15 23% 9%
17 8% 11%

esting PBMCs were transfected with a full-length HIV-DNA carrying a luciferase
eporter gene in the position of nef (NL4.3-Luc) and treated with compounds
20 �M). 48 h later, cells were lysed and luciferase expression measured in a lumi-
ometer. Results are expressed as percentages compared to a non-treated culture
100%). Results are the mean and standard deviation of three independent experi-

ents.
earch 87 (2010) 338–344

the low potency of most of this class of compounds. Moreover,
most of them were active only against HIV recombinant virus,
and not against VSV-pseudotyped infection, suggesting an HIV
envelope-related mechanism of action, except for compound
9, which was also active against VSV-pseudotyped infections.
However, the most interesting molecules were 13, 15 and 17 with
the highest potency in both assays, although compound 17 was
more potent in MTT assay. Similar IC50 values were obtained for
the recombinant virus assay against both viruses, suggesting a
target not related to the HIV envelope, and thus, to viral entry.

Although IC50 values do not suggest a strong anti-HIV activity,
the chemically related antibacterial fluoroquinolones showed min-
imum inhibitory concentrations (MICs) in the same range, around
4 �g/ml (anti-HIV quinolines around 10–90 �M which would be
5–25 �g/ml) with typical doses of between 200 and 400 mg per day
(data obtained from FDA). Therefore, if the pharmacokinetics are
comparable, anti-HIV quinolines could be administered at similar
doses to reach active drug serum concentrations.

To further study the potential action of these compounds, a real
time PCR-based retrotranscriptional assay was performed. How-
ever, the total viral DNA amount in cell infections is not reduced
by treatment with active compounds, suggesting that a later step
is probably the target of these molecules. Since HIV transcription is
a complex process involving many different factors, the three most
potent compounds were further studied as inhibitors of viral tran-
scription. The results showed that the three compounds were able
to decrease HIV transcription induced by PMA through NF-�B and
Sp1 inhibition.

Quinolines diminish the expression of NF-�B and its inhibitor
I�B in nuclear extracts, showing that inhibition of HIV replication
is related to the inhibitory effect of these compounds on NF-�B
activity. In fact, low nuclear levels of I�B also reflect decreased NF-
�B activity as I�B gene transcription and nuclear location of the
protein are dependent on continuous re-synthesis driven by NF-�B
(Coiras et al., 2008).

Moreover, transcription inhibition was also effectively achieved
in non-PMA-stimulated PBMCs, suggesting that viral reservoirs,
which are thought to be mainly a small pool of CD4+ T cells
(Siliciano et al., 2003; Coiras et al., 2009), are also a target of
the quinoline-based compounds. The stronger potency observed
against the transcription in resting cells could be due to the level
of HIV transcription. In PMA-activated PBMCs transcription was
10 times higher than in resting cells and this is related with the
induction of transcription factors involved in HIV transcription.
The inhibitory effect observed in activated PBMCs is related with
the blockade of NF-�B and Sp1 by the compounds tested. Low
transactivation levels are found in resting lymphocytes as has been
described by our group (Alcamí et al., 1995) and other authors. We
have shown that this low-level activity in resting cells is related to
the translocation of low amounts of NF-�B in resting cells (Coiras et
al., 2007, 2008). In consequence an inhibitory effect is found in rest-
ing PBMCs, although lower levels of transcription factor are present,
and thus higher potency of compounds is observed. The effect found
for the active quinoline compounds could therefore be related with
the inhibition of this activation pathway in resting lymphocytes.

Some relationships can be extracted from the analysis of
the structures and the activities displayed. The 2-aryl-4-(2-
oxopyrrolidinyl-1)-1,2,3,4-tetrahydroquinoline moiety is not by
itself sufficient for antiviral activity, as this is clearly suggested
by the lack of activity of many compounds of the N-series and
H-series. However, moderate activity has been shown with those

with substituents on the quinoline skeleton in the C-5 and C-7 posi-
tion (compounds 5 and 6 from N-series and compounds 11 and 12
from H-series), with a target probably related to the HIV envelope.
The substitution with a methoxy group in the C-6 position of the
quinoline skeleton is only favourable in compounds bearing a –NH2
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roup in the aryl substituent at C-2 position (compound 9). Inter-
stingly, this compound was also active against VSV-pseudotyped
irus infections, suggesting a target which is not dependent on the
IV envelope.

Within the S-series, the quinoline skeleton without any
ubstituents (compound 13) or with methoxy substituents (com-
ounds 15 and 17) was the most active. In this series, the
tructure–activity relationship around the substituents on the
uinoline moiety did not seem to have as dramatic an effect as

n the aryl ring, but some trends were evident. Substitutions with
ethyl at the 6-position and/or at the 5- and 7-position were detri-
ental to antiviral activity, as is apparent from the lack of activity

f compounds 14 and 16. In addition, the methoxy substitution in
he quinoline skeleton was detrimental in compound 18 bearing a
H2 group in the aryl substituent at C-2 position.

. Conclusion

In this work, 18 quinoline-based compounds were tested
or antiviral properties against HIV. The most active quinoline

olecules (13, 15 and 17) were further studied in order to obtain
n overview of their exact mechanism of action. Results showed
hat the three compounds are able to decrease HIV transcription in

T-2 cells and resting or PMA-treated PBMCs through NF-�B and
p1 inhibition. From the analysis of the structures and the activities
isplayed, some relationships could be extracted. Results showed
hat the most active compounds were 2-aryl quinolines, partic-
larly those containing methoxy substituents or no substituents

n the quinoline skeleton. These studies provide more insight into
he structure–activity relationships of quinoline derivatives such as
IV inhibitors, and should help in designing new quinoline deriva-

ives, which could be useful for the development of antiviral agents.

cknowledgements

Research in our laboratory is supported by grants from the
uropean Union (EUROPRISE and CHAARM), the Instituto de Salud
arlos III (RETIC RD06/0006 and the Intrasalud Programme), the
omunidad de Madrid (VIRHOST Network) and Fundación para la

nvestigación y Prevención del Sida en España (FIPSE). Luis Astudillo
s grateful to project PBCT Anillo ACT-38 for financial support. The
echnical assistance of Ms. Brooke-Turner is gratefully acknowl-
dged.

eferences

dachi, A., Gendelman, H.E., Koenig, S., Folks, T., Willey, R., Rabson, A., Martin, M.A.,
1986. Production of acquired immunodeficiency syndrome-associated retro-
virus in human and nonhuman cells transfected with an infectious molecular
clone. J. Virol. 59, 284–291.

lcamí, J., Laín de Lera, T., Folgueira, L., Pedraza, M.A., Jacqué, J.M., Bachelerie, F.,
Noriega, A.R., Hay, R.T., Harrich, D., Gaynor, R.B., 1995. Absolute dependence on
kappa B responsive elements for initiation and Tat-mediated amplification of
HIV transcription in blood CD4 T lymphocytes. EMBO J. 14, 1552–1560.

renzana-Seisdedos, F., Fernandez, B., Domínguez, I., Jacqué, J.M., Thomas, D., Diaz-
Meco, M.T., Moscat, J., Virelizier, J.L., 1993. Phosphatidylcholine hydrolysis
activates NF-�B and increases human immunodeficiency virus replication in
human monocytes and T lymphocytes. J. Virol. 67, 6596–6604.

agasra, O., 2006. A unified concept of HIV latency. Expert Opin. Biol. Ther. 6,
1135–1149.

attegay, M., Fehr, J., Flückiger, V., Elzi, L., 2008. Antiretroviral therapy of late pre-
senters with advanced HIV disease. J. Antimicrob. Chemother. 62, 41–44.

hen, S., Chen, R., He, M., Pang, R., Tan, Z., Yang, M., 2009. Design, synthesis and bio-
logical evaluation of novel quinoline derivatives as HIV-1, Tat-TAR interaction
inhibitors. Bioorg. Med. Chem. 17, 1948–1956.

oiras, M., López-Huertas, M.R., Rullas, J., Mittelbrunn, M., Alcami, J., 2007. Basal

shuttle of NF-�B/I�B� in resting T lymphocytes regulates HIV-1 LTR dependent
expression. Retrovirology 4, 56–68.

oiras, M., López-Huertas, M.R., Mateos, E., Alcamí, J., 2008. Caspase-3-mediated
cleavage of p65/ReIA results in a carboxy-terminal fragment that inhibits
I�B� and enhances HIV-1 replication in human lymphocytes. Retrovirology 5,
109–128.
earch 87 (2010) 338–344 343

Coiras, M., López-Huertas, M.R., Pérez-Olmeda, M., Alcamí, J., 2009. Understanding
HIV-1 latency provides clues for the eradication of long-term reservoirs. Nat.
Rev. Microbiol. 7, 798–812.

Connor, R.L., Chen, B.K., Choe, S., Landau, N.R., 1995. Vpr is required for efficient repli-
cation of human immunodeficiency virus type-1 in mononuclear phagocytes.
Virology 206, 935–944.

Dorey, G., Lockhart, B., Lestage, P., Casara, P., 2000. New quinolinic derivatives as
centrally active antioxidants. Bioorg. Med. Chem. Lett. 10, 935–939.

Dubridge, R.B., Tang, P., Hsia, H.C., Leong, P.M., Miller, J.H., Calos, M.P., 1987. Analysis
of mutation in human cells by using an Epstein-Barr virus shuttle system. Mol.
Cell. Biol. 7, 379–387.

El Amari, E., Hirschel, B., 2009. HIV-AIDS 2008: the year in review. Rev. Med. Suisse
185, 69–71.

Garcia-Perez, J., Sanchez-Palomino, S., Perez-Olmedo, M., Fernández, B., Alcami,
J., 2007. A new strategy based on recombinant viruses as a tool for assessing
drug susceptibility of human immunodeficiency virus type 1. J. Med. Virol. 79,
127–137.

Grande, F., Garofalo, A., Neamati, N., 2008. Small molecules anti-HIV therapeutics
targeting CXCR4. Curr. Pharm. Des. 14, 385–404.

Greene, W.C., Debyser, Z., Ikeda, Y., Freed, E.O., Stephens, E., Yonemoto, W., Buckheit,
R.W., Esté, J.A., Cihlar, T., 2008. Novel targets for HIV therapy. Antiviral Res. 80,
251–265.

Harada, S., Koyanagi, Y., Yamamoto, N., 1985. Infection of HTLV-III/LAV in HTLV-I-
carrying cells MT-2 and MT-4 and application in a plaque assay. Science 229,
563–566.

Hirsch, M.S., Günthard, H.F., Schapiro, J.M., Brun-Vézinet, F., Clotet, B., Hammer, S.M.,
Johnson, V.A., Kuritzkes, D.R., Mellors, J.W., Pillay, D., Yeni, P.G., Jacobsen, D.M.,
Richman, D.D., 2008. Antiretroviral drug resistance testing in adult HIV-1 infec-
tion: 2008 recommendations of an International AIDS Society USA panel. Clin.
Infect. Dis. 47, 266–285.

Hoemann, M.Z., Xie, R.L., Rossi, R.F., Meyer, S., Sidhu, A., Cuny, G.D., Hauske, J.R.,
2002. Potent in vitro methicillin-resistant Staphylococcus aureus activity of 2-
(1H-indol-3-yl)tetrahydroquinoline derivatives. Bioorg. Med. Chem. Lett. 12,
129–132.

Hughes, A., Barber, T., Nelson, M., 2008. New treatment options for HIV salvage
patients: an overview of second generation PIs, NNRTIs, integrase inhibitors and
CCR5 antagonists. J. Infect. 57, 1–10.

Jacquemond-Collet, I., Benoit-Vical, F., Valentin, A., Stanislas, E., Mallié, M., Fouraste,
I., 2002. Antiplasmodial and cytotoxic activity of galipinine and other tetrahy-
droquinolines from Galipea officinalis. Planta Med. 68, 68–69.

Kouznetsov, V.V., Méndez, L.Y., Tibaduiza, B., Ochoa, C., Pereira, D.M., Ruiz,
J.J., Portillo, C.F., Gómez Barrio, A., Bahsas, A., Amaro-Luis, J., 2004. 4-N-
Aryl(benzyl)amino-4-heteroarylbut-1-enes as building blocks in heterocyclic
synthesis. 4. Synthesis of 4,6-dimethyl-5-nitro(amino)-2-pyridylquinolines and
their antiparasitic activities. Arch. Pharm. 337, 127–132.

Kouznetsov, V.V., Bohórquez, A.R., Saavedra, L.A., Medina, R.F., 2006. An efficient
synthesis of new C-2 aryl substituted quinolines based on three component
imino Diels–Alder reaction. Mol. Divers. 10, 29–37.

Kouznetsov, V.V., Vargas Méndez, L.Y., Leal, S.M., Mora Cruz, U., Coronado, C.A.,
Meléndez Gómez, C.M., Romero Bohórquez, A.R., Escobar Rivero, P., 2007. Target-
oriented synthesis of antiparasitic 2-hetaryl substituted quinolines based on
imino Diels–Alder reactions. Lett. Drug Des. Discov. 4, 293–296.

Lilienkampf, A., Mao, J., Wan, B., Wang, Y., Franzblau, S.G., Kozikowski, A.P., 2009.
Structure–activity relationships for a series of quinoline-based compounds
active against replicating and nonreplicating Mycobacterium tuberculosis. J. Med.
Chem. 52, 2109–2118.

Liu, G.B., Xu, J.L., He, C.C., Chen, G., Xu, Q., Xu, H.X., Li, J.X., 2009. Synthesis and
evaluation of a novel series of quinoline derivatives with immunosuppressive
activity. Bioorg. Med. Chem. 17, 5433–5441.

Martínez-Grueiro, M., Giménez-Pardo, C., Gómez-Barrio, A., Franck, X., Fournet, A.,
Hocquemiller, R., Figadère, B., Casado-Escribano, N., 2005. Nematocidal and tri-
chomonacidal activities of 2-substituted quinolines. Fármaco 60, 219–224.

Meléndez Gómez, C.M., Kouznetsov, V.V., Sortino, M.A., Alvarez, S.L., Zacchino, S.A.,
2008. In vitro antifungal activity of polyfunctionalized 2-(hetero)arylquinolines
prepared through imino Diels–Alder reactions. Bioorg. Med. Chem. 16,
7908–7920.

Menéndez-Arias, L., Tözsér, J., 2008. HIV-protease inhibitors: effects on HIV-2 repli-
cation and resistance. Trends Pharmacol. Sci. 29, 42–49.

Oberlin, E., Amara, A., Bachelerie, F., Bessia, C., Virelizier, J.L., Arenzana-Seisdedos, F.,
Schwartz, O., Heard, J.M., Clark-Lewis, I., Legler, D.F., Loetscher, M., Baggiolini,
M., Moser, B., 1996. The CXC chemokine SDF-1 is the ligand for LESTR/fusin and
prevents infection by T-cell-line-adapted HIV-1. Nature 382, 833–835.

Pauwels, R., Balzarini, J., Baba, M., Snoeck, R., Schols, D., Herdewijn, P., Desmyter, J.,
De Clercq, E., 1988. Rapid and automated tetrazolium-based colorimetric assay
for the detection of anti-HIV compounds. J. Virol. Methods 20, 309–321.

Pear, W.S., Nolan, G.P., Scott, M.L., Baltimore, D., 1993. Production of high-titer
helper-free retroviruses by transient transfection. Proc. Nat. Acad. Sci. U.S.A. 90,
8392–8396.

Sancho, R., Márquez, N., Gómez-Gonzalo, M., Calzado, M.A., Bettoni, G., Alcamí,
J., López-Cabrera, M., Appendino, G., Muñoz, E., 2004. Imperatorin inhibits
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