
Chloroquine could be used for the treatment of filoviral infections and
other viral infections that emerge or emerged from viruses requiring an
acidic pH for infectivity
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Viruses from the Filoviridae family, as many other virus families, require an acidic pH for successful infection and are therefore susceptible to
the actions of 4-aminoquinolines, such as chloroquine.
Although the mechanisms of action of chloroquine clearly indicate that it might inhibit filoviral infections, several clinical trials that

attempted to use chloroquine in the treatment of other acute viral infections – including dengue and influenza A and B – caused by low
pH-dependent viruses, have reported that chloroquine had no clinical efficacy, and these results demoted chloroquine from the potential treatments
for other virus families requiring low pH for infectivity.
The present review is aimed at investigating whether chloroquine could combat the present Ebola virus epidemic, and also at exploring the

main reasons for the reported lack of efficacy. Literature was sourced from PubMed, Scopus, Google Scholar, reference list of articles and
textbooks – Fields Virology (Volumes 1and 2), the cytokine handbook, Pharmacology in Medicine: Principles and Practice, and
hydroxychloroquine and chloroquine retinopathy.
The present analysis concludes that (1) chloroquine might find a place in the treatment of Ebola, either as a monotherapy or in combination

therapies; (2) the ineffectiveness of chloroquine, or its analogue, hydroxychloroquine, at treating infections from low pH-dependent viruses is
a result of the failure to attain and sustain a steady state concentration sufficient to increase and keep the pH of the acidic organelles to
approximately neutral levels; (3) to successfully treat filoviral infections – or other viral infections that emerge or emerged from low
pH-dependent viruses – a steady state chloroquine plasma concentration of at least 1 μg/mL(~3.125 μM/L) or a whole blood concentration
of 16 μM/L must be achieved and be sustained until the patients’ viraemia becomes undetectable. These concentrations, however, do not
rule out the efficacy of other, higher, steady state concentrations – although such concentrations might be accompanied by severe adverse
effects or toxicities. The feasibility of the conclusion in the preceding texts has recently been supported by a subsequent study that shows that
amodiaquine, a derivative of CQ, is able to protect humans infected with Ebola from death. Copyright © 2016 John Wiley & Sons, Ltd.
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INTRODUCTION

The Filoviridae family – containing Ebola andMarburg viruses
– comprises enveloped viruses with nonsegmented, negative-
sense RNA genomes,1–3 each of which consists of seven genes
forming the structural and nonstructural proteins.1,2 Of all
filoviruses, the currently circulating Zaire species of Ebola virus
(EboV) is the most virulent, with a mortality rate ranging from
59 to 88%.1,2

The peplomers of the EboV species are composed of
trimerized heterodimers of glycoproteins 1 and 2, which
are heavily glycosylated with both N-linked and O-linked
glycans, and contain abundant α(2-6) and/or α(2-3) linked

sialic acids.1–3 These peplomers have broad tropism
for a variety of host cells and organs as a result of
their ability to bind either specifically or nonspecifically
to various cell surface molecules.1,2,4–8 However, despite
this broad tropism, infection by filoviruses greatly
depends on the acidic pH of the organelles internalizing
the virus,1,2,8–10 and therefore this characteristic can be
exploited therapeutically.

Filovirus binding to surface molecules on the plasma
membrane of susceptible cells – such as tissue macrophages,
monocytes, dendritic cells, endothelial cells and hepatocytes –
leads to the internalization of virions into vesicles which traffic
through the endosomal pathway.1,2,8–10 To successfully infect
susceptible cells, the virus requires endosomal acidification
and the cleavage of the glycoprotein 1 segment of the
peplomer by host endosomal proteases (active in acidic
pH)1,2,8–10 and, without this acidification and cleavage, the in-
fection is abrogated.1,2,10 Therefore, therapeutic agents
targeting endosomal acidification (and hence pH-dependent
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proteases), could be beneficial in combating the present
African EboV epidemic.
Successful infection induces the local and systemic release of

varying amounts of cytokines, chemokines, reactive oxygen
species, nitric oxide and other mediators,1,2,11–14 and eventually
results in generalized cell death.1,2,11–13 If a patient’s immune
system is able to control the infection, the patient
recovers1,2,11–14 – although convalescence is prolonged, and
recovering patients have been shown to produce infectious
virus many months after symptoms have disappeared.1,2

However, if a patient’s immune system is unable to control
the infection, further cycles of infection in susceptible cells
and organs occur, leading to further release of the mediators
mentioned in the preceding texts, with consequently massive
cell death.1,2,11–13 This is manifested in fatal cases as extensive
cell death in many organs – including the liver, spleen, lymph
nodes, kidney and adrenal glands – and coagulopathies, which
are revealed as disseminated intravascular coagulation,
haemorrhages, petechiae, ecchymosis, congestion and uncon-
trolled bleeding at venipuncture sites.1,2,11–13 The mode of
infection of filoviruses and the associated pathologies may
uncover an Achilles’ heel to a therapeutic weaponry based
on 4-aminoquinolines such as chloroquine (CQ).

Therapeutically exploiting the tropism of chloroquine for
the acidic organelles in the treatment of filoviral infections

Chloroquine is a weak base, commonly used in the treatment of
malaria and autoimmune diseases such as rheumatoid arthritis
and systemic lupus erythematosus.15–23 It is readily absorbed
when administered by either oral or parenteral routes,15–23

becoming highly concentrated in tissues such as the adrenal
glands, liver, spleen and kidney15–18,23 – tissues suffering
extensive necrosis in fatal filoviral infections.1,2,4 In the cells
of these and other tissues, CQ becomes concentrated in acidic
organelles such as the endosomes, lysosomes and Golgi vesi-
cles,16–18,24–30 thereby increasing their pH24–29,31 and leading
to the dysfunction of several enzymes, e.g. those required for
the proteolytic processing and the post-translational modifica-
tion of proteins.10,24,25,27,31–34 CQ also inhibits the production
of several immunological mediators, the excessive release of
which contributes to autoimmune diseases such as systemic
lupus erythematosus and rheumatoid arthritis.18,24 Therefore,
these CQ properties should be considered in the treatment for
filoviral infections and their associated pathologies.
The CQ-increased pH of the acidic organelles has been

shown to inhibit several viruses – including influenza A
and B, SARS coronavirus, hepatitis A virus and the Borna
disease virus –which all require a low pH for entry.24,34–40 This
suggests that CQ could also inhibit filoviruses’ entry into the
cytoplasm of susceptible cells and thereby abrogate their infec-
tion, since this is dependent on endosomal acidification and the
activities of several host endosomal proteases. CQ might also
inhibit the assembly and budding of filoviruses – which partly
require the late endosome in their assembly.1,2

Accordingly, the dysfunction of enzymes, e.g. some
glycosyltransferases, caused by CQ or hydroxychloroquine
(HCQ), as a direct result of the increased pH and/or structural

changes in the Golgi apparatus, has been shown to inhibit not
only the glycosylation of SARS coronavirus,34 but also that of
HIV-1 gp120, thereby leading to the production of noninfec-
tious virions or virus with decreased infectivity.31,33,40,41 This
mechanism has been invoked to explain the decrease in viral
load that was observed when patients with HIV-1 were orally
administered HCQ at 800mg/day for 8weeks.31,42 These re-
sults, though obtained with nonrelated viruses, could suggest
that CQ, if given at the correct dosage, might inhibit the glyco-
sylation of EboV peplomers, which is more pronounced than
that occurring with HIV-1.1–3,43 Since the GP of filoviruses
is the only protein involved in initiating infection,1,2,5,6,8 and
cytotoxicity is dependent on its expression,1,2,5 inhibiting its
glycosylation could potentially (1) inhibit EboV tropism for
a broad variety of host cells and organs; (2) lead to the produc-
tion of noninfectious or decreased infectivity virus (as seen
with HIV-1)31,33; and (3) decrease Ebov pathogenicity. Im-
paired glycosylation could therefore save time for the adaptive
immune response, which normally fails in fatal cases,1,2,11 to
be established and deal with the infection.

Therapeutically exploiting the immunomodulatory
properties of chloroquine in the treatment of filoviral
infections

Apart from therapeutically exploiting the increased pH and
dysfunction of enzymes caused by CQ, the immunomodulatory
properties of this drug could also be exploited therapeutically in
the treatment of some of filoviral infection-associated pa-
thologies. Several studies have suggested that the multiple
organ failure and hypovolemic shock seen in fatal cases are
likely a result of both direct infection and destruction of
susceptible cells, such as endothelial cells, and the effect
of pro-inflammatory cytokines, chemokines and other me-
diators released from infected and activated cells, such as
monocytes and macrophages.1,2,4,6,10–12,44

One cytokine strongly implicated in these pathologies is
TNF-α,1,2,7,12,13 which is able to increase the permeability
of endothelial cells, as shown in experiments conducted
with the human umbilical vein.1,2,7 It is also able – in
humans injected with a recombinant form – to induce a
sustained activation of blood coagulation and also cause tis-
sue injury and shock.45–47 The role of TNF-α in the pathologies
and fatalities associated with filoviral infections is further
confirmed by the fact that (1) intramuscular administration
of anti-TNF-α serum, after 4–7 days postinfection, is able
to reduce the circulating concentration of TNF-α and pro-
tect 50% of infected rodents from death1,2; (2) patients
who recovered from infection with Zaire EboV (ZEboV)
in two recent outbreaks in Gabon had a transient increase
in the plasma concentration of TNF-α at the onset of infec-
tion – which then decreased during the course of the infec-
tion. Conversely, fatal cases display an increased and
sustained concentration of TNF-α.12 In these fatalities,
highly increased concentrations of soluble tumour necrosis
factor receptors were also detected.12 Taken together, these
observations clearly show that a therapeutic agent like CQ,
which is able to prevent the activation of macrophages and
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also inhibit the secretion of TNF-α from various cells at
clinically relevant concentrations,24,48–52 could be of some
benefit in the treatment of filoviral infections.

Another cytokine likely to be implicated in Ebola pathogen-
esis – especially the massive apoptosis or lymphopenia associ-
ated with fatal cases of EboV infections – is IFN-γ.11–13 It has
been reported that IFN-γ is able to increase cellular sensitivity
to apoptosis by upregulating the expression of Fas and Fas li-
gand,53 and in all fatal cases of EboV infection, the expression
of IFN-γ, Fas and Fas ligand was shown to be upregulated.11

Another mechanism by which IFN-γ might – at least in part –
account for the massive apoptosis detected in Filovirus infec-
tions is induction of production by monocytes/macrophages
of neopterin and its derivative, 7-8-dihydroneopterin.12,54 It
has been reported that neopterin and 7-8-dihydroneopterin
induce apoptosis in a rat alveolar cell line,54 and that the plasma
concentration of neopterin significantly and progressively
increases throughout the disease course of all fatal cases of
ZEboV infections – but not in survivors.12 Therefore, the pro-
duction of neopterin and 7-8-dihydroneopterin upon IFN-γ
stimulation might also contribute to the massive apoptosis seen
in fatal cases of EboV infections.11–13

Thus, since the massive apoptosis seen in all fatal cases of
EboV-infected patients is associated with the production of
IFN-γ, neopterin and 7-8-dihydroneopterin, and TNF-α,11–13

a therapeutic agent like CQ, having been shown, at clinically
relevant concentrations, to inhibit the production of IFN-γ,
TNF-α and neopterin from various cells,24,48–52 could be of
great benefit in the treatment of patients infected with the pres-
ent ZEboV or other filoviruses.

Sufficient steady state chloroquine concentrations may be
needed to achieve its therapeutic effects

Although the above mechanisms of the action of CQ and the
various in vitro studies suggest that CQ may exert some ben-
efit in infections from viruses that require an acidic pH for
infectivity and/or are heavily glycosylated and evoke a det-
rimental immune activation, several clinical trials that
attempted to use CQ or HCQ in the prevention or treatment
of several viral infections – including influenza A and B,
HIV-1 and dengue viral infections – have reported that CQ
or HCQ either had undetectable/moderate clinical efficacy
or were actually detrimental (Table 1).42,55–66

It is possible to hypothesize that these mixed or disap-
pointing results may be attributable to not knowing – and
thus not achieving – the therapeutic steady state plasma or
whole blood CQ concentration necessary for exerting its
therapeutic effects (refer to the succeeding texts). In order
for CQ to be used for the treatment of infections from vi-
ruses that require an acidic pH for infectivity and/or are
heavily glycosylated and depend on their envelop glycopro-
tein for infectivity, the therapeutic steady state plasma or
whole blood concentration must be achieved and sustained
until the patient’s viraemia becomes undetectable. In the
succeeding texts, I summarize some of the evidence that
can be used to determine the necessary therapeutic, steady
state plasma or whole blood CQ concentration.

Firstly, several in vitro studies have shown that the optimal
uptake of CQ in several cell types isolated from different ani-
mals is in the range of 10–20μM, with concentrations
>~30μM, causing less uptake.26,30

Secondly, the whole blood CQ EC50 of 17.7μM/L is con-
sidered to be an in vivo threshold of CQ toxicity since it is a

Table 1. Outcome of several clinical trials, anecdotal trials and an animal study on the efficacy of CQ or HCQ in the treatment of low pH-dependent or
pH-independent viral infections

Type of 4-AQ,
route Dose and duration

Infection/Type
of study

Plasma drug concentration
(ng/mL)

Outcome of
trial n Reference

HCQ, po 800mg/d; 8 weeks HIV-1/CT Steady state of 27 to
1000.4; mean of 316.3

Moderate efficacy; patient with highest
concentration showed the best response.

40 42

CQ, po 250–500mg/d;
8 weeks

HIV-1/CT Not stated Significant reduction of immune activation,
but no effect on viral load

12 58

CQ, po 200mg/d; 16 weeks HIV-1/CT Not stated No efficacy 20 59
HCQ, po 400mg/d; 48 weeks HIV/CT Not stated Increased viral load in nine of the patients 42 60
HCQ, po 400mg/d; 6 months HIV-1/CT Not stated Significant reduction of immune activation 20 61
CQ, po 500mg/d for 1 week,

then once a week
until the 12th week

Influenza-A/CT Not stated No efficacy 724 55

CQ, po Day 1 = 600mg
Day 2 = 300mg
Day 3 = 300mg

Dengue/CT Not stated No efficacy 153 56

CQ, po 500mg/d; 3 days Dengue/CT Not stated Improved dengue-related symptoms, which
returned after medication was stopped

19 57

CQ, parenteral Not stated Ebola/Anecdotal Not measured Patient fever resolved rapidly and remained
afebrile for 6 days, but died latter from
symptoms indicative of Ebola infection

1 62

CQ Not stated Ebola/Anecdotal Not measured No efficacy stated 1 63
CQ, ip 90mg/kg; twice

daily for14 days
Ebola/Animal
study

Steady state whole blood
concentration of 2.5 μg/mL

85% survival rate 20 64

po, oral administration; ip, intraperitoneal; CT, clinical trial; d, day; AQ, aminoquinoline; CQ, chloroquine; HCQ, hydroxychloroquine.
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level associated with significant cardiovascular effects in
patients with CQ poisoning,67 whilst patients having con-
centrations of 16μM/L were shown to have no significant
cardiovascular events.67

Thirdly, out of all the clinical trials summarized in
Table 1, only the trial that administered the highest
HCQ dose, for a duration sufficient to attain a steady
state (0.08 to 2.98μM/L, mean = 0.94μM/L), reported a
moderate improvement in several of the patients.42 Of
all the patients, only the one with the highest HCQ level
(2.98μM/L) (which is approximately equivalent to the
in vitro CQ EC50 of ~3μM shown to inhibit HIV-1
replication33) had the best response to HCQ. This
patient’s absolute CD4+ T-cells increased from 200 to
400 cells/mm3, the plasma levels of HIV-1 RNA
decreased from 225 to 135 cpm, the percentage of
CD4+ T-cells increased from 11% to 34%, and there
was also a significant improvement in mitogen responses.42

Although HIV does not depend on the acidic organelles
for infectivity and is less glycosylated in comparison to
EboV,1–3,43 HCQ, at this steady state concentration, is nev-
ertheless able to inhibit HIV replication by affecting gp120
glycosylation.31,33,42

Fourthly, the steady state CQ/HCQ concentrations of
1μg/mL (~3.125μM/L) and ~16μM/L detected in plasma
and whole blood respectively, have been shown both in vivo
and in vitro to inhibit viral replication and the overproduction
of some immunological mediators associated with the pa-
thologies of many viral infections and some autoimmune
diseases.22,48,64,68–70

I conclude that (1) a 16μM/L transient or steady state
whole blood concentration of CQ most likely has no signifi-
cant cardiovascular events22,42,67–69; (2) ~16μM/L steady
state whole blood concentration of CQ/HCQ is able to inhibit
viral replication, glycosylation and the over production of
some immunological mediators associated with some viral
infections22,33–35,38,39,42,64,67–70; (3) the optimal uptake of
CQ in humans is likely to lie within the range of 10–
20μM/L. Therefore, such a steady state CQ concentration
could be safe and sufficient to raise and maintain the acidic
organelles’ pH to a level approximately neutral, thereby
inhibiting viral replication by mechanisms such as inhibi-
tion of endosomal proteases, inhibition of the fusion of vi-
ral membrane with host cells plasma membranes and
inhibition of viral glycosylation.
In order to achieve the recommended therapeutic steady

state plasma or whole blood CQ concentrations, the use of
slow, continuous and constant IV infusion could be recom-
mendable, since (1) it could be more efficient in achieving
the stated therapeutic concentration and (2) it is more con-
trolled, given the low cardiovascular safety margin of
CQ.18,21

Having recommended the use of constant IV infusion,
suggesting a precise dose and an infusion rate for filoviral
infection treatment (as in the treatment of malaria), though
seemingly reasonably, is, however, impossible at this stage.
This is primarily because of the interindividual differences
in the pharmacokinetics of CQ absorption.69,71

CONCLUSION

I conclude that 1μg/mL (~3.125μM/L) or 16μM/L steady
state CQ concentration in plasma or whole blood respec-
tively, could be used for the treatment of filoviral and other
infections by viruses requiring an acidic pH for infectivity,
and that these concentrations need to be sustained until the
patients’ viraemia becomes undetectable. These stated con-
centrations, however, do not rule out the efficacy of other,
higher, steady state concentrations – though such concentra-
tions might be accompanied by severe adverse effects or
toxicities. Other subsequent research has supported the con-
clusion in the preceding texts by confirming that a derivative
of CQ has some protective effect against Ebola infection in
humans.72

CONFLICTS OF INTEREST

The author declares no conflict of interest.

ACKNOWLEDGEMENTS

Funds for this study were provided by Portico Engineers
Ltd, UK. The author would like to acknowledge Blessing
Hephzibah, James Eduje and Dr Derick Ngulube for the
support rendered during this work.

REFERENCES

1. Sanchez A, Khan AS, Zaki SR, et al. Filoviridae: Marburg and Ebola
viruses. In Fields Virology, Knipe DM, Howley PM (eds.). Lippincott,
Williams, & Wilkins: Philadelphia, 2001; 1279–1304.

2. Feldmann H, Sanchez A, Geisbert TW. Filoviridae: Marburg and
Ebola viruses. In Fields Virology, Knipe DM, Howley PM (eds.).
Lippincott, Williams, & Wilkins: Philadelphia, 2013; 924–956.

3. Feldmann H, Nichol ST, Klenk HD, et al. Characterization of
filoviruses based on differences in structure and antigenicity of the virion
glycoprotein. Virology 1994; 199: 469–473.

4. Geisbert TW, Hensley LE, Larsen T, et al. Pathogenesis of Ebola
haemorrhagic fever in cynomolgus macaques: evidence that dendritic
cells are early and sustained targets of infection. Am J Pathol 2003;
163: 2347–2370.

5. Yang Z-Y, Duckers HJ, Sullivan NJ, et al. Identification of the
Ebola virus glycoprotein as the main viral determinant of vascular
cell cytotoxicity and injury. Nat Med 2000; 6: 886–889.

6. Yang Z-Y, Delgado R, Xu L, et al. Distinct cellular interactions of
secreted and transmembrane Ebola virus glycoproteins. Science
1998; 279: 1034–1037.

7. Feldmann H, Bugany H, Mahner F, et al. Filovirus-induced endothelial
leakage triggered by infected monocytes/macrophages. J Virol 1996;
70: 2208–2214.

8. Takada A, Robison C, Goto H, et al. A system for functional analysis
of Ebola virus glycoprotein. Proc Natl Acad Sci U S A 1997; 94:
14764–14769.

9. Chandran K, Sullivan NJ, Felbor U, et al. Endosomal proteolysis of
the Ebola virus glycoprotein is necessary for infection. Science 2005;
308: 1643–1645.

10. Marzi A, Reinheckel T, Feldmann H. Cathepsin B & L are not required
for Ebola virus replication. PLoS Negl Trop Dis.Published Online
First:6 December 2012. doi:10.1371/journal.pntd.0001923.

11. Baize S, Leroy EM, Georges-Courbot M-C, et al. Defective humoral
responses and extensive intravascular apoptosis are associated with fatal
outcome in Ebola virus-infected patients. Nat Med 1999; 5: 423–426.

194 h. akpovwa

Copyright © 2016 The Authors. Cell Biochemistry and Function published by John Wiley & Sons Ltd. Cell Biochem Funct 2016; 34: 191–196.

http://dx.doi.org/10.1371/journal.pntd.0001923


12. Baize S, Leroy EM, Georges AJ, et al. Inflammatory responses in
Ebola virus-infected patients. Clin Exp Immunol 2002; 128: 163–168.

13. Villinger F, Rollin PE, Brar SS, et al. Markedly elevated levels of in-
terferon (IFN)- γ, IFN-α, interleukin (IL)-2, IL-10, and tumor necrosis
factor-α associated with fatal Ebola virus infection. J Infect Dis 1999;
179(Suppl): S188–S191.

14. Leroy EM, Baize S, Volchkov VE, et al. Human asymptomatic Ebola
infection and strong inflammatory response. Lancet 2000; 355: 2210–5.

15. Krishna S, White NJ. Pharmacokinetics of quinine, chloroquine and
amodiaquine. Clinical implications. Clin Pharmacokinet 1996; 30:
263–299.

16. Ducharme J, Farinotti R. Clinical pharmacokinetics and metabolism of
chloroquine. Focus on recent advancements. Clin Pharmacokinet
1996; 31: 257–274.

17. Mackenzie AH. Pharmacologic actions of 4-aminoquinoline compounds.
Am J Med 1983; 75: 5–10.

18. Titus EO. Recent developments in the understanding of the pharmaco-
kinetics and mechanism of action of chloroquine. Ther Drug Monit
1989; 11: 369–379.

19. White NJ, Miller KD, Churchill FC, et al. Chloroquine treatment of
severe malaria in children. Pharmacokinetics, toxicity, and new dosage
recommendations. N Engl J Med 1988; 319: 1493–1500.

20. Na-Bangchang K, Limpaibul L, Thanavibul A, et al. The pharmacokinetics
of chloroquine in healthy Thai subjects and patients with Plasmodiumvivax
malaria. Br J Clin Pharmacol 1994; 38: 278–281.

21. White NJ, Watt G, Bergqvist Y, et al. Parenteral chloroquine for
treating falciparum malaria. J Infect Dis 1987; 155: 192–201.

22. Augustijns P, Geusens P, Verbeke N. Chloroquine levels in blood
during chronic treatment of patients with rheumatoid arthritis. Eur
J Clin Pharmacol 1992; 42: 429–433.

23. Strickland GT, Steck EA. Chemotherapy and chemoprophylaxis of
malaria. In Pharmacology in Medicine: Principles and Practice, Pradhan
(ed.). SP Press International Inc: Bethesda Maryland, 1986; 889–899.

24. Savarino A, Boelaert JR, Cassone A, et al. Effects of chloroquine on
viral infections: an old drug against today’s diseases? Lancet Infect
Dis 2003; 3: 722–7.

25. Thorens B, Vassalli P. Chloroquine and ammonium chloride prevent
terminal glycosylation of immunoglobulins in plasma cells without af-
fecting secretion. Nature 1986; 321(6070): 618–620.

26. Ohkuma S, Poole B. Cytoplasmic vacuolation of mouse peritoneal
macrophages and the uptake into lysosomes of weakly basic substances.
J Cell Biol 1981; 90: 656–664.

27. Oda K, Koriyama Y, Yamada E, et al. Effects of weakly basic amines
on proteolytic processing and terminal glycosylation of secretory proteins
in cultured rat hepatocytes. Biochem J 1986; 240: 739–745.

28. Ohkuma S, Poole B. Fluorescence probe measurement of the
intralysosomal pH in living cells and the perturbation of pH by various
agents. Proc Natl Acad Sci U S A 1978; 75: 3327–3331.

29. Maxfield FR. Weak bases and ionophores rapidly and reversibly raise
the pH of endocytic vesicles in cultured mouse fibroblasts. J Cell Biol
1982; 95: 676–681.

30. MacIntyre AC, Cutler DJ. Role of lysosomes in hepatic accumulation
of chloroquine. J Pharm Sci 1988; 77: 196–199.

31. Chiang G, Sassaroli M, Louie M, et al. Inhibition of HIV-1 replication
by hydroxychloroquine: mechanism of action and comparison with
zidovudine. Clin Ther 1996; 18: 1080–1092.

32. Randolph VB,Winkler G, Stollar V. Acidotropic amines inhibit proteolytic
processing of flavivirus prM protein. Virology 1990; 174: 450–458.

33. Savarino A, Gennero L, Chen HC, et al. Anti-HIV effects of chloro-
quine: mechanisms of inhibition and spectrum of activity. AIDS
2001; 15: 2221–2229.

34. Vincent MJ, Bergeron E, Benjannet S, et al. Chloroquine is a potent
inhibitor of SARS coronavirus infection and spread. Virol J 2005;
2: 69. doi:10.1186/1743-422X-2-69[Published Online First: 22
August 2005].

35. Keyaerts E, Vijgen L, Maes P, et al. In vitro inhibition of severe acute
respiratory syndrome coronavirus by chloroquine. Biochem Biophys
Res Commun 2004; 323: 264–268.

36. Bishop NE. Examination of potential inhibitors of hepatitis A virus
uncoating. Intervirology 1998; 41: 261–271.

37. Gonzalez-DuniaD, Cubitt B, de la Torre JC.Mechanism of Borna disease
virus entry into cells. J Virol 1998; 72: 783–788.

38. Di Trani L, Savarino A, Campitelli L, et al. Different pH requirements
are associated with divergent inhibitory effects of chloroquine on human
and avian influenza A viruses. Virol J 2007; 4: 39. doi:10.1186/1743-
422X-4-39[Published Online First: 3 May 2007.

39. Ooi EE, Chew JS, Loh JP, et al. In vitro inhibition of human influenza
A virus replication by chloroquine. Virol J 2006; (3): 39. doi:10.1186/
1743-422X-3-39[Published Online First:29 May 2006].

40. Savarino A, Di Trani L, Donatelli I, et al. New insights into the antivi-
ral effects of chloroquine. Lancet Infect Dis 2006; 6: 67–69.

41. Tsai WP, Nara PL, Kung HF, et al. Inhibition of human immunodefi-
ciency virus infectivity by chloroquine. AIDS Res Hum Retroviruses
1990; 4: 481–489.

42. Sperber K, Louie M, Kraus T, et al. Hydroxychloroquine treatment
of patients with human immunodeficiency virus type 1. Clin Ther
1995; 17: 622–636.

43. Leonard CK, Spellman MW, Riddle L, et al. Assignment of intrachain
disulfide bonds and characterization of potential glycosylation sites of
the type 1 recombinant human immunodeficiency virus envelope
glycoprotein (gp120) expressed in Chinese hamster ovary cells. J
Biol Chem 1999; 265(18): 10373–10382.

44. Geisbert TW, Young HA, Jahrling PB, et al. Mechanisms underlying
coagulation abnormalities in Ebola hemorrhagic fever: overexpression
of tissue factor in primate monocytes/macrophages is a key event. J In-
fect Dis 2003; 188: 1618–1629.

45. van der Poll T, Büller HR, ten Cate H, et al. Activation of coagulation
after administration of tumor necrosis factor to normal subjects. N Engl
J Med 1990; 322: 1622–1627.

46. Tracey KJ, Cerami A. Tumor necrosis factor: a pleiotropic cytokine
and therapeutic target. Annu Rev Med 1994; 45: 491–503.

47. Zhang M, Tracey KJ. Tumor necrosis factor. In The Cytokine Handbook,
Angus T (ed.). Academic Press Limited: Missouri, 1998; 517–547.

48. Picot S, Peyron F,Vuillez JP, et al.Chloroquine inhibits tumor necrosis fac-
tor production by humanmacrophages in vitro. J Infect Dis 1991; 164: 830.

49. Karres I, Kremer J-P, Dietl I, et al. Chloroquine inhibits proinflammatory
cytokine release into human whole blood. Am J Physiol 1998; 274:
R1058–R1064.

50. Van den Borne BE, Dijkmans BA, de Rooij HH, et al. Chloroquine
and hydroxychloroquine equally affect tumor necrosis factor-α, Inter-
leukin 6, and Interferon- production by peripheral blood mononuclear
cells. J Rheumatol 1997; 24: 55–60.

51. Ertel W, Morrison MH, Ayala A, et al. Chloroquine attenuates hemor-
rhagic shock-induced suppression of Kupffer cell antigen presentation
and major histocompatibility complex class II antigen expression
through blockade of tumor necrosis factor and prostaglandin release.
Blood 1991; 78: 1781–1788.

52. De Clercq E. Ebola virus (EBOV) infection: therapeutic strategies.
Biochem Pharmacol 2015; 93(1): 1–10. doi:10.1016/j.bcp.2014.11.008.

53. Schroder K, Hertzog PJ, Ravasi T, et al. Interferon-gamma: an overview
of signals, mechanisms and functions. J Leukoc Biol 2004; 75: 163–189.

54. Murr C, Widner B, Wirleitner B, et al. Neopterin as a marker for im-
mune system activation. Curr Drug Metab 2002; 3: 175–187.

55. Paton NI, Lee L, Xu Y, et al. Chloroquine for influenza prevention: a
randomised, double-blind, placebo controlled trial. Lancet Infect Dis
2011; 11: 677–683.

56. Tricou V, Minh NN, Van TP, et al. A randomized controlled trial of
chloroquine for the treatment of dengue in Vietnamese adults. PLoS
Negl Trop DisPublished Online First: 10 August 2010. doi:10.1371/
journal.pntd.0000785.

57. Borges MC, Castro LA, Fonseca BA. Chloroquine use improves
dengue-related symptoms. Mem Inst Oswaldo Cruz 2013; 108: 596–9.

58. Murray SM, Down CM, Boulware DR, et al. Reduction of immune
activation with chloroquine therapy during chronic HIV infection. J
Virol 2010; 84: 12082–12086.

59. Luchters SMF, Veldhuijzen NJ, Nsanzabera D, et al. A phase I/II
randomised placebo controlled study to evaluate chloroquine administra-
tion to reduce HIV-1 RNA in breast milk in an HIV-1 infected
breastfeeding population: the CHARGE study. The XV International Con-
ference on AIDS; Bangkok, Thailand; 2004. Abstract no.TuPeB4499

195chloroquine treatment for viral infections

Copyright © 2016 The Authors. Cell Biochemistry and Function published by John Wiley & Sons Ltd. Cell Biochem Funct 2016; 34: 191–196.

http://dx.doi.org/10.1186/1743-422X-2-69
http://dx.doi.org/10.1186/1743-422X-2-69
http://dx.doi.org/10.1186/1743-422X-4-39
http://dx.doi.org/10.1186/1743-422X-4-39
http://dx.doi.org/10.1186/1743-422X-3-39
http://dx.doi.org/10.1186/1743-422X-3-39
http://dx.doi.org/10.1016/j.bcp.2014.11.008
http://dx.doi.org/10.1371/journal.pntd.0000785
http://dx.doi.org/10.1371/journal.pntd.0000785


60. Paton NI, Goodall RL, Dunn DT, et al. Effects of hydroxychloroquine
on immune activation and disease progression among HIV-infected pa-
tients not receiving antiretroviral therapy: a randomized controlled trial.
JAMA 2012; 308: 353–361. doi:10.1001/jama.2012.6936[Published On-
line First: 25 July 2012].

61. Piconi S, Parisotto S, Rizzardini G, et al. Hydroxychloroquine drastically
reduces immune activation in HIV-infected, antiretroviral therapy-treated
immunologic nonresponders. Blood 2011; 118: 3263–3272. doi:10.1182/
blood-2011-01-329060[Published Online First: 22 September 2011].

62. Ebola haemorrhagic fever in Zaire, 1976. Bull World Health Organ
1978; 56(2): 271–293.

63. Ebola haemorrhagic fever in Sudan, 1976. Bull World Health Organ
1978; 56(2): 247–270.

64. Madrid PB, Chopra S, Manger ID, et al. A systematic screen of FDA-
approved drugs for inhibitors of biological threat agents. PLoS One
2013; 8(4): e60579. doi:10.1371/journal.pone.0060579.

65. Savarino A, Cauda R, Cassone A. On the use of chloroquine for
Chikungunya. Lancet Infect Dis 2007; 7(10): 633.

66. Savarino A, Shytaj IL. Chloroquine and beyond: exploring anti-rheumatic
drugs to reduce immune hyperactivation in HIV/AIDS. Retrovirology
2015; 12: 51. doi:10.1186/s12977-015-0178-0.

67. Mégarbane B, Bloch V, Hirt D, et al. Blood concentrations are better
predictors of chloroquine poisoning severity than plasma concentra-
tions: a prospective study with modelling of the concentration/effect
relationships. Clin Toxicol (Phila) 2010; 48: 904–915. doi:10.3109/
15563650.2010.518969[Published Online First: November 2010].

68. Browning DJ. Pharmacology of chloroquine and hydroxychloroquine.
In Hydroxychloroquine and Chloroquine Retinopathy, Browning DJ
(ed.). Springer Science and Business Media: New York, 2014; 35–63.

69. Munster T, Gibbs JP, Shen D, et al. Hydroxychloroquine concentration-
response relationships in patients with rheumatoid arthritis. Arthritis
Rheum 2002; 46(6): 1460–1469.

70. Long J, Wright E, Molesti E, et al. Antiviral therapies against Ebola
and other emerging viral diseases using existing medicines that block
virus entry. F1000Res 2015; 4: 30. doi:10.12688/f1000research.6085.2
Published online 2015 Feb 10.

71. Hellgren U, Alván G, Jerling M. On the question of interindividual
variations in chloroquine concentrations. Eur J Clin Pharmacol
1993; 45: 383–385.

72. Gignoux E, Azman AS, Smet DM, et al. Effect of artesunate–
amodiaquine on mortality related to Ebola virus disease. N Engl J
Med 2016; 374: 23–32.

196 h. akpovwa

Copyright © 2016 The Authors. Cell Biochemistry and Function published by John Wiley & Sons Ltd. Cell Biochem Funct 2016; 34: 191–196.

http://dx.doi.org/10.1001/jama.2012.6936
http://dx.doi.org/10.1001/jama.2012.6936
http://dx.doi.org/10.1182/blood-2011-01-329060
http://dx.doi.org/10.1182/blood-2011-01-329060
http://dx.doi.org/10.1371/journal.pone.0060579
http://dx.doi.org/10.1186/s12977-015-0178-0
http://dx.doi.org/10.3109/15563650.2010.518969
http://dx.doi.org/10.3109/15563650.2010.518969
http://dx.doi.org/10.12688/f1000research.6085.2
http://dx.doi.org/10.12688/f1000research.6085.2

