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Abstract

The 4-aminoquinoline chloroquine and its analogue hydroxychloroquine are endowed with anti-HIV-1 activity ot andin vivo.
We previously reported that the addition of CQ (chloroquine) to the combination of HU (hydroxyurea) and ddl (didanosine) provides
additive anti-HIV-1 activity. We here extended thisvitro investigation by studying whether the addition of CQ also resulted in additive
anti-HIV-1 activity when combined with HU plus AZT (zidovudine). The same effect was found, whether CQ was added to HU plus AZT
or to HU plus ddl, in recently infected H-9 and U-937 cells or primary T cells and monocytes, as well as in immunologically or oxidatively
stimulated ACH-2 and U-1 cells. At concentrations where CQ exerts its anti-HIV-1 effect in combination with the other drugs, CQ addition
does not result in either cell toxicity or apoptosis. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction clinical studies on the combination of HU with an NRTI
drug have been performed with ddl [2].
The antimetabolite HU exerts anti-HIV-1 activitin Both CQ and its analogue hydroxychloroquine have been

vitro. This effect is substantially increased when the drug is reported by our group and others to have anti-HIV-1 activity
used in combination with one of the NRTIs [1]. Indeed, by in vitro [4-7] as well asin vivo [8,9]. Furthermore, we
inhibiting ribonucleotide reductase, HU reduces the concen- found that CQ enhances the anti-HIV-1 activity of the ddl
tration of the natural substrates utilized during reverse tran-and HU combinationin vitro [10,11]. CQ is extremely
scription, so that lower concentrations of dNTPs will com- inexpensive and HU is also inexpensive. It is to be antici-
pete with NRTIs [1,2]. In vitro studies showed a pated that the cost of AZT will substantially decrease, at
potentiation of the anti-HIV-1 effect by HU in combination least in the developing world, where there is urgent need for
with either AZT, zalcitabine, or ddl, the combination with effective and affordable anti-HIV-1 combination therapies.
the latter being the most potent [1,2]. In the case of AZT, the We therefore examined whether CQ might exertvitro
enhanced anti-HIV-1 effect in the presence of HU is not additive anti-HIV-1 activity when associated with the com-
fully explained by a decreased dTTP concentration, and HU bination of AZT plus HU, as we had previously observed
has been suggested to potentiate AZT by increasing thewhen CQ was associated with the combination of ddl plus
cellular uptake and phosphorylation of the drug [3]. Most HU [10,11].

Abbreviations:AZT, zidovudine; CQ, chloroquine; ddl, didanosine; 2. Materials and methods
HU, hydroxyurea; LPS, lipopolysaccharide; NRTI, nucleoside reverse tran-

scriptase inhibitor; PMA, phorbol myristate acetate; and RT, reverse tran- Methods used were as previously reported [11]. In
scriptase. .

* Corresponding author. Tel+ 32-50-45-22-00; fax:+32-50-45-22-  Pri€f, the following cells were used for the infection
99. protocol: U-937 and U-1 (promonocytic) as well as H-9
E-mail address:).R.Boelaert.Brugge@unicall.be (J.R. Boelaert). and ACH-2 (T lymphocytic) cell lines grown in “com-
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Fig. 1. Effect of chloroquine on HIV-1 infection of T cell and promonocytic cell lines (A) as well as of primary T cells and monocytes (B). H-9 and U-937
cells were untreated (x) or treated with HU (0.2 mM) and either AZTuf4) or ddI (1 uM), and varying concentrations of CQ. They were infected with
HIV-1,,z and then maintained in culture. Primary T cells and monocytes (“T” and “M” in B) were isolated from normal blood donors and either untreated
(x) or treated with the same drugs. The T cells were stimulated with PHA (phytohemagglutingyjmlL) and then infected with HIVlg, while the
monocytes were infected with HIVs], . In all cases, RT activity in the culture supernatant was measured 4 days after infection. The values represent the
means of 3 separate experiments.

plete medium” [11]; peripheral blood mononuclear cells either LPS (10ug/mL) for U-1 cells and with PMA (1

(PBMC) from normal blood donors at 50 10° cells/mL

in complete medium; and T cells at 056 10° cells in
complete medium supplemented with 10% interleukin-2.
These cells were infected with HIVyk and HIV-15,,
[11]. One-half million cells were infected by co-cultiva-

ng/mL) for ACH-2 cells. When stimulation was done by
oxidative stress, kO, (hydrogen peroxide) was added at
different concentrations (200M for ACH-2 and 2 mM for
U-1 cells) and after 30 min the cells were incubated with the
above drugs. RT activity was measured in the culture su-

tion of an infectious supernatant, standardized to 80,000 pernatant 4 days after stimulation, as previously reported
cpm/mL, for 90 min at 37°. After washing, the cells were [11]. Two independent experiments were done in triplicate.

cultured to a final concentration of 0.% 10%/mL in

Toxicity of the above drugs to the above cells was

complete medium at 37°. In some experiments, cells were measured by®H] thymidine incorporation, and apoptosis

pretreated with HU (0.2 mM), either AZT (M) or ddl
(1 uM), and varying concentrations of chloroquine or

sterile PBS before infection.

To study HIV-1 reactivation from chronically infected
U-1 and ACH-2 cell lines, these cells were incubated with
the above drugs before being stimulated for 16 hr with

was measured by FITC (fluorescein isothiocyanate)-labeled
annexin V and flow cytometry, gating on the live cells [11].
Data from the interaction of CQ with HU, ddl, and ZDV
were analyzed by the non-parametric response surface
methodology [11]. The results in the figures are expressed
as meanst standard deviation.
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Fig. 2. Effect of chloroquine on ACH-2 (A) and U-1 (B) cells, stimulated immunologically. ACH-2 and U-1 cells were treated with HU (0.2 mM), either
AZT (1 uM) or ddI (1 M), and varying concentrations of CQ and then stimulated with PMA (1 ng/mL) or LPSwI®L), respectively, for 16 hr. RT
activity was measured in the culture supernatant 4 days after stimulation. The values represent the means of 3 separate experiments.

3. Results

We confirmed that the combination of HU at 0.2 mM
with either AZT or ddI at 1uM suppressed HIV-1 replica-
tion in both H-9 and U-937 cell lines. Using the non-
parametric response method, the effect of CQ on thetHU
ddl or HU + ZDV combination was additive, and not

and the LPS-stimulated U-1 promyelocytic cell line, the
addition of CQ to HU plus either AZT or ddI resulted in a
further reduction of the RT activity (Fig. 2, A and B). When
H,O, was used to reactivate HIV-1 in both cell types,
reactivation decreased to a similar degree with AZT plus
HU as with ddl plus HU. Moreover, CQ at increasing
concentrations, added to both drug combinations, again led

synergistic or subsynergistic, in both the recently and chron- to a further decrease in the RT activity that was similar in
ically infected T cells and monocytes. This additive effect both cases (Fig. 3, A and B).

was dependent on its concentration and was the same To study toxicity and apoptosis, H-9 and U-937 cells
whether AZT or ddl was used as nucleoside (Fig. 1A). The were first treated with HU at 0.2 mM, either AZT or ddI at
same was observed with primary T cells and primary mono- 1 uM, and CQ at varying concentrations. The addition of

cytes from 3 healthy donors. The mean effective desg))
of CQ to inhibit HIV-1,,5 in the H-9 cells and primary T
cells was 0.uM, in the U-937 cells 0.44M, and in primary
macrophages 0.2M. Using primary clinical isolates of
HIV-1 from 3 HIV-1-infected patients led to the same
results (data not shown).

When using both the PMA-stimulated ACH-2 T cell line

CQ at concentrations that exerted an antiviral activity did
not result in an inhibition of cell proliferation, as assessed
by thymidine incorporation (data not shown). Similarly, the
addition of CQ at the same concentrations did not result in
an enhanced annexin V staining (data not shown). Results
are the same, whether the drug combination was with AZT
or ddl.
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Fig. 3. Effect of chloroquine on ACH-2 (A) and U-1 (B) cells, stimulated by oxidative stress. ACH-2 and U-1 cells were treated@yittdd mM for
ACH-2 and 2 mM for U-1) for 30 min, and cells were washed and incubated with HU (0.2 mM), either AWM dr ddI (1 wM) and varying concentrations
of CQ. RT activity was measured in the culture supernatant 4 days after stimulation. The values represent the means of 2 separate experiments.

4. Discussion emergence of viral resistance to the drug. We have previ-
ously reported an additive effect between AZT and hy-
There are several general properties of CQ that may droxychloroquine in inhibiting HIV-1 replication in T cells
make its use in HIV-1-infected patients attractive. First, the and monocytes [5]. Likewise, there is an additive anti-
drug presented antimicrobial properties against severalHIV-1 effect between NRTIs, such as AZT and particularly
AIDS opportunists when studied on macrophage infection ddl, and HU [1-3]. We recently reported that CQ exerts an
or in vivo in mice [12]; second, it may limit the deposition additive in vitro anti-HIV-1 activity when combined with
of iron in the reticuloendothelial system [13], which may be HU and ddl [10,11]. Here, we show that the addition of CQ
beneficial in view of the negative role that iron accumula- to either HU plus AZT or to HU plus ddI further and equally
tion seems to have on the outcome of HIV-1 infection [14]; inhibits HIV-1 replication as determined by RT activity.
third, it is an anti-inflammatory drug that inhibits the syn- This further reduction in HIV-1 replication due to CQ was
thesis of several proinflammatory cytokines [15,16]. More observed both in recently and chronically HIV-1-infected T
importantly, both CQ and its analogue hydroxychloroquine cells and monocytes, both in cell lines and in primary cells.
have been reported by our group and others to have anti-The concentration of CQ that provides this additional ac-
HIV-1 activity in vitro and in HIV-1-infected patients tivity (Ecsg value of 0.2—0.9.M for the primary T cells and
[4-9]. It is likely that CQ exerts its anti-HIV-1 activity = monocytes) is in the range of plasma concentrations that are
posttranscriptionally, but the exact mechanism of the drug reported in patients chronically treated with (hydroxy)chlo-
action is unknown. The target may well be a cellular rather roquine for either rheumatic diseases or the prevention of
than a viral one, which should decrease the likelihood of the malaria [17]. Using higher doses of CQ might increase the
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antiviral effect of the drug, but should be avoided in view of  [2] Lori F. Hydroxyurea and HIV: 5 years later—from antiviral to im-
the enhanced risk of ocular toxicity. mune-modulating effects. AIDS 1999;13:1433-42.
CQ is a non-patent drug that is widely produced and [3] Gao WY, Johns DG, Chokekuchai S, Mitsuya H. Disparate actions of

ilable in the d loDi 1d. Itis sh h hydroxyurea in potentiation of purine and pyrimidine’,3-
available in the developing world. It is shown here to exert dideoxynucleoside activities against replication of human immuno-

a similar additive antiretroviral effedh vitro when com- deficiency virus. Proc Natl Acad Sci USA 1995:92:8333—7.

bined either with HU plus AZT or HU plus ddl. Theoreti-  [4] Sperber K, Kalb TH, Stecher VJ, Banerjee R, Mayer L. Inhibition of

cally, combining HU and AZT may enhance the risk of bone human immunodeficiency virus type 1 replication by hydroxychloro-

marrow depression more than the HU plus ddI combination. quine in T cells and monocytes. AIDS Res Hum Retroviruses 1993;
9:91-8.

Although most HU—c_ontamlng_reglmens associate ddl_ rather [5] Chiang G, Sassaroli M, Louie M, Chen H, Stecher VJ, Sperber K.
than AZT, some patients receive the latter druQ combination Inhibition of HIV-1 replication by hydroxychloroquine: mechanism
with an acceptable hematological tolerandgoth CQ and of action and comparison with zidovudine. Clin Ther 1996;18:1080—
HU are inexpensive drugs. If AZT becomes more affordable 92.

to patients of the developing world, we suggest that, based [6] Tsai WP, Nara PL, Kung HF, Oroszlan S. Inhibition of human
on the presenin vitro data, clinical studies should deter- gﬂggﬁggg;"ig%fgf:;l'”;ec“‘"ty by chloroquine. AIDS Res Hum
mine Fhe ?ﬁlcacy and assess the toxicity OT the CQ/AZT/HU [7] Pardridge WM, Ya’ng J, Diagne A. Chloroquine inhibits HIV-1 rep-
combination administered to asymptomatic HIV-1-infected lication in human peripheral blood lymphocytes. Immunol Lett 1998;
patients. We recently reviewed the properties that make CQ 64:45-7.

potentially interesting in the treatment of HIV-1 infection:  [8] Sperber K, Louie M, Kraus T, Proner J, Sapira E, Lin S, Stecher V,
its anti-HIV-1 activity (as discussed above), its anti-inflam- Mayer L. Hydroxychloroquine treatment of patients with human

matory effect, its inhibitory activity toward several AIDS- immunodeficiency virus type 1. Clin Ther 1995;17:622-36.
[9] Sperber K, Chiang G, Chen H, Ross W, Chusid E, Gonchar M, Chow

o_pportumsnc path_ogensz and its p_OtentlaI to reduce the R, Liriano O. Comparison of hydroxychloroquine with zidovudine in
tissular accumulation of iron [18]. Finally, CQ may play a asymptomatic patients infected with HIV-1. Clin Ther 1997;19:913—
role in the prophylaxis of mother-to-child transmission of 23.

HIV-1, whether given as adjuvant to antiretovirals during [10] Boelaert JR, Sperber K. Antiretroviral therapy. Lancet 1998;352:
pregnancy and peripartum or administered to the breast-  1224-5. _ _ N
feeding mother to prevent the breastfeeding-associated Viral[ll] Boelaert JR, Sperber K, Piette J. Chloroquine exerts an additive

transmission [18] We are presentlv studving the latter as- vitro anti-HIV-1 effect, when associated with didanosine and hy-
: p y ying droxyurea. AIDS Res Hum Retroviruses 1999;15:1241-7.

pect. [12] Boelaert JR, Appelberg R, Gomes MS, Blasi E, Mazzolla R,
Grosset J, Lounis N, Soteriadou K, Thiakaki M, Taramelli D,
Tognazioli C. Experimental results on chloroquine and AIDS-
Note opportunists. J Acquir Immune Defic Syndr Hum Retrovirol 2001;
1. De Wit S, Brussels, Belgium. Personal communica- N press. _ _
. Legssyer R, Ward R, Crichton RR, Boelaert JR. Effect of chronic
tion. chloroquine administration on iron loading in the liver and reticu-
loendothelial system and oxidative responses by the alveolar macro-
phages. Biochem Pharmacol 1999;57:907-11.
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