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Recycling of chloroquine and its hydroxyl analogue to face bacterial,
fungal and viral infections in the 21st century
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bstract

Chloroquine (CQ) and its hydroxyl analogue hydroxychloroquine (HCQ) are weak bases with a half-century long use as antimalarial
gents. Apart from this antimalarial activity, CQ and HCQ have gained interest in the field of other infectious diseases. One of the most
nteresting mechanisms of action is that CQ leads to alkalinisation of acid vesicles that inhibit the growth of several intracellular bacteria
nd fungi. The proof of concept of this effect was first used to restore intracellular pH allowing antibiotic efficacy for Coxiella burnetii,
he agent of Q fever, and doxycycline plus HCQ is now the reference treatment for chronic Q fever. There is also strong evidence of a
imilar effect in vitro against Tropheryma whipplei, the agent of Whipple’s disease, and a clinical trial is in progress. Other bacteria and fungi
ultiply in an acidic environment and encouraging in vitro data suggest that this concept may be generalised for all intracellular organisms

hat multiply in an acidic environment. For viruses, CQ led to inhibition of uncoating and/or alteration of post-translational modifications
f newly synthesised proteins, especially inhibition of glycosylation. These effects have been well described in vitro for many viruses, with

uman immunodeficiency virus (HIV) being the most studied. Preliminary in vivo clinical trials suggest that CQ alone or in combination
ith antiretroviral drugs might represent an interesting way to treat HIV infection. In conclusion, our review re-emphasises the paradigm that

ctivities mediated by lysosomotropic agents may offer an interesting weapon to face present and future infectious diseases worldwide.
2007 Elsevier B.V. and the International Society of Chemotherapy. All rights reserved.
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. Introduction: general effects of chloroquine (CQ)
nd hydroxychloroquine (HCQ)

CQ is a 9-aminoquinoline known since 1934, which
merged during the first part of the 20th century as an effec-
ive quinine substitute and the drug of choice against malaria
1]. It proved to be among the most successful antimalarial
rugs on a worldwide scale owing to its wide deployment
oinciding with the geographical distribution of Plasmodium
nd its high intrinsic antiparasitic efficacy and low toxicity.
oncomitant with a gradual decrease in its use for therapy
nd prophylaxis of Plasmodium-induced disease worldwide,
elated to the emergence of CQ-resistant parasites, CQ and its

ydroxyl analogue HCQ have gained interest in the field of
ther infectious diseases [2]. The mechanism of action of CQ
s multiple, differing according to the pathogen, and has not
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een well elucidated for all microorganisms. CQ and HCQ
nter cells as non-protonated forms where they become pro-
onated according to the Henderson–Hasselbach law, i.e. in a

anner inversely proportional to the pH [2]. They therefore
oncentrate within acidic organelles, including endosomes,
ysosomes and Golgi vesicles, in which they increase the pH
3]. Over the last decade, two main mechanisms of action
f CQ have been well described, i.e. alkalinisation of acid
esicles in cells infected by intracellular bacteria and fungi,
nd alteration of post-translational modifications of newly
ynthesised proteins in cells infected by viruses. The proof
f concept of the use of CQ as an anti-infectious agent,
ther than an antimalarial agent, has been fully demonstrated
or the first time in vitro and in vivo with the model of
hronic Q fever. This concept was initially based on cel-

ular biology findings, mainly by manipulation of the pH
f acidic vacuoles where Coxiella burnetii, the agent of Q
ever, live and multiply. Demonstration of a negative effect
n growth of C. burnetii by lysosomotropic agents [4] was

of Chemotherapy. All rights reserved.
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Fig. 1. Concept on the use of chloroquine (CQ) and hydroxychloro

he first step, followed by demonstration that alkalinising
. burnetii-containing vacuoles could restore the intracel-

ular activity of antibiotics (Fig. 1) [5]. This paradigm was
ater used to demonstrate the clinical efficacy of an associ-
tion of doxycycline and HCQ in the treatment of chronic

fever endocarditis and this regimen is now the reference
reatment and is to date the only model of confirmed clinical
fficacy (Fig. 1) [6]. There is strong evidence of such an effect
n other intracellular bacteria, especially for Tropheryma
hipplei, the agent of Whipple’s disease, which multiply in
hagosomes, since agents that increase the intravacuolar pH
ecrease bacterial viability [7]. By analogy with C. burnetii,
CQ restores the intracellular activity of doxycycline in vitro

8] and a clinical trial using this regimen is under evalua-
ion. Several other bacteria and fungi live and multiply in
cidic vacuoles and preliminary in vitro data are encourag-
ng for the usefulness of CQ in such infections. For viruses,
Q led to an inhibition of low-pH-dependent entry steps or
lteration of post-translational modifications of newly syn-
hesised proteins, especially via inhibition of glycosylation.
hese effects have been well described in vitro for many
iruses, with human immunodeficiency virus type-1 (HIV-1)
eing the most studied. Moreover, preliminary in vivo clin-
cal trials have suggested that CQ alone or in combination
ith antiretroviral drugs might represent an interesting way

o treat HIV infection.

Here we review available in vitro and in vivo data on

he effects of CQ/HCQ on bacterial, fungal and viral infec-
ions, with the concept that manipulation of the intracellular
H in cells and modification of glycosylation of proteins by

a
L
F
g

or intracellular bacteria and fungi: the Coxiella burnetii paradigm.

ysosomotropic agents instead of antimicrobial compounds
s a powerful approach as new therapeutic strategies for the
revention and therapeutic management of several infec-
ious diseases, including some of great public health concern
orldwide. CQ/HCQ also have anti-inflammatory properties,
owever these will not be discussed in this review.

. CQ/HCQ efficacy against bacterial infections

The intracellular location of several bacteria and fungi has
een known for decades as a critical point to explain failure
f antibiotic treatment to eradicate these pathogens from host
ells [9]. Intracellular pathogens evade the first-line antimi-
robial defence, which includes attack by phagocytes (Fig. 2).
fter being internalised by the cell, usually there is forma-

ion of a phagosome that rapidly fuses with lysosomes. The
acteria are then killed by oxygen-dependent and oxygen-
ndependent killing mechanisms, which leads to acidification
f the phagolysosome (pH 4.5) and acidic activation of
ysosomal enzymes. Intracellular pathogens may evade this
ysosomal pathway by several mechanisms: (i) lifestyle in
ysosome free-cells such as erythrocytes (Bartonella spp.);
ii) escape from the phagosome before fusion with lyso-
omes and multiplication in the cytosol (Rickettsia and
higella) (Fig. 2); (iii) inhibition of phagolysosomal fusion

nd multiplication in the phagosome (Chlamydia, Ehrlichia,
egionella, Salmonella, Yersinia, Brucella, Mycobacterium,
rancisella, Histoplasma capsulatum and Aspergillus fumi-
atus) (Fig. 2); and (iv) survival and multiplication in
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Fig. 2. Strategy for replication of intracellular bacteria and fun

hagolysosomes (C. burnetii, T. whipplei, Staphylococcus
ureus, Candida albicans and Cryptococcus neoformans)
Fig. 2) [5,9,10]. There are many arguments suggesting that
he low pH environment within phagosomal compartments
f the cell is critical for many intracellular pathogens to
ccess cellular iron for growth [11,12]. CQ treatment of dif-
erent cells, including macrophages, could inhibit the growth
f several of these intracellular bacteria by neutralising the
hagolysosomal pH (Table 1; Figs. 1 and 2). Thus, two main
echanisms can explain intracellular bacterial inhibition by
Q: pH-dependent iron deprivation [11]; and direct toxic-

ty by increasing the phagolysosomal pH, which is harmful
or the growth of several intracellular pathogens such as C.
urnetii [13] and T. whipplei [7].

.1. In vitro activity of HCQ/CQ against C. burnetii

Coxiella burnetii is the agent of Q fever and is a strict intra-
ellular bacterium that is able to survive in phagolysosomes
here a low pH (pH 4.5) is necessary for its metabolism

4,72,73]. Q fever includes acute manifestations (mainly
neumonitis and hepatitis) and chronic forms (mainly endo-
arditis) [74]. Usually a regimen of doxycycline 200 mg per
ay for 3 weeks is recommended for patients with acute
fever. Presently, this treatment of acute Q fever is not
ufficient to prevent the development of chronic Q fever
75]. Thus, reliable antibiotic therapy for chronic infection
s a more challenging problem since antibiotics are not bac-

i
f
H
t

n to be inhibited by chloroquine and/or hydroxychloroquine.

ericidal in vitro against C. burnetii [74]. When the pH
f C. burnetii-containing phagolysosomes was raised using
asic lysosomotropic agents such as CQ, methylamine and
mmonium chloride, bacterial multiplication was inhibited,
howing a direct negative effect on growth by lysosomotropic
gents, including CQ [4,13]. An original killing assay model
eveloped by Maurin et al. [5] demonstrated that doxycy-
line, pefloxacin and rifampicin did not show any significant
actericidal activity. Conversely, it was shown that in vitro
ntracellular antibiotic activity was restored and was corre-
ated with modification of the pH by lysosomotropic agents
Fig. 3). The lack of bactericidal activity was probably due to
nactivation by the low pH of the phagolysosomes in which
. burnetii survives. Addition of a lysosomotropic alkalin-

sing agent, i.e. CQ, to antibiotics improved the activities of
oxycycline and pefloxacin, which then became bactericidal
5,13]. The model in which bacteria actively multiply only at
cidic pH is a good paradigm to demonstrate that lack of bac-
ericidal effect of antibiotics is due to intraphagolysosomal
cidity.

.2. In vivo activity of HCQ/CQ against C. burnetii

These in vitro findings have now been evaluated in many

n vivo studies of the treatment of patients with chronic Q
ever endocarditis using a combination of doxycycline and
CQ (at 1 �g/mL in serum) for 18–36 months. Indeed, prior

o this treatment, patients were treated with a long-term
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Table 1
Bacteria, fungi and viruses inhibited by chloroquine and/or hydroxychloroquine (in vitro data)

Bacteria Reference Fungi Reference Virus Reference

Coxiella burnetii [5,13] Histoplasma capsulatum [24] HIV [2,29–32]
Tropheryma whipplei [7,8] Cryptococcus neoformans [15,25] SARS-CoV [33,34]
Legionella pneumophila [11] Paracoccidioides brasiliensis [26] Influenza viruses [35–38]
Francisella tularensis [12] Penicillium marneffei [15,27] Flavivirus, including yellow fever virus [39]
Mycobacterium tuberculosis [14] Aspergillus fumigatus [28] Rubella virus [40,41]
Mycobacterium avium [15] HAV [42]
Salmonella Typhi [16] HBV [43,44]
Escherichia coli [17] HCV [45]
Bacillus anthracis [18] Arenavirus [46]
Bacillus subtilis [19]
Borrelia burgdorferi [20] Lymphocytic choriomeningitis virus [47]
Brucella abortus [21] Rabies virus [48]
Staphylococcus aureus [22] Varicella–Zoster virus [49]
Listeria monocytogenes [23] Respiratory syncytial virus [50]

Sindbis virus [51]
Herpes simplex viruses [41,52,53]
Epstein–Barr virus [54]
Polioviruses [55–57]
Newcastle disease virus [58]
Borna disease virus [59]
Vesicular stomatitis virus [37,60–62]
Vaccinia virus [63]
Murine RNA tumour virus [64]
FMDV [65]
Mayaro virus [66]
Feline calicivirus [67]
African swine fever virus [68]
Bovine leukaemia virus [69]
Canine parvovirus [70]
Minute Virus of Mice [71]

H , hepatit
m
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w
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IV, human immunodeficiency virus; SARS-CoV, SARS coronavirus; HAV
outh disease virus.

etracycline and quinolone regimen for at least 4 years, with a

igh percentage of relapses [6]. This regimen was compared
ith a combination of doxycycline and hydroxychloroquine

ulphate in patients suffering from Q fever endocarditis [6].
f 14 patients treated with a doxycycline and quinolone com-

ig. 3. Phagolysosomal alkalinisation and bactericidal effect of antibiotics
adapted from Maurin et al. [5]). Colours are those of universal colours used
n pH paper. RVB, residual viable bacteria. [Awaiting permission from J
nfect Dis.].
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is A virus; HBV, hepatitis B virus; HCV, hepatitis C virus; FMDV, foot and

ination, 1 died, 7 relapsed (3 were re-treated and 4 switched
o the new regimen), 1 was still being treated and 5 were con-
idered cured using this regimen only. The mean duration
f therapy for cure in this group was 55 months (median 60
onths) [6]. Twenty-one patients received the doxycycline

nd HCQ regimen: 1 patient died of a surgical complication,
were still being treated, 17 were cured and 1 was cur-

ently being evaluated. Two patients treated for 12 months
ut none of the patients treated for >18 months relapsed
6]. The mean duration of treatment in this group was 31
onths (median 26 months). This regimen allowed a reduc-

ion in the duration of therapy to 18 months for many patients
nd also reduced the relapse rate to <5% [6]. This regimen
s now the current therapy for the treatment of chronic Q
ever. CQ used at therapeutic dosages may have some delete-
ious effects, including the risk of retinopathy, necessitating
regular ophthalmological examination [74]. CQ levels in

erum should be monitored to ensure that they are main-
ained at 1 ± 0.2 mg/L. Similarly, an HIV-infected patient
ith Q fever endocarditis was successfully treated with valvu-
ar replacement and a combination of doxycycline and HCQ
76]. This combined treatment is probably also indicated
n cases of C. burnetii vascular graft infection, as reported
ecently [77]. Similarly, a retrospective study of patients



al of An

d
t
o
w
t
a
w
c
T
s
d
e
a
m
f
d
b
f
o
a
d

2

o
t
t
a
F
v
i
p
C
n
a
r
h
a
i
h
s
e

2

t
i
a
i
s
g
t
m
c

a
s
r
t
w
i
a
l
l
t
m
w
7
c
a
d
a
a
r
e
p
a

2
e

2

t
r
m
s
o
a
o
b
i
d

2

p
f
fi
u
i
i
I
t
i
m

J.-M. Rolain et al. / International Journ

iagnosed as having Q fever during 1985–2000 evaluated
he risk of developing endocarditis according to the regimen
f antibiotics given to the patients [75]. When these regimens
ere compared, 6 (75%) of 8 patients who did not receive

reatment developed a chronic infection, 5 of 10 developed
chronic infection when receiving doxycycline alone for 2
eeks to 6 months, and none of the 12 who received doxycy-

line and HCQ for 1–15 months developed chronic infection.
he regimen containing HCQ was found to be significantly
uperior in preventing Q fever endocarditis compared with
oxycycline alone (P = 0.009) [75]. No significant differ-
nces were found between treatment with doxycycline alone
nd no treatment [75]. It is now established that develop-
ent of Q fever endocarditis may be prevented by searching

or minor valvulopathies with echocardiography following
iagnosis of acute Q fever [78] and by treatment with a com-
ination of doxycycline and HCQ for 1 year [79]. Finally,
our cases of Q fever osteoarticular infection (two tenosyn-
vitis and two spondylodiscitis complicated by paravertebral
bscess) were eventually cured using the combination of
oxycycline and HCQ [80].

.3. Tropheryma whipplei

Whipple’s disease was invariably fatal before the advent
f antibiotics. However, current therapeutic recommenda-
ions are not based on therapeutic trials or adjusted according
o the susceptibility of T. whipplei to various antimicrobial
gents, since the bacteria was only isolated in 2000 [81].
ollowing isolation of the bacteria, it has been shown that
acuole acidification is critical to the survival of T. whipplei
n phagosomes, since agents that increase the intravacuolar
H decrease bacterial viability (Fig. 1) [7]. By analogy with
. burnetii, we have demonstrated that doxycycline alone was
ot bactericidal against T. whipplei in an in vitro cell model
nd that alkalinisation with HCQ may restore activity [8]. A
egimen based on this observation (doxycycline and HCQ)
as thus far been the only successful bactericidal regimen
gainst T. whipplei in vitro. Whether this regimen will work
n a general clinical setting remains to be established, but it
as been successful in four of our patients: two with clas-
ic Whipple’s disease and two with blood culture-negative
ndocarditis [82].

.4. Staphylococcus aureus

Staphylococcus aureus is a facultative intracellular bac-
erium that resides within phagolysosomes [83–86]. The
ntracellular location of certain strains of S. aureus serves
s a reservoir of bacteria that is thought to be important
n therapy of recurrent infections in humans and in chronic
taphylococcal mastitis in dairy cows [87]. Although amino-

lycosides are bactericidal for extracellular staphylococci,
hey are ineffective in reducing the intracellular form of the
icroorganism [88]. It was hypothesised that diminished sus-

eptibility of intracellular S. aureus may be related to the

2

p
m
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cidic pH within phagolysosomes [88]. It has been demon-
trated that alkalinising S. aureus-containing vacuoles could
estore the intracellular activity of aminoglycosides [89]. Fur-
hermore, intracellular killing of S. aureus correlated well
ith increased lysosomal pH due to lysosomotropic alkalin-

sing agents [89]. Recently, it has been demonstrated that CQ
nd ammonium chloride significantly enhanced intracellu-
ar killing by levofloxacin [22]. The bactericidal activity of
evofloxacin was partially restored when the pH was neu-
ralised from 5.0 to 7.4 [22]. The bactericidal activity of

oxifloxacin, abolished in the intracellular salt medium,
as partially restored when the pH was raised from 5.0 to
.4 [22]. Similarly, alkalinisation of phagolysosomes signifi-
antly enhanced intracellular killing by moxifloxacin [90]. In
model of bovine mastitis due to S. aureus, it has been clearly
emonstrated that low intraphagolysosomal pH affects the
bility of an antibiotic to kill intracellular bacteria, since the
ctivity of rifampicin was enhanced at pH 5.0 [91]. Similar
easoning probably explains why rifampicin, which both pen-
trates within eukaryotic cells [92] and is more active at acidic
H [87], displays bactericidal activity against intracellular S.
ureus [93].

.5. Other bacteria with in vitro data on the
ffectiveness of CQ/HCQ

.5.1. Legionella pneumophila
Legionella pneumophila is a strict intracellular bacterium

hat multiplies in human mononuclear phagocytes and is
esponsible for Legionnaire’s disease [94]. Cellular iron
etabolism is of critical importance to L. pneumophila

ince its multiplication is dependent upon the availability
f intracellular iron. It has been demonstrated that CQ and
mmonium chloride inhibit the intracellular multiplication
f L. pneumophila by limiting the availability of iron to the
acterium [11]. Thus, CQ may interfere with intracellular
ron metabolism by recycling iron from ferritin by blocking
egradation of ferritin by acid proteases [11].

.5.2. Francisella tularensis
Francisella tularensis bv. tularensis and F. tularensis bv.

alearctica are facultative intracellular bacteria responsible
or tularaemia. It has been demonstrated that F. tularensis
nds a successful niche for replication in an acidified vac-
ole where iron is concentrated [12]. Growth of F. tularensis
n murine macrophages has been shown to be dramatically
nhibited in vitro by CQ in a dose-dependent manner [12].
ntracellular localisation in an acidic vesicle, which facili-
ates the availability of iron essential for Francisella growth,
s a survival tactic of this bacterium and iron depletion is one

echanism that macrophages use to inhibit its growth [12].
.5.3. Mycobacterium spp.
CQ has been reported to inhibit the intracellular multi-

lication of Mycobacterium tuberculosis both in human
onocyte-derived macrophages and mouse peritoneal
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acrophages [11]. It seems possible that CQ inhibits M.
uberculosis intracellular multiplication by raising intracellu-
ar pH and limiting the availability of iron to this bacterium,
s it does for L. pneumophila. Similarly, it has been demon-
trated that addition of CQ results in a significant reduction
f the intracellular growth of Mycobacterium avium in bone
arrow-derived macrophages [11].

.5.4. Miscellaneous
In vitro activity of CQ and/or HCQ has been demonstrated

or other bacteria, including Salmonella enterica serovar
yphi, Escherichia coli, Bacillus anthracis, Bacillus subtilis,
orrelia burgdorferi, Brucella abortus and Listeria mono-
ytogenes (Table 1; Fig. 1). These bacteria may be good
andidates for clinical use of CQ/HCQ.

. CQ/HCQ efficacy against fungal infections

Recent in vitro studies indicate that CQ may also have
nteresting activity against fungal diseases (Fig. 1; Table 1),
ncluding mainly H. capsulatum [95] and C. neoformans
96]. Intracellular H. capsulatum is adapted to survive
ithin the mammalian phagolysosome and resides within
membrane-bound phagosome that does not fully acidify.
istoplasma capsulatum is able to maintain a phagosomal
H of 6.5 [97] by inhibition of phagolysosomal fusion [98]
nd by expression of a unique endogenous H+-ATPase that
uffers the phagosomal pH [99]. It has been demonstrated
hat CQ induces an antihistoplasmal state in macrophages
y restricting the pH-dependent release of iron within the
hagolysosome [24]. Similarly, CQ has been shown to kill
. neoformans, but by a mechanism independent of iron
eprivation [15,25]. Indeed, unlike H. capsulatum, C. neo-
ormans is able to maintain a phagolysosome milieu at ca.
H 5.1 [100] and addition of CQ increases the phagolysoso-
al pH allowing inhibition of growth at alkaline pH [25]. It

as been reported that A. fumigatus has the ability to inhibit
usion of the phagosome with the lysosome and that CQ
ay increase killing of this fungus in macrophages by a pH-

ependent mechanism [28]. CQ has been shown to inhibit
he intramacrophagic growth of Penicillium marneffei [15],
n opportunistic fungus that causes disseminated infection in
cquired immune deficiency syndrome (AIDS) patients by
ncreasing the intravacuolar pH and disrupting pH-dependent

etabolic processes [27]. The decrease in the intracellular
ron concentration results in impaired functionality of sev-
ral cellular enzymes with a subsequent deleterious effect
n critical steps such as replication of cellular DNA or gene
xpression [27]. Finally, the effect of CQ on multiplication
f Paracoccidioides brasiliensis has been studied in human
onocytes and in a murine paracoccidioidomycosis model
26]. CQ was demonstrated to be able to kill P. brasiliensis
rown in human monocytes. The effect of CQ was reversed
y FeNTA, an iron compound that is soluble at neutral to alka-
ine pH, but not by holotransferrin, which releases iron only

e

C
o
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n an acidic environment. Thus, CQ inhibits P. brasiliensis
urvival in human monocytes by iron deprivation [26].

. CQ/HCQ efficacy against viral infections (Table 1)

.1. Mechanisms of antiviral activity (Fig. 4)

The pH increase induced by CQ/HCQ within acidic
rganelles, including endosomes, lysosomes and Golgi vesi-
les, is involved in its antiviral activity via two main
echanisms.
First, these drugs might be responsible for inhibition of

iruses requiring a pH-dependent step for entry into their host
ell. Indeed, many viruses have a low-pH-dependent con-
ormational change that triggers fusion, penetration and/or
ncoating, and for these viruses endocytosis is crucial due to
cidification that occurs within the endosomal pathway [101].
hus, in this mechanism the antiviral effect is dependent on

he extent to which the virus uses endosomes for entry [59].
or instance, Shibata et al. [35] found that CQ might prevent

he uncoating of influenza B virus by increasing the lysoso-
al pH above the critical value required for inducing fusion

etween the virus envelope and the lysosomal membrane. CQ
as also found to inhibit uncoating of the hepatitis A virus

HAV) [42].
Second, CQ/HCQ might inhibit post-translational mod-

fications of the virus envelope glycoproteins by proteases
nd glycosyltransferases within the trans-Golgi network and
ndoplasmic vesicles. Indeed, some of these enzymes require
low pH for their activity and CQ/HCQ might therefore lead

o decreased viral infectivity through impaired envelope mat-
ration. Flaviviridae are examples of viruses for which CQ
ould act as an antiviral by inhibiting their envelope matura-
ion pathway through alteration of the proteolytic processing
f the prM protein [39].

Also, a putative mechanism for anti-HIV-1 activity is
hrough alteration of the glycosylation pattern and amino acid
harge within several regions of the gp120 viral envelope
rotein [2,102]. For instance, a reduction in the number of
otential N-linked glycosylation sites within the V3 region
f gp120, which might provide for altered immune escape
nd broadening of the antibody repertoire, has been observed
102]. Savarino et al. [2] previously found that CQ decreased
he infectivity of newly produced HIV-1 as well as the ability
f HIV-1-infected cells to form syncitia, and this was associ-
ted with structural changes in gp120. Recent data further
uggest that CQ may be responsible for inhibition of the
iosynthesis of sialic acid. Indeed, it was recently observed
hat this drug inhibited cellular enzymes involved in sialic
cid biosynthesis [103]. This might represent a major antivi-
al mechanism, since sialic acids are a component of HIV-1

nvelope glycoproteins.

CQ/HCQ may also have indirect antiviral effects. Indeed,
Q was found to be effective in preventing the spread
f severe acute respiratory syndrome (SARS)-associated
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ig. 4. Viruses inhibited by chloroquine (CQ) and/or hydroxychloroquine (H
irus; HSV-1, herpes simplex virus type-1; SARS-CoV, severe acute respira

oronavirus (CoV) in cell culture by interfering with terminal
lycosylation of the cellular receptor, angiotensin-converting
nzyme 2 (ACE2) [33]; and sialic acids, biosynthesis of
hich might be inhibited by CQ/HCQ, are component of

eceptors of SARS-CoV and orthomyxoviruses [36].
In addition to these two main mechanisms, other

ossible mechanisms such as immunomodulatory and anti-
nflammatory properties have been suggested, however these
ill not be discussed in the present review.

.2. Activity of HCQ/CQ against viruses

In vitro activity of HCQ/CQ has been reported for a wide

ange of viruses, most frequently in experiments aiming to
tudy the cycle replication pathways using CQ, especially the
echanism by which viruses penetrate host cells (Table 1;
ig. 4).

c
s

V, hepatitis C virus; HAV, hepatitis A virus; HIV, human immunodeficiency
ndrome-associated coronavirus.

Inhibitory concentrations of CQ fell within the
.5–10 �mol/L range, depending on antiviral CQ doses, the
iruses that were targeted and the assays used for assessment
f the antiviral effect. Importantly, these concentrations are in
he range that is clinically achieved in plasma during malaria
herapy, varying from 1.6 �mol/L to 12.5 �mol/L [104]. The
ost studied in vitro effect of CQ/HCQ has been against
IV. Moreover, in vivo studies quasi-exclusively concerned
IV-1. This is probably due to the high morbidity and mor-

ality related to HIV-1 worldwide and the need for low-cost
ntiretroviral therapies in resource-poor countries.

.3. In vitro anti-HIV activity of HCQ/CQ
CQ/HCQ have largely been shown to inhibit HIV repli-
ation in vitro. Importantly, this inhibition was observed in
everal cell line models, but also in lymphocytes and mono-
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ytes from peripheral blood [29]. An anti-HIV effect has
een demonstrated either in the presence of high concen-
rations of CQ/HCQ prior to infection of HIV-1-permissive
ells [29,30,102] or during incubation of HIV-infected cells
ith CQ concentrations similar to those found in periph-

ral blood from individuals chronically treated with CQ [31].
hus, these data suggest both a preventive and curative effect
f this drug against HIV. The concentration inhibiting 50%
f viral replication (IC50) ranged between 1 �mol/L and
0 �mol/L for various HIV strains and culture cells in the
tudies of Savarino et al. [2]. Boelaert et al. [105] described
n additional inhibition of HIV-1 replication with hydroxy-
rea plus didanosine (ddI) or zidovudine, with a CQ IC50
f 0.4–0.9 �mol/L for the cell lines and 0.2–0.9 �mol/L for
he primary cells; no CQ-induced toxicity or apoptosis was
oted. Interestingly, according to in vitro data, CQ/HCQ also
ppears to be active against HIV-2, which mostly circulates
n West Africa, as well as against HIV-1 of different subtypes
2]. This deserves attention since HIV-2 strains have estab-
ished or suggested natural resistance to several antiretroviral
rugs, such as non-nucleoside reverse transcriptase inhibitors
nd likely some protease inhibitors (PIs) [106].

.4. In vivo anti-HIV activity of HCQ/CQ

Anti-HIV-1 activity of CQ/HCQ has been observed in
few in vivo studies since 1995 [107–111]. Two small,

hase II, randomised, double-blind studies, including 40
nd 72 patients with CD4 cell counts of 200–500 cells/mm3,
ompared reduction of plasma HIV-1 RNA levels in individ-
als treated with HCQ versus either placebo or zidovudine
107,108]. In both trials, more than two-thirds of patients
ere antiretroviral-naive. In the first trial, 8 weeks of

reatment with 800 mg HCQ per day resulted in a significant
ean 0.6 log10 reduction of HIV-1 load (P = 0.022), whereas

o significant decrease was observed in the placebo arm (20
atients in each arm) [107]. Concomitantly, the percentage
f CD4+ lymphocytes remained stable in the HCQ group,
hereas it significantly decreased in the placebo arm

P = 0.032). In the second trial, 35 and 37 patients received
CQ or zidovudine, respectively, for 16 weeks [108].
IV-1 load was significantly reduced in both groups (by 0.4

og10 copies/mL and 0.6 log10 copies/mL, respectively) and,
nterestingly, 0 of 35 patients in the HCQ group versus 8
f 37 patients in the zidovudine group showed an increase
n HIV-1 RNA levels. Two other recent non-controlled
tudies have been reported. In Singapore, 22 patients
ith HIV-1 load <100 000 copies/mL and CD4 cell count
150 cells/mm3 received HCQ (200 mg), hydroxyurea and
dI twice daily for 48 weeks, resulting in a 1.3 log10 decrease
n plasma HIV-1 RNA levels [109]. HIV-1 RNA levels were
urther reduced compared with baseline (mean decrease

.6 log10 copies/mL) in all 14 patients who completed a
44-week course of therapy, with drug resistance mutations
etected in 4 patients at this time point [110]. In another study
n India, 18 patients with CD4 counts >350/mm3 received

3
t
C
t
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amivudine, hydroxyurea and CQ (250 mg) twice daily for
months [111]. HIV-1 load reduction was significant (−2.0

og10), reaching undetectable levels in 10 patients, and the
edian rise in CD4 count was 78 cells/mm3. Altogether,

hese in vivo data in patients with non-severe immuno-
uppression (CD4 cell count >200/mm3) at least suggest
hat HIV-1 resistance to CQ/HCQ alone or in combination
ith antiretroviral drugs might not develop easily [36]. In

ontrast, addition of CQ to a zidovudine and ddI regimen
rovided no significant improvement in viro-immunological
arameters in 21 HIV-1-infected children in a recent study
rom Thailand [112].

It is interesting to note that a 243-fold accumulation of
Q in colostrum cells of African mothers taking 100 mg
f CQ per day has been observed. This suggests that this
rug could be potentially active as an adjuvant to post-natal
ntiretroviral prophylaxis of mother-to-child transmission by
ecreasing HIV-1 load in milk in geographical areas where
ertical transmission is of great concern [113,114].

. Additive or synergistic effects of HCQ/CQ with
ntiretroviral drugs

In several settings, CQ/HCQ should be used in com-
ination with other antiviral drugs, questioning whether
ssociations may be additive or synergistic. The additive
ffect of CQ and zidovudine has been shown, and might
lso exist in association with ddI or hydroxyurea [105]. Fur-
hermore, the combined effect of CQ and PIs is synergistic
n a dose-independent manner [2]. Savarino et al. showed
hat CQ in combination with PIs carries out a combined
nhibitory effect on P-glycoprotein and multidrug resistance
rotein 1, which is involved in efflux of PIs, a major class
f antiretrovirals. Interestingly, the synergism between CQ
nd PIs was associated with a decreased threshold of sus-
eptibility to PIs in resistant isolates [2]. Of note, CQ is a
ajor substrate of cytochrome CYP3A4 [116], and nevirap-

ne (a non-nucleoside HIV-1 reverse transcriptase inhibitor)
nd HIV PIs are well recognised CYP3A4 inducers and
nhibitors, respectively [115]. Thus, these latter drugs might
ubsequently decrease or increase the levels/effects of CQ.

.1. Activity of HCQ/CQ on SARS-CoV and
rthomyxoviruses

It has been shown that endosomal transport is needed for
uman coronavirus HCoV-229E and that cells treated with
Q displayed reduced expression of viral antigens [114].
ore recently, CQ was found to have strong antiviral effects

n SARS-CoV infection in cell cultures when they were
reated either before or after exposure to the virus (even

–5 h following infection), suggesting both prophylactic and
herapeutic effects [33,34]. In Keyaerts et al.’s study [34],
Q inhibited viral replication with a 50% effective concen-

ration (EC50) of 8.8 �mol/L. Of note, the dose inducing
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0% cytostatic activity was much higher (261.3 �mol/L).
otential mechanisms of action of CQ against coronaviruses
re through underglycosylation of ACE2, which has been
dentified as a functional cellular receptor of SARS-CoV
pike protein [33,117]. Alteration by CQ of the SARS-
oV spike protein is controversial [33,118]. A pH-related

eduction of the transduction of SARS-CoV pseudotype
iruses has also been suggested [33,119,120]. Of note, Biot
t al. [121] recently reported the design and synthesis of
ydroxyferroquine derivatives with antimalarial, anti-HIV
nd anti-SARS-CoV activities.

The activity of CQ against Orthomyxoviridae (influenza
and B viruses) has been described for several decades

35,37,122] and in vitro assays on avian influenza virus
trains are ongoing [36]. Shibata et al.’s [35] results suggested
hat CQ prevents the uncoating of influenza B virus. Ooi et
l. [38] found that the IC50 values of CQ against influenza A
iruses H1N1 and H3N2 were 3.6 �mol/L and 0.84 �mol/L,
espectively.

.2. Activity of HCQ/CQ on hepatitis viruses

In a recent study, Blanchard et al. [45] found that pre-
reating target cells with CQ inhibited hepatitis C virus (HCV)
lone JFH-1 propagation in cell culture, which suggests that
CV, like flaviviruses and pestiviruses, enters cells through

lathrin-mediated endocytosis and fusion within an acidic
ndosomal compartment. CQ was also found to be active
gainst hepatitis B virus (HBV) and duck HBV [43,44,123],
ontrasting with another study in which infection of human
epatocyte cultures with HBV was found to be unaffected by
Q [124]. Seven patients with histologically proven chronic
ctive hepatitis B have been treated with 150–450 mg of
Q for a median of 12 months [125]. In all patients, ala-
ine aminotransferase (ALT) returned to normal values and
rothrombin time improved. Interestingly, ALT increased
n three patients following inadvertent CQ withdrawal and
eturned to prior levels on re-administration. In four patients,
repeat liver biopsy 1 year later revealed inactive cirrhosis.
ecently, an enhancement by CQ of human CD8+ T-cell cell

esponse to HBV antigen has been observed [126]. Inhibition
y CQ of hepatitis A virus (HAV) uncoating and replication
as also been described [42,60].

.3. Toxicity and therapeutic range

A major advantage of CQ/HCQ is their limited and pre-
entable toxicity. Long experience of the use of these drugs
n the treatment of malaria has already demonstrated the
afety of short-term administration to humans. Moreover,
Q/HCQ have been widely used for chronic administration

n rheumatic diseases, chronic Q fever and for antimalarial

rophylaxis for up to several years with only a low incidence
f adverse effects even during pregnancy [114,127–129]. The
ain adverse effect reported in long-term administration of

hese drugs was macular retinopathy due to the cumulative
timicrobial Agents 30 (2007) 297–308 305

ose, which could be prevented with regular visual monitor-
ng during the course of treatment [6,130].

. Conclusion

In summary, CQ/HCQ have several advantages as antimi-
robial agents, including multiple potential mechanisms and
broad spectrum of activity at clinically achievable plasma

oncentrations, together with well known and limited tox-
city and low cost. Two major concepts have emerged to
xplain the activity of CQ/HCQ, namely alkalinisation of
hagolysosomes for intracellular bacteria and fungi, and inhi-
ition of entry steps and protein glycosylation for viruses.
he pioneer and the only model of an infectious disease

hat could be treated by manipulation of intracellular pH by
lysosomotropic agent was chronic Q fever. This review

e-emphasises that the C. burnetii paradigm and activities
ediated by lysosomotropic agents could be generalised for

ther intracellular pathogens living in acidic vacuoles or that
equire a low pH for multiplication. This may offer an inter-
sting weapon to face present and future infectious diseases
orldwide.
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