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ABSTRACT Drug combinations and drug repurposing have emerged as promising
strategies to develop novel treatments for infectious diseases, including Chagas dis-
ease. In this study, we aimed to investigate whether the repurposed drugs chloro-
quine (CQ) and colchicine (COL), known to inhibit Trypanosoma cruzi infection in
host cells, could boost the anti-T. cruzi effect of the trypanocidal drug benznidazole
(BZN), increasing its therapeutic efficacy while reducing the dose needed to eradi-
cate the parasite. The combination of BZN and COL exhibited cytotoxicity to infected
cells and low antiparasitic activity. Conversely, a combination of BZN and CQ signifi-
cantly reduced T. cruzi infection in vitro, with no apparent cytotoxicity. This effect
seemed to be consistent across different cell lines and against both the partially
BZN-resistant Y and the highly BZN-resistant Colombiana strains. In vivo experiments
in an acute murine model showed that the BZN1CQ combination was eight times
more effective in reducing T. cruzi infection in the acute phase than BZN monother-
apy. In summary, our results demonstrate that the concomitant administration of CQ
and BZN potentiates the trypanocidal activity of BZN, leading to a reduction in the
dose needed to achieve an effective response. In a translational context, it could rep-
resent a higher efficacy of treatment while also mitigating the adverse effects of
high doses of BZN. Our study also reinforces the relevance of drug combination and
repurposing approaches in the field of Chagas disease drug discovery.

KEYWORDS Chagas disease drug discovery, drug combination, drug repurposing,
chloroquine, benznidazole

Chagas disease (CD), caused by the protozoan Trypanosoma cruzi, is an important public
health problem, affecting 6 to 7 million people worldwide. According to World Health

Organization (WHO) (2022), 70 million people are at risk with 30,000 new cases reported
each year (1, 2). Although endemic in the American continent, this disease has spread to
nonendemic, developed areas such as Europe, Japan, and Australia, due to the globaliza-
tion/migration process (3). T. cruzi parasites are vectorially transmitted to human hosts by
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the hematophagous triatomine bug as metacyclic trypomastigote forms. Occasionally, the
transmission can also occur orally by ingestion of food and drink contaminated with T. cruzi,
as well as by nonvectorial routes, such as organ transplantation, congenitally, or blood
transfusion (4).

The most important clinical issue associated with CD is chronic chagasic cardiopa-
thy (CCC), developed in 20 to 30% of infected individuals and characterized by pro-
gressive heart failure and severe arrhythmia, which can lead to death. Besides the use
of supportive care for heart failure, the only treatment available for end-stage CCC is
heart transplantation, which is expensive, highly complex, and largely unavailable to
most patients; even for those who enter the heart transplant list, the mortality rate for
CCC patients is higher than those with other heart diseases (4, 5).

The only available anti-T. cruzi drugs, benznidazole (BZN) and nifurtimox (NFX), were
introduced over 50 years ago and face serious efficacy and safety issues (6). Despite being
effective in treating acutely infected patients and early infection in children, they diverge
to prevent CCC development and progression in chronically infected adults, the phase
when most patients are diagnosed (7). In addition, BZN and NFX induce frequent and im-
portant side effects, including skin irritation, neurotoxicity, and digestive system disorders,
which are poorly tolerated by patients (8, 9). Recent efforts have advanced two azoles
(inhibitors of T. cruzi ergosterol biosynthesis), posaconazole (POS) and ravuconazole (RAV),
to clinical studies. Despite their promising in vitro and in vivo activity, POS and RAV failed
in phase II clinical trials due to their low efficacy against CD (10, 11). Combinatory regimens
of BZN and POS were tried, but the treatment had no synergistic effect on parasite eradica-
tion in infected patients (12). Thus, the collection of recent data highlights the challenge of
developing novel, low-cost, safe, and effective CD treatments.

Corroborating the antichagasic chemotherapy paradigm, it is known today that
even drugs that yield strong “in vitro” results and are efficient in curing acutely infected
patients or experimental animals (such as BZN) are not able to eradicate the parasite
when used in the chronic phase (6, 13–15), suggesting the existence of other factors
that favor the persistence of the parasite even under the effect of trypanocidal com-
pounds. Knowing that invasion and replication of pathogens subvert host cell factors,
such as plasma membrane and actin networks (16, 17), endocytic pathway (18), immune
response (19), and host gene expression (20), a new drug screening strategy has
emerged that is centered on interfering with host cell factors required for pathogen
internalization and invasion, survival, and replication. In fact, drugs that target host fac-
tors have been reported in the control of several pathogens, including HIV and severe
acute respiratory syndrome (SARS) viruses, Plasmodium falciparum, and Mycobacterium
tuberculosis (21–25).

In this context, we selected two repurposed drugs, colchicine (COL) and chloro-
quine (CQ), which are demonstrated to affect different stages of host-T. cruzi interac-
tion. COL, an anti-inflammatory drug used to treat gouty arthritis, is able to bind to
tubulins, blocking the polymerization of microtubules (26) and directly interfering with
T. cruzi internalization (27). CQ, an antimalarial drug, is a lysosomotropic pH-raising
agent that inhibits the escape of trypomastigotes from vacuolar compartment to cyto-
plasm, thereby impeding lysosome-dependent invasion and inhibiting autophagy (28).
Both drugs were combined with the trypanocidal drug BZN in an attempt to maximize
its effect. Using the drug combination strategy, we aim at interfering with different
stages of T. cruzi invasion, cytoplasm translocation, parasite differentiation, and trypo-
mastigote/amastigote viability, with the expectation of reducing or perhaps eradicat-
ing T. cruzi from the host cell and infected animals.

RESULTS
Drug toxicity in different host cell lines. Prior to the evaluation of drug and drug

combination activity against T. cruzi parasites, we performed cytotoxicity assays for
BZN, COL, CQ, and the combination of these three drugs on HEK293T, THP-1, U2OS,
and LLC-MK2 cell lines. Drug toxicity was determined by measuring cellular metabolic
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activity through a 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide
(MTT)-based assay.

In general, drugs presented low cytotoxicity across the four cell lines (Table 1).
While BZN was not toxic for any of the cell lines at tested concentrations, CQ presented
a variable and low toxicity (50% cytotoxic concentration [CC50] = 50.7 to 100.4 mM),
and COL exhibited low toxicity in HEK293T and THP-1 cells at higher concentrations
(CC50 of 105.6 and 146.3 mM, respectively). Interestingly, regarding drug combinations,
CC50 values were higher than 200 mM for all cell lines, demonstrating that the addition
of CQ and COL at 5 mM to BZN did not increase the cytotoxicity of this compound
alone.

Activity of drugs and drug combinations against T. cruzi Y strain. To assess the
antiparasitic activity of drugs and drug combinations, we carried out a trypomastigote
release assay. HEK29T and THP-1 cell lines were infected with T. cruzi Y (a partially
benznidazole-resistant) strain (29) and then treated with different concentrations of
drugs and drug combinations. The number of parasites released to the supernatant at
the peak day after in vitro infection was calculated to determine drug activity (see Fig.
S1 in the supplemental material).

In both host cells, drugs presented a concentration-dependent effect on trypomas-
tigote release suppression (Fig. 1A), which was more efficacious in HEK293T cells than
THP-1 cells. The reference drug BZN was similarly active in both cell lines and displayed
its maximum activity until 3.125 mM. Regarding the tested compounds, CQ demon-
strated a variable effect on distinct host cells, reaching 100% inhibition of trypomasti-
gote release at 3.125 and 100 mM in HEK293T and THP-1, respectively. Weak inhibitory
activity of COL was observed in both cell lines, in which only the concentration of
100mM was able to completely eradicate parasite release. The drug combination eradi-
cated parasites released up to the lowest BZN concentration (0.78 mM), a reduction of
at least 4-fold in the most efficacious concentration of BZN alone.

When compared to the treatment of compounds alone, the drugs combined with
BZN at 1.56 and 0.78 mM yielded the strongest reduction in trypomastigote release in
both infected cell lines tested (Fig. 1B). The combination treatments with BZN at
0.78 mM in both cell lines (and at 1.56 mM in THP-1 cells) were significantly more effec-
tive than treatments with BZN, COL, and CQ alone. Also, the abovementioned drug
combinations were the only treatments under these concentrations that completely
eradicated trypomastigotes release. Interestingly, CQ was also effective against T. cruzi
in both cell lines, with .70% inhibition of trypomastigote release. COL presented only
marginal activity under these concentrations. The dose-response curves and the 50%
effective concentration (EC50) values for each condition are shown in Fig. S2 in the sup-
plemental material. Taken together, these results indicate that the tested drugs poten-
tiated the effect of BZN, resulting in reduced release of trypomastigotes from infected
mammalian cells.

In order to evaluate if the action of the drugs could be due to a direct effect on non-
replicative trypomastigote forms, T. cruzi trypomastigotes of Y strain were incubated
with different concentrations of CQ and BZN for 24 h. CQ and BZN exhibited a limited
effect on decreasing trypomastigotes viability. In fact, at 200 mM concentration, maxi-
mum inhibitions of 20 and 32.7%, respectively, were observed. Lower concentrations

TABLE 1 Cytotoxicity of drugs and drug combination on different host cells

Compound(s)

CC50 value (mM) according to cell linea

HEK293T THP-1 U2OS LLC-MK2
Benznidazole .200 .200 .200 .200
Chloroquine 83.7 (626.7) 50.7 (626.9) 80.4 (616.7) 100.4 (629.2)
Colchicine 105.6 (669.3) 146.3 (6101.3) .200 .200
Drug combination (5mM CQ and 5mM

COL1 variable BZN concentrations)
.200 .200 .200 .200

aData are represented as mean (6SD) of at least two independent experiments. Drug exposure = 72 h.
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of both compounds were not able to reduce parasite viability significantly (data not
shown).

Activity of drugs and drug combinations against a BZN-resistant strain. To ver-
ify if drugs and drug combinations presented activity against distinct T. cruzi strains,
we performed a dose-response study against the Colombiana strain, a highly virulent
and benznidazole-resistant strain (29).

As expected, compared to the T. cruzi Y strain (Fig. 1), the Colombiana strain seemed
to be more tolerant to BZN and other tested drugs (Fig. 2), as observed by changes in
the profile of dose-response curves. Moreover, BZN monotherapy completely abrogated
trypomastigote release only at the maximum concentration tested of 100 mM. CQ and
COL were not able to reduce parasite release to undetectable levels, although they pre-
sented high activities at 100mM (.85%) (Fig. 2A).

FIG 1 Activity of drugs and drug combinations against T. cruzi Y strain in HEK293T and THP-1 cell lines.
Cells were infected with trypomastigotes of the Y strain at an MOI of 10 and treated with different
concentrations of drugs (100 to 0.78 mM). For the combinatory treatment (COMB), COL and CQ at 5 mM
were combined with variable concentrations of BZN (100 to 0.78 mM). Treatment was performed every
other day up to 144 h for HEK293T cells and 192 h for THP1 cells when the number of trypomastigotes
released in culture supernatant was determined by parasite counting. (A) Effect of different concentrations
of BZN, COL, CQ, and drug combinations on trypomastigote release. (B) Comparison of BZN, COL, and CQ
activities at 0.78 and 1.56 mM on both cell lines. In combination treatment, “COMB” refers to 5 mM COL
and CQ with either 1.56 or 0.78 mM BZN. Results are based on the quantification of the number of
trypomastigotes released in supernatant and are shown as fold change compared to nontreated infected
control. Data represent average 6 SD of two independent experiments.
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Drug combinations, i.e., 5 mM COL and 5 mM CQ combined with variable concentra-
tions of BZN, showed a significant effect starting from 12.5 mM BZN, presenting an ac-
tivity 12-fold higher than BZN alone (Fig. 2B). However, the maximum inhibition of
100% in trypomastigote release was achieved only when drugs were combined with
BZN at 25 mM (Fig. 2C). The dose-response curves and the EC50 values for each condi-
tion are presented in Fig. S3 in the supplemental material.

Overall, data show that, despite the variable levels of activity between distinct T. cruzi
strains, the tested compounds were able to boost BZN’s antiparasitic activity, even against
a highly resistant parasite strain.

Effect of drugs and drug combinations on intracellular amastigotes and trypo-
mastigote release. Given that drugs and drug combinations reduced trypomastigote
release in HEK29T and THP-1 cell lines (Fig. 1 and 2), we further investigated their activ-
ities in U2OS cells by accessing the following two parameters in parallel: trypomastigotes
released in supernatant of infected cells and the number of intracellular amastigotes.
The U2OS osteosarcoma-derived human cell line was used in the assays since culture
grows as homogeneous monolayers and the cells present a large cytoplasm area, which
is ideal for image analysis and quantification of T. cruzi intracellular amastigotes (30). We
also opted to use a stock of parasites recently isolated from animals since it presents
higher biological relevance than culture-adapted strains. Compared to a parasite stock
adapted to in vitro culture, the animal- isolated strain was more infective, presenting
superior fitness, higher infection ratio, and a higher number of intracellular amastigotes
over time (see Fig. S4 in the supplemental material).

Preliminary experiments showed an increased cytotoxicity of tested compounds in
the infection protocol, especially for COL (CC50 = 0.02 mM) (see Fig. S5 in the

FIG 2 Activity of drugs and drug combinations against the T. cruzi Colombiana strain in the THP-1 cell
line. Cells were infected with Colombiana strain at an MOI of 10 and treated with different concentrations
of drugs (100 to 3.125 mM). For the combinatory treatment, COL and CQ at 5 mM were combined with
variable concentrations of BZN (100 to 3.125 mM). Treatment was performed every other day up to 192 h
(peak day of trypomastigote release) when the number of trypomastigotes released in culture supernatant
was determined by parasite counting. (A) Effect of different concentrations of BZN, COL, CQ, and drugs
combination in trypomastigote release. (B and C) Comparison of BZN, COL, and CQ activities at 12.5 and
25 mM. In combination treatment, “COMB” refers to 5 mM COL and CQ with either 12.5 or 25 mM BZN.
Results are based on the quantification of the number of trypomastigotes released in supernatant and are
shown as fold change compared to nontreated infected control. Data represent average 6 SD of two
independent experiments.

Chloroquine plus Benznidazole on T. cruzi Infection Antimicrobial Agents and Chemotherapy

November 2022 Volume 66 Issue 11 10.1128/aac.00284-22 5

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

ac
 o

n 
12

 A
pr

il 
20

23
 b

y 
14

3.
10

7.
52

.2
24

.



supplemental material); therefore, COL was removed from the drug combinations, and
CQ was tested at two different concentrations, 1 and 5 mM, to establish the best con-
centration to be combined with BZN.

Figure 3A shows representative images of T. cruzi infection in human cells for both
controls (infected dimethyl sulfoxide [DMSO]-treated cells and noninfected cells) and
compound-treated wells, evidencing the high activity of BZN 1 5 mM CQ compared to
BZN alone. BZN, which was used as a reference drug, exhibited high efficacy (100%) and
potency (EC50 = 5.2 mM) against intracellular amastigotes with no toxicity in host cells.
CQ also presented high anti-T. cruzi activity at a low micromolar concentration, with EC50

= 3.5 mM, and a maximum activity of 100%; however, cytotoxicity was observed (CC50 =
10.3mM), resulting in a relatively low selective index of 3 (Fig. 3B and C).

Regarding drug combinations, while there was no gain in BZN potency and efficacy
when adding CQ at 1 mM, the addition of CQ at 5 mM significantly increased BZN po-
tency, with all tested concentrations displaying antiparasitic activity of .70%. In this
case, cytotoxicity was found only at the highest concentration of BZN (400 mM), in
which the number of cells reduced by 33% (Fig. 3D and E). Cell viability assays also
demonstrated that the BZN1CQ combination was not toxic at tested concentrations
(see Fig. S6 in the supplemental material).

The effects of drugs seemed to be more pronounced against trypomastigotes than
amastigotes. While 0.04 mM CQ was able to significantly reduce the number of trypo-
mastigotes released in culture supernatant (2-fold lower compared to the infected con-
trol), concentrations#1 mM seemed not to affect amastigote viability (Fig. 3F).

A more prominent difference was observed for BZN; while all tested concentrations
inhibited trypomastigote release, at least 3-fold compared to infected controls, only
concentrations of .1.6 mM were active against amastigotes. Moreover, even at the
highest concentration of 400 mM, BZN did not eliminate all intracellular amastigotes,
whereas concentrations greater than 5 mM had 100% inhibition of trypomastigote
release at 144 hours postinfection (hpi) (Fig. 3G).

No differences were observed between the activities of BZN alone and BZN combined
with CQ at 1mM (Fig. 3H). Conversely, the combination of BZN and CQ at 5mM resulted in
a strong reduction in the number of intracellular amastigotes (.60%) and complete inhibi-
tion of parasite release in culture supernatant at all tested concentrations (Fig. 3I).

Altogether, these results demonstrate the effectiveness of the BZN plus 5 mM CQ
combination against T. cruzi infection by significantly reducing the number of intracel-
lular amastigotes and inhibiting/delaying trypomastigote release.

Dynamics of T. cruzi infection after drug removal. The experiments above demon-
strated that although the combination of BZN and CQ can suppress trypomastigote
release, it does not eliminate all intracellular amastigotes. Nevertheless, it remained unclear
if residual amastigotes were viable and could proliferate after drug removal. To address
these questions, a washout assay was designed using LLC-MK2 cells infected with the T.
cruzi Y strain. After 7 days of treatment, drugs were removed and cultures were maintained
for an additional period of 7 days, when infection was assessed for trypomastigote release
and intracellular amastigotes. The LLC-MK2 was used in this experiment due to its robust-
ness, relatively slow growth, and capacity of maintaining the infection for a longer period
of time, which allowed us to monitor the infection up to 14 days (see Fig. S7 in the supple-
mental material). The schematic representation of the washout assay and the representa-
tive images of infection are shown in Fig. 4A and B.

On the final day of the treatment, i.e., 144 h postinfection (Fig. 4C), we observed that
BZN combined with 5 mM CQ presented higher efficacy compared to that of other treat-
ments, reducing the load of intracellular amastigotes and trypomastigotes released in the
supernatant by at least 50% compared to infected nontreated controls. Also, drug effect
was more pronounced on inhibiting trypomastigote release than intracellular amastigotes;
while none of the treatments was able to fully eradicate intracellular amastigotes, higher
concentrations of BZN alone (133.3mM) or in combination (133.3 and 14.8mM) completely
abolished trypomastigote release 144 h postinfection.
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FIG 3 Efficacy of drugs and drug combinations against T. cruzi intracellular amastigotes. U2OS in 96-well plates were infected
with T. cruzi Y strain at an MOI of 30 and treated with compounds in serial dilution by a factor of 3-fold. The following
concentrations were used: 400 to 0.02 mM for BZN and 80 to 0.004 mM for CQ. For the combinatory treatment, fixed
concentrations of CQ at either 1 or 5 mM were combined with variable concentrations of BZN (400 to 0.02 mM). Treatment was

(Continued on next page)
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After drug removal (Fig. 4D), we could observe parasite relapse in all conditions,
although higher concentrations of BZN alone (133.3 mM) combined with CQ (BZN at 14.8
and 133.3 mM) reduced significantly both amastigote and trypomastigote recrudescence
(at least 0.5-fold over the infected nontreated control). Regarding the activity of drugs
against amastigotes, no differences were observed between BZN alone and combined
with CQ. In addition, concentrations lower than 1.6 mM exhibited only marginal activity
against intracellular parasites. Contrarily, the activity gain of drug combinations is evident
in the reduction of trypomastigote release compared to BZN monotherapy. The combina-
tion of BZN1 5mM CQ led to a suppression of at least 70% in the number of trypomasti-
gotes in the culture supernatant, even at concentrations of #1.6 mM, in which the load of
intracellular amastigotes was comparable to infected nontreated controls. Any of the
treatments presented cytotoxicity in the tested conditions (Fig. 4C and D; see also Fig. S6).

Overall, data showed that none of the treatments was able to eliminate the parasites by
100%. However, in wells treated with the combination of BZN and 5mM CQ, the number of
trypomastigotes released in the supernatant was significantly reduced when compared to
BZN treatment alone, especially for lower concentrations. Furthermore, the drug combina-
tion appears to be more active in inhibiting trypomastigote release rather than in killing
amastigotes.

In vitro interaction between benznidazole and chloroquine. Given that chloro-
quine potentiated the trypanocidal effect of benznidazole, we further investigated the
interaction between both drugs by the modified fixed-ratio isobologram methodology
(31–33) using U2OS cells infected by the T. cruzi Y strain.

Based on EC50 values calculated by dose-response curves (Fig. 5A and B), we deter-
mined the sum of the 50% fractional inhibitory concentration (FIC50) (

P
FIC50) for each

drug association (see Table S1 in the supplemental material). The
P

FIC50 values varied
from 1.24 to 1.73. The overall mean

P
FIC50 (x

P
FIC50) which expresses the general pro-

file of the combination, was established at 1.44, demonstrating an additive interaction
(34). The additivity was confirmed by isobologram (Fig. 5C), in which all FIC50 values
were located close to the additivity line.

Evaluation of efficacy of drug combination in vivo. After establishing that CQ
alone at nontoxic concentrations is capable of reducing or abrogating T. cruzi infection of
mammalian cells in vitro and that CQ potentiates BZN activity against T. cruzi, we assessed
the effect of the drugs, alone or in combination, on the acute infection of the BALB/c
mouse with the T. cruzi Colombian strain. In our study design, infected animals were
treated daily for 20 consecutive days, starting at 10 days postinfection (dpi), employing the
following: BZN low dose (25 mg/kg of body weight/day) or full dose (100 mg/kg/day), CQ
(50 mg/kg/day), and the combination of 50 mg/kg/day CQ and 25 mg/kg/day BZN (Fig. 6).
These doses are well tolerated in murine models (35, 36). The survival was 100% in all
treatment groups, since this was a nonlethal infection protocol.

In the infected vehicle-treated controls, parasitemia increased over time reaching a
mean parasite number of 1.3 � 105/mL at 30 dpi. Monotherapy of 25 mg/kg/day BZN
and 50 mg/kg/day CQ presented a mild effect, reducing parasitemia by 35% in compari-
son to the controls. In contrast, mice treated with BZN at the high dose of 100 mg/kg
showed a moderate suppression of 58%.

FIG 3 Legend (Continued)
performed every other day up to 144 h when the number of trypomastigotes released in culture supernatant was determined
by parasite counting, and the number of intracellular amastigotes and the infection ratio was determined by high content
analysis. (A) Representative images of T. cruzi-infected U2OS cells in the assay endpoint (144 h postinfection), showing both
infected (DMSO treated) and noninfected controls as well as the treatment with BZN alone and combined with CQ at 1 and
5 mM. (B to E) Dose-response curves of BZN, CQ, and drug combinations. The x axis indicates the log of compound
concentration (molar); the left y axis (blue color curves) indicates the normalized antiparasitic activity, which represents the
inhibition of infection in relation to controls; and the right y axis (red color curves) indicates compounds cytotoxicity, which
represents the reduction of host cells number in relation to infected control. Values presented in graphs refer to both EC50 and
CC50 values and represent average 6 SD of four independent experiments. (F to I) Effect of drugs and drug combinations on
both intracellular amastigote number and trypomastigote number. As indicated, the left y axis refers to the number of
intracellular amastigotes (dark gray bars), and the right y axis refers to the number of trypomastigotes released in supernatant
of infected cells (light gray bars). Data represent average 6 SD of three (amastigotes) and two (trypomastigotes) independent
experiments.
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FIG 4 Dynamics of T. cruzi infection after drugs removal. LLC-MK2 cell line in 96-well plates was infected with T. cruzi Y strain at an MOI of 10 and treated
with compounds in serial dilution by a factor of 3. For BZN alone, the following concentrations were used: 133.3, 14.8, 1.6, 0.18, and 0.02 mM. For the

(Continued on next page)
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Interestingly, the association of CQ significantly increased the antiparasitic effect of
BZN, maintaining low levels of parasitemia throughout the assay period. Compared to
vehicle-treated infected animals, the reduction in parasitemia was .90%, considering
later time points (25 and 30 dpi). Moreover, at the assay endpoint, BZN in combination
with CQ was 8-fold and 5.8-fold more effective than BZN monotherapy of 25 mg/kg
and 100 mg/kg, respectively.

Overall, even though the tested combinatory regimen did not result in sterile cure
in infected animals, data show that the BZN and CQ combination is more effective in
vivo against T. cruzi infection than BZN monotherapy.

DISCUSSION

The aim of this study was to investigate repurposed drugs to boost the anti-T. cruzi
effect of BZN, aiming at inducing a synergic/additive effect and optimizing its thera-
peutic efficacy. We characterized the response of the parasite to the repurposed drugs
COL and CQ; these therapeutic compounds were selected because of their known
effects on blocking host cell pathways crucial to T. cruzi infection. While COL is linked
to inhibiting microtube assembly by binding to tubulins, directly interfering with
T. cruzi invasion (27), CQ is linked to impairing trypomastigote escape from parasitopho-
rous vacuole to cytoplasm (28). Using the strategy of combining BZN, a trypanocidal
drug, with COL and CQ, which target host cell factors, we aimed at associating different
mechanisms of action to mitigate/eliminate T. cruzi infection.

FIG 5 In vitro drug interactions between benznidazole and chloroquine. (A and B) Dose-response curves
of benznidazole and chloroquine, respectively, for each drug combination as follows: 5:0, 4:1, 3:2, 2:3, 1:4,
and 0:5. The x axis indicated the log of compound concentration (molar), and the y axis indicates the
normalized antiparasitic activity. (C) Isobologram representing the in vitro interaction between BZN and
CQ. Each dot shows the FIC50 values for both drugs in each drug combination. The dotted line represents
the theoretical line of additivity. The xRFIC for all drug combinations is highlighted at the upper right
corner. Data represent four independent experiments.

FIG 4 Legend (Continued)
combinatory treatment, fixed concentrations of CQ at either 1 or 5 mM were combined with variable concentrations of BZN (133.3 to 0.02 mM). Treatment
was performed every other day up to 144 h when drugs were removed, and cultures were maintained for an additional period of 144 h. Analyses were
performed at two time points, at the end of treatment and at the assay endpoint, by counting trypomastigotes released in culture supernatant and by
determining the number of intracellular amastigotes (high content analysis). (A) Schematic representation of washout assay. (B) Representative images of T.
cruzi-infected LLC-MK2 cells at the end of treatment (144 hpi) and at assay endpoint (288 hpi), showing both infected and noninfected controls as well as
the treatment with BZN alone and combined with CQ at 1 and 5 mM. (C and D) Effect of BZN alone and in combination with CQ considering the end of
treatment and assay endpoint, respectively. As indicated by colors legend, BZN alone (gray), BZN 1 CQ 1 mM (blue), and BZN 1 CQ 5 mM (pink). Results
are based on the quantification of both amastigotes area and number of trypomastigotes released in supernatant and are shown as fold change compared
to nontreated infected control. Data represent average 6 SD of three (amastigotes) and two (trypomastigotes) independent experiments.
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Due to the high toxicity of BZN, ongoing clinical studies are assessing the effect of
reducing the total dose of BZN by lowering daily doses, shortening treatment from 60
to 30 days, or using intermittent treatment regimens aimed at decreasing adverse
events (37–39). Given the already low efficacy of regular BZN treatment in chronic cha-
gasic patients, it is possible that the plan of alleviating the side effects by lowering the
drug dosage might come along with a more reduced efficacy. Thus, the quest for syn-
ergic/additive drugs that enhance BZN effect while reducing the required dose is a
promising strategy. Moreover, drug combinations might shorten the duration of treat-
ments, reducing the adverse effects associated with time-dependent drug accumula-
tion and delaying or preventing the occurrence of resistance in pathogens (40).

Another relevant approach is drug repurposing. Since it is based on employing a
new therapeutic use for approved drugs, this strategy leads to a substantial reduction
in development costs and timeline. Moreover, a robust data set of drug information
might be available in the literature, including potential molecular targets, safety and
efficacy profiles, and pharmacokinetics and pharmacodynamics properties (40). In fact,
successful examples of repurposed drugs can be highlighted in the context of infec-
tious diseases, such as antifungals (amphotericin B for leishmaniasis and fexinidazole
for sleeping sickness), anticancer agents (miltefosine and tamoxifen for leishmaniasis),
and antibiotics (paromomycin for leishmaniasis) (40, 41).

Primary in vitro cytotoxicity studies in noninfected cells indicated that CQ and COL
induced low or no toxicity across different cell types. However, when tested in T. cruzi-
infected cells, both drugs showed increased cytotoxicity, particularly COL, which pro-
duced CC50 values at nanomolar concentrations. Variations in cytotoxicity between
infected and noninfected cells might be a result of methodological differences; while
noninfected cells were evaluated by MTT-based assays, after 72 h of drug exposure,
infected cells were evaluated by high content assays (determination of cell number) af-
ter 144 h of drug exposure with drug replacement every alternate day.

Experiments measuring trypomastigote release into the supernatant of infected
mammalian cells demonstrate that CQ may be as potent as BZN in suppressing parasite
release, whereas COL showed only mild activity at higher concentrations. The combina-
tion of the three drugs was the only treatment capable of eradicating parasite release in
all tested concentrations, even at the lowest BZN concentration, with no apparent cyto-
toxicity, which demonstrates the superior efficacy of drug combinations compared to
BZN monotherapy. Importantly, the efficacy of the drug combination was also observed
against the highly BZN-resistant strain Colombiana and across different cell types, indi-
cating that its inhibitory activity is independent of host cell types and parasite strains.

FIG 6 Therapeutic efficacy of drugs and drug combination in animal models. Female BALB/c mice were
infected intraperitoneally with 5,000 blood trypomastigote forms of Colombian strain of T. cruzi. Gavage
treatments of BZN 100 mg/kg/day, BZN 25 mg/Kg/day, CQ 50 mg/kg/day, and the combination of BZN
25 mg/kg/day plus CQ 50 mg/kg/day were administered daily for 20 consecutive days starting at 10 dpi.
Parasitemia was assessed by optical microscopy every 5 days, starting on the first day of treatment
(10 dpi) up to the assay endpoint (30 dpi). Each group was composed of 7 mice. Data are shown as
mean 6 standard error of the mean (SEM). Statistical analysis is shown in Table S2 in the supplemental
material.
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Additionally, a larger panel of strains and clones (belonging to distinct T. cruzi genetic
lineages) could be considered in a future study in order to confirm the broad-spectrum
activity of the BZN and CQ combination as suggested by Zingales et al. (42).

Given that drugs and drug combinations demonstrated a strong activity in trypo-
mastigote release assays, we further evaluated their activities against intracellular
amastigotes (Fig. 3), recommended for assessing in vitro activity of compounds against
T. cruzi (30, 43, 44), since they represent the persistent, and thus the clinically relevant,
form in the chronic stage of Chagas diseases. Although previous studies have demon-
strated that COL significantly reduced T. cruzi invasion in NRK and L6E9 cell lines (27),
in our studies, in which drug effects were evaluated at later time points, COL presented
limited effect on reducing/eliminating intracellular amastigotes. Thus, a drug combina-
tion was performed by associating only CQ and BZN. Compared to published data (30,
45), BZN alone presented increased activity in our assays, especially in terms of potency
(EC50 = 5.2 mM). This divergence may have occurred due to differences in assay meth-
odologies; while most protocols are based on a period of drug exposure of 72 or 96 h,
in this study, we applied a drug exposure time of 144 h with a renewal of medium with
fresh drug every alternate day, which could have intensified BZN antiparasitic effect.
Furthermore, variations among parasite strains/clones belonging to different laborato-
ries could also explain the differences in BZN susceptibility.

CQ alone was as potent as BZN against T. cruzi, presenting an EC50 value at a low micro-
molar concentration (EC50 = 3.5 mM). However, for both drugs, none of the noncytotoxic
concentrations provided the total clearance of intracellular parasites. The removal of COL
did not reduce the activity of the drug combination, suggesting that COL may not have
contributed to the antiparasitic activity against trypomastigote release. BZN plus 5 mM CQ
maintained a very high inhibitory effect by totally abrogating trypomastigote release and
significantly reducing the number of intracellular amastigotes. Interestingly, although CQ
alone was relatively toxic (CC50 = 10.3 mM), the combination of 5 mM CQ with BZN exhib-
ited only a mild cytotoxicity at the highest concentration of BZN.

Accumulating evidence has suggested that the total clearance of T. cruzi infection seems
to be an essential prerequisite for drug candidates, since residual parasites remaining after
treatment may be able to recover and proliferate inside the host cells causing infection
relapses (46). In a more translational context, an in vitro sterile cure could predict (or even
help to explain) the success of treatments in animal models and, lastly, in clinical trials (45,
47, 48). As shown by our results, drugs and drug combinations did not completely clear the
infection, as a reduced but detectable number of intracellular parasites was observed after
the treatment conclusion (Fig. 4). Thus, to evaluate whether these residual parasites were
viable and capable of replicating, we monitored T. cruzi infection after drug removal.
Parasite recrudescence occurred in all conditions (observed by the increase in the number
of intracellular amastigotes and the presence of trypomastigotes in the supernatant), indi-
cating that sterile cure was not achieved in any of the tested treatments. However, the
superior efficacy of drug combinations was evident in suppressing trypomastigote release,
compared to BZN monotherapy, especially at lower concentrations. Importantly, this result
demonstrated that, by adding CQ, it was possible to reduce the concentration of BZN,
maintaining the same trypanocidal effect. Moreover, the set of results from in vitro experi-
ments revealed that the BZN1CQ combination yielded a high anti-T. cruzi potential (espe-
cially in comparison with compound performance alone), and the antiparasitic effect was
consistent toward distinct parasite stages, diverse T. cruzi strains, a variety of infected cells,
and different detection methodologies used, corroborating the robustness and efficacy of
the proposed treatment.

The pattern of response to drug combinations was translated to the murine model of
acute infection of the T. cruzi Colombian strain, which is resistant to BZN (35). The protocols
of infection and treatment were chosen based on previously published studies (35, 49). The
combination of 25 mg/kg/day BZN plus 50 mg/kg/day CQ significantly reduced the parasite
burden, being 8-fold more effective than the same dosage of BZN administered alone.
Furthermore, the superior effect of combined treatment was clearly demonstrated by a 6-

Chloroquine plus Benznidazole on T. cruzi Infection Antimicrobial Agents and Chemotherapy

November 2022 Volume 66 Issue 11 10.1128/aac.00284-22 12

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

ac
 o

n 
12

 A
pr

il 
20

23
 b

y 
14

3.
10

7.
52

.2
24

.



fold higher effectiveness in reducing parasitemia under suboptimal dosages of drugs com-
pared to the optimal dose of BZN administered alone (100 mg/kg/day). Thus, these findings
confirm that the use of CQ potentiated the anti-T. cruzi effect of BZN, allowing a reduction
in effective BZN dosage. Although the combinatory regimen was unable to promote sterile
cure in infected animals, studies have shown that parasitic load reduction has a beneficial
effect on T. cruzi infection outcome, mitigating the intensity of the inflammatory response
and tissue damage (50–52), and thus, disease severity (53, 54).

CQ is an aminoquinoline derivative, first used for the prevention and therapy of
malaria. It also acts as an anti-inflammatory agent for the treatment of lupus erythema-
tosus and rheumatoid arthritis (55). Several mechanisms of action have been proposed
to explain the therapeutic effects of CQ, including the inhibition of lysosomal activity
(56) and autophagy (57), the modulation of signaling pathways such as Toll-like recep-
tor signaling (58), and the reduction of anti-inflammatory cytokines production/release
(59, 60). In the context of infection, in addition to host cell-targeting effects, CQ can
also present an antiparasitic activity. In Plasmodium falciparum infection, CQ displays
its antimalarial effect by inhibiting the conversion of toxic heme, a product from hemo-
globin digestion, to hemozoin (61). For some viruses, such as HIV, Zika virus, and her-
pesvirus, CQ has been suggested to directly inhibit the viral DNA and RNA synthesis by
binding to nucleic acids (61). Regarding T. cruzi infection, Ley and colleges have shown
that the increase in the vacuolar pH with chloroquine significantly inhibited the escape
of parasites from vacuoles to cytosol (62). More recently, it has been demonstrated
that the alkalinization of intercellular pH influenced both parasite invasion as well as its
escape into cytoplasm in HeLa and Vero cells (28). Considering that CQ has several
described cellular targets and could be acting through various pathways, the mecha-
nism relying on its inhibitory effect against T. cruzi should be further investigated.

In summary, this study demonstrates the potential of BZN in combination with CQ to
treat Chagas disease. Their concomitant use potentiated the trypanocidal effect of BZN,
resulting in lower doses needed to obtain an effective response. In clinical practice, it
could represent a higher efficacy of treatment, with a lower possibility of infection relap-
ses; additionally, a reduction in the frequent adverse effects of BZN is expected with
diminished dosages. Importantly, regarding the safety profile of CQ, a short treatment
time (e.g., some weeks) is not associated with serious adverse effects. This study also
reinforces the relevance of exploring the approaches of drug combination and drug
repurposing in the development of novel treatment options for Chagas disease.

MATERIALS ANDMETHODS
Drugs and chemicals. The reference compound benznidazole (BZN) and the tested compounds

chloroquine (CQ) and colchicine (COL) were purchased from Sigma-Aldrich. Stock solutions were pre-
pared by dissolving standardized powder in dimethyl sulfoxide (DMSO) for BZN and COL or in water for
CQ. Stock solutions were stored at220°C, protected from light and humidity.

Cell lines and parasites culture. The human embryonic kidney cell line HEK293T and the human
monocytic cell line THP-1 were previously available at our laboratory. The Macaca mulatta kidney epithe-
lial cell line LLC-MK2 and the human bone osteosarcoma epithelial cell line U2OS were generously
donated by C. B. Moraes (Federal University of São Paulo, UNIFESP, São Paulo, Brazil). All cell lines were
cultured in DMEM high-glucose culture medium (except THP-1, which was cultured in RPMI culture me-
dium), supplemented with 10% heat-inactivated fetal bovine serum (FBS), in a humid atmosphere of 5%
CO2 at 37°C.

Trypanosoma cruzi strains representing different biological and genotype discrete typing units (DTU)
were employed. The Y strain (TcII) was kindly provided by S. Schenkman (Federal University of São
Paulo, UNIFESP, São Paulo, Brazil), and the Colombiana strain (TcI) came from the strain repository from
a member of the team (B. Zingales, University of São Paulo, USP, São Paulo, Brazil). Trypomastigotes
were harvested from the supernatant of LLC-MK2 cells infected with T. cruzi. Infected cells were main-
tained in DMEM high-glucose medium, supplemented with 10% FBS, at 37°C in a 5% CO2 humidified
incubator.

Cytotoxicity assays. Cytotoxicity of BZN, CQ, and COL and drug combinations were measured by
the Tetrazolium- (MTT) method (63). Briefly, exponentially growing cells were seeded at 5 � 103 cells/
well in a 96-well microplate at a final volume of 200 mL and were exposed to serially diluted drugs (2-
fold dilution, from 800 to 5 mM) and drug combinations (CQ and COL at 5 mM associated with variable
BZN concentrations). After 72 h of incubation, 20 mL MTT (5 mg/mL) was added, and the plates were
incubated for 4 h at 37°C followed by the addition of 150 mL DMSO to dissolve the formazan crystals.
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Optical density was measured at 540 nm by the Labsystems Multiskan MS spectrometer. Nontreated
cells were used as a negative control and represented 100% viability.

Infection model—trypomastigote release assay. A trypomastigote release assay was performed to
evaluate the activity of drugs and drug combinations on T. cruzi infection. HEK293T and THP-1 cells were
seeded in complete medium at 1 � 105 cells/well into 24-well plates. THP-1 cells were differentiated into
macrophage-like cells using 50 ng/mL phorbol 12-myristate 13-acetate (PMA). After 48 h, culture medium
was replaced by medium containing trypomastigotes (Y or Colombiana strain) at a multiplicity of infection
(MOI) of 10 followed by adding drugs in dose-response format, previously diluted in culture medium, with
the highest concentration at 100 mM. For drug combinations, CQ and COL at 5 mM were associated with
variable concentrations of BZN (the same concentration range used for BZN alone). Cells were washed
with medium supplemented with 2% FBS every other day followed by replacement of the supernatant
with fresh complete media containing drugs. On the peak day of parasite release, viable trypomastigotes
in the supernatant medium were counted under optical microscope. The relative number of parasites was
calculated by dividing the number of parasites in treated wells by the number of parasites in nontreated
infected controls.

Infection model assay—high content assay combined with trypomastigote release assay. A
high content assay (HCA) was performed to determine the activity of the drugs and drug combinations
against T. cruzi intracellular amastigotes (47). U2OS cells were seeded on 96-well plates at a density of
1,000 cells/well. After 24 h, cultures were infected with trypomastigotes of the T. cruzi Y strain (MOI = 30),
followed by the addition of compounds, in dose-response format. The range of tested concentrations was
as follows: 400 mM to 20 nM for BZN and 80 mM to 4 nM for CQ. For drug combinations, CQ at 5 mM or
1 mM was associated with variable concentrations of BZN (400 mM to 20 nM). Infected cultures were incu-
bated for 144 h, with the replacement of the supernatant by fresh media containing drugs every other
day. At assay endpoint, viable trypomastigotes in the supernatant medium were counted as described
above and cells were fixed with 4% paraformaldehyde (PFA) in PBS and proceeded to immunofluores-
cence. Briefly, cells were permeabilized with 0.5% Triton X-100 for 20 min followed by blocking with 3%
bovine serum albumin (BSA) for 30 min. Cells were incubated with anti-T. cruzi polyclonal antibody (non-
purified sera obtained from infected mice), diluted 1:800 for 1 h, and then stained with secondary antibody
conjugated with Alexa Fluor 488 (anti-mouse IgG, 1:1,200, 1 h at room temperature). Host cells and para-
sites nuclei were stained with Hoechst 33342 at a final concentration of 2mg/mL.

Images from plates were obtained using an ImageXpress high content microscope (Molecular
Devices) at �20 magnification and then analyzed using a Columbus high-content analysis system
(Perkin Elmer) to determine quantitative parameters, such as number of host cells, ratio of infected cells
to total cell number in a well (infection ratio), mean number of intracellular parasites, and mean parasite
area.

The infection index, calculated by infection ratio � mean parasite number, was normalized to both
negative (nontreated infected cells) and positive controls (mock-infected cells) to determine the normal-
ized anti-T. cruzi activity, expressed as a percentage compared to control wells. The cell ratio was defined
as the ratio of cell numbers in compound-treated wells to the cell numbers in infected control wells.

Washout assay. LLC-MK2 cells were seeded in two 96-well plates at a density of 500 cells/well (in
120 mL of culture media). After 24 h, trypomastigotes of the T. cruzi Y strain were added to the plates
using an MOI of 10 (in 30 mL). Right after the infection, cultures were treated with drugs in a dose-
response format as described above. After 48 and 96 h postinfection, culture supernatant was removed
and fresh media containing drugs was added, totaling 3 cycles of treatment. One plate was fixed with
4% PFA right after the end of the treatment (144 h postinfection and first treatment). Another plate was
extensively washed to ensure the complete drug removal and was maintained for an additional period
of 7 days, with culture medium replacement every alternate day. After this period, plates were fixed with
4% PFA. To verify the presence of intracellular amastigotes, plates were submitted to immunofluores-
cence and high-content imaging as described above. The relative parasite load was calculated by divid-
ing the parasites area in treated wells by the parasites area in nontreated infected controls.

Additionally, before cell fixation, the supernatant of plate cultures was collected, and viable parasites
were counted under an optical microscope. The relative number of parasites was calculated as described
above.

Trypomastigote assay. To determine the activity of drugs and drug combinations against T. cruzi
trypomastigotes, stock solutions of drugs were diluted in culture medium and placed in 96-well plates,
with concentrations ranging from 200 to 0.4 mM for BZN and 80 to 0.2 mM for CQ. Trypomastigotes har-
vested from LLC-MK2 cells were seeded at 1 � 106 parasites/well (200-mL final volume) and incubated
for 24 h at 37°C in a 5% CO2 humidified incubator. The viability of trypomastigotes was determined by
MTT-based assay as described above. Wells containing trypomastigotes treated with 1% DMSO were
used as controls.

In vitro drug interactions. The drug interaction between BZN and CQ was evaluated by a modified
isobologram protocol (31–33). Briefly, dose-response curves at 2-fold dilutions were performed for differ-
ent drug combinations (EC50 ratios, 5:0, 4:1, 3:2, 2:3, 1:4, and 0:5), and for each ratio, EC50 values were cal-
culated for each drug in the combination. Fractional inhibitory concentrations (FIC50) were calculated as
the EC50 of drug in combination divided by the EC50 of drug alone. The sum of FIC50 (

P
FIC50) was deter-

mined as FIC50 BZN plus FIC50 CQ, and the mean (x
P

FIC50) was calculated as the average of
P

FIC50.
Isobologram was constructed by plotting FIC values of each drug ratio. The x

P
FIC50 was used to charac-

terize the mode of interaction following the Odds method (34) as follows: synergy for x
P

FIC50 # 0.5,
additive interaction for x

P
FIC50 . 0.5 to 4, and antagonism for x

P
FIC50 . 4.
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In vivo efficacy assay. Six- to eight-week-old female BALB/c mice were provided by the Institute of
Science and Technology in Biomodels (ICTB) of the Oswaldo Cruz Foundation and housed in the
Experimental Animal Facility (CEA-CF/IOC unit). The experimental procedures were performed in accord-
ance with the recommendations of the Guide for the Care and Use of Laboratory Animals of the National
Council for Animal Experimentation. The Animal Use Ethics Committee of Oswaldo Cruz Institute/Fiocruz
approved all procedures performed in this study (license L006/2018). Mice were randomly arranged into
groups of 3 to 5 animals and placed in a polypropylene cage lined with pine sawdust and enriched with
an igloo, kept in microisolators, and received water and grain-based feed ad libitum. Upon arrival at the
Experimental Animal Facility, the animals remained unhandled in the cages for 15 days to facilitate adapta-
tion to the new environment. The environmental conditions were controlled with temperatures of
22 6 2°C and a 12-h cycle of light and dark. The animals (n = 7/group) were inoculated intraperitoneally
with 5,000 blood trypomastigote forms of the T. cruzi Colombian strain (TcI), obtained from serial passages
in infected mice. As a control, animals were inoculated with vehicle solution. Infected mice were divided
into 5 groups as follows: BZN optimal dose (100 mg/kg/day); BZN suboptimal dose (25 mg/kg/day), previ-
ously shown to be partially effective against Colombian infection (35); CQ (50 mg/kg/day); the combina-
tion of BZN (25 mg/kg/day) with CQ (50 mg/kg/day); and vehicle, apyrogenic vaccine-graded water
(BioManguinhos, Fiocruz). Drug treatment by gavage started 10 days after infection and lasted for 20 con-
secutive days when the animals were euthanized. As previously described (35) parasitemia was evaluated
every 5 days, starting right after the first day of treatment (10 dpi) and continuing up to assay endpoint
(30 dpi), by examining 5mL of blood collected from the tail vein under optical microscope.

Statistical analysis. All data were processed using the GraphPad Prism software, version 8, and are
presented as mean 6 standard deviation (SD) of at least two independent experiments. Different data
sets were analyzed using the one-way analysis of variance (ANOVA) test followed by Tukey’s multiple
comparison test or two-way ANOVA with Tukey’s multiple comparison test. P values of ,0.05 were con-
sidered significant. Dose-response curves were generated using a sigmoidal dose-response (variable
slope) function, and the EC50 (compound concentration related to 50% antiparasitic activity) and CC50

(compound concentration related to 50% cell ratio) values were determined by interpolation.
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