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ABSTRACT: Arthrospira platensis, an ancient cyanobacterium, is
rich in bioactive compounds with therapeutic potential, supporting its
use in studies for various health conditions, including infectious and
chronic diseases. This study aimed to evaluate the antiparasitic,
cytotoxic, and immunomodulatory activities of A. platensis com-
pounds against Trypanosoma cruzi. Peripheral Blood Mononuclear
Cells (PBMC) and T. cruzi trypomastigotes were cultured for
cytotoxic and antiparasitic analyses. Cytotoxicity was assessed in
PBMC treated with different concentrations of crude extract,
obtained by mechanical agitation in 0.1 M TRIS-HCl buffer (pH
7.2), and purified protein by DEAE-Sephadex A-50 chromatography
and FPLC. Immune response was analyzed in infected and uninfected PBMC by measuring cytokines (IFN-γ, TNF, IL-2, IL-6, and
IL-10) after treatment with purified protein and benznidazole. In vitro experiments showed that both crude extract and a 15 kDa
purified protein were toxic to trypomastigotes in a dose-dependent manner, eliminating over 80% of the parasite at 1000 and 200
μg/mL, respectively. Both the extract and protein were nontoxic to PBMC, with the protein (SI: 20.7) being more selective than
benznidazole (SI: 11.5). Results indicated that the purified protein modulated the immune response in T. cruzi-infected individuals,
inducing a protective Th1 response while controlling an excessive inflammatory response with appropriate IL-10 levels. The anti-T.
cruzi activity of this protein, alone or in combination with the commercial drug, suggests it could be a low-cost, safer, and more
tolerable therapy for Chagas disease treatment.
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Neglected diseases predominantly affect populations in
developing regions, where health, housing, and food conditions
are precarious. Research and development investments remain
minimal, as these diseases offer limited financial returns and
primarily impact low-income populations people.1 As a result,
only 5.0% of the 1106 drugs introduced between 2000 and
2018 were developed for neglected diseases, emphasizing the
critical need for novel therapeutic interventions.2

Among these neglected diseases, Chagas disease (CD),
caused by the hemoflagellate Trypanosoma cruzi, is identified as
a priority in the World Health Organization’s 2030 roadmap
for neglected diseases.3 Although initially confined to Latin
America, increased mobility and migration have transformed
CD into a global public health concern.4−6 The disease often
remains asymptomatic; however, in 30−40% of cases, patients
progress to a chronic symptomatic phase with severe cardiac or
digestive complications, often leading to mortality.7−9

Current pharmacological treatments for CD include
nifurtimox and benznidazole (Bz), which exhibit variable

efficacy based on patient demographics, disease stage, dosage,
and treatment duration, with greater effectiveness observed in
the acute phase.10 These drugs are further limited by
significant cytotoxicity and the emergence of resistant T.
cruzi strains.11,12 The absence of safe and effective therapeutic
options underscores the urgent need to expand the arsenal
against T. cruzi, focusing on compounds with low toxicity and
minimal resistance induction.
Natural products, particularly those derived from photo-

synthetic organisms as Arthrospira platensis, a cyanobacterium
recognized as GRAS by the FDA,13 are promising candidates
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for drug development.14 This cyanobacterium, utilized as a
food source by indigenous communities around Lake Chad in
Africa and in regions of Mexico and Central America since
ancient times, is rich in bioactive compounds, including
proteins, alkaloids, vitamins, peptides, and pigments, with
documented medicinal properties.15,16 While its antiparasitic
potential remains underexplored, its anti-inflammatory and
immunomodulatory activities suggest potential efficacy against
T. cruzi.17

Recently, Abdellatief et al.18 demonstrated that a crude
extract of A. platensis modulates the immune system in vivo by
stimulating Th1 cytokines and nitric oxide synthesis. Similarly,
A. maxima, a related species within the Oscillatoriales order,
was shown to enhance proinflammatory cytokine synthesis and
ROS production, reducing parasite loads in T. cruzi-infected
mice.19 These pathways are crucial for T. cruzi elimination, as
they impair parasite proliferation by inducing DNA damage.20

Furthermore, modulating the immune response and enhancing
host resistance may support clinical improvement in affected
patients.21

While no studies have directly reported trypanicide activity
for A. platensis, its antiparasitic effects against other
trypanosomatids are documented. An aqueous extract of A.
platensis inhibited Leishmania infantum promastigotes in vitro
with a selectivity index of 3.8.22 However, the composition of
the crude extract and the bioactive compounds responsible
remain unidentified, underscoring the need for isolation and
purification to explore its therapeutic potential. Therefore, we
investigated the antiparasitic effects and immunomodulatory
potential of A. platensis bioactive compounds, aiming to
elucidate their mechanisms of action and explore their
potential as an innovative approach for the treatment of
Chagas disease, with the prospect of overcoming the
limitations of conventional therapies.

■ RESULTS AND DISCUSSION
A. platensis Protein Purification and Characterization.

The crude extract of A. platensis, at a concentration of 568 μg/
mL, was loaded onto an ion exchange column for a purification
step. The nonadsorbed fraction that was collected showed a
total protein concentration of 251 μg/mL. A sample of this
fraction was injected onto a molecular exclusion column, and
the resulting chromatogram displayed a single peak (Figure
1A), indicating the presence of a purified protein, whose

molecular mass, determined by SDS-PAGE analysis, is 15 kDa
(Figure 1B).
In A. platensis, these 15 kDa bands could correspond to small

subunit of RuBisCO (ribulose-1,5-bisphosphate carboxylase/
oxygenase) a photosynthetic enzyme that plays the main role
in CO2 biofixation. RuBisCO itself is not widely recognized for
direct health benefits, and there is a lack of studies investigating
its therapeutic potential in humans.23−25 To the best of our
knowledge, this represents the first study to investigate the
antiparasitic potential of this protein.
PBMC Viability in the Presence of A. platensis Crude

Extract and Purified Protein. Cytotoxicity assays were
conducted to compare the potential harmful effects of the A.
platensis crude extract and the 15 kDa purified protein on
PBMC at 24, 48, and 72 h. At the highest concentrations, the
crude extract reduced cell viability by 50% (p ≤ 0.05), but no
significant cytotoxicity was observed at lower concentrations,
particularly at 24 h (Figure 2A−C). The purified protein
exhibited no major toxic effects, with cell survival rates
comparable to controls (Figure 2D−F).
Although A. platensis is classified as a GRAS product, safety

data on its extracts and proteins remain limited. Vaitkevicius-
Anta ̃o et al.22 reported a CC50 of 986.1 μg/mL for an A.
platensis aqueous extract in PBMC�aligning with our findings
(CC50 > 1000 μg/mL). Notably, PBMC�showed greater
tolerance to the purified protein, with a maximum safe dose of
3.0 mg/mL (CC50 > 1000 μg/mL). Previous studies on A.
platensis peptides demonstrated no toxicity to healthy cells
within a wide concentration range after 24 h, but longer
exposure effects were not assessed.26,27 Our findings confirmed
that both the crude extract and the 15 kDa protein were
nontoxic�in all tested time points, highlighting their potential
as safe therapeutic agents for human applications.
Effects of A. platensis Crude Extract and 15 kDa

Protein on T. cruzi Viability. The crude extract and the
isolated protein showed dose-dependent antiparasitic effects
on trypomastigote forms. The crude extract (1000 μg/mL)
and the isolated protein (200 μg/mL) showed significant toxic
activity against trypomastigotes, affecting parasite viability by
more than 80.0% (p ≤ 0.0001). At lower concentrations,
starting from 62.5 μg/mL, the crude extract of A. platensis
reduces activity against T. cruzi. However, even at low
concentrations, the isolated protein showed trypanicide activity
(Figure 3).

Figure 1. Protein purification. (A) Elution profile of the protein of the crude extract from A. platensis, obtained using FPLC by size-exclusion
column monitored at 615 nm. (B) SDS−PAGE profile of protein. Lanes 1: SigmaMarker, 14,4 to 116 kDa mol. wt. ladder. Lanes 2: Crude extract.
Lane 3: A. platensis nonadsorbed fraction recovered by anion exchange chromatography.
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Most studies investigating drugs for Chagas disease use
natural compounds of plant origin. However, little trypanicide
activity investigations have been reported among photo-
synthetic microorganisms. Recently, only one study reported
the action of A. platensis, but the organic and aqueous extracts
used did not inhibit parasite viability, when tested at a
concentration of 200 μg/mL.28 Furthermore, the aqueous
extract has also been used to analyze the antiparasitic activity
against other trypanosomatids, such as Leishmania infantum,
demonstrating leishmanicide activity when tested at concen-
trations between 15.6 to 500 μg/mL.22 Our findings
corroborate the antiparasitic activity of the crude extract and

isolated protein highlighted by Vaitkevicius-Antão et al.,22

demonstrating the effect on T. cruzi, with IC50 of 173.7 and
48.3 μg/mL, respectively.
Studies with crude extract or proteins isolated from A.

platensis are scarce. Our data indicate that the activity of the
purified protein is higher than that reported by other studies
that evaluated natural compounds.29 Likewise, the purified
protein from A. platensis showed greater activity than the
Chlorella vulgaris extract, which presented moderate toxicity for
T. cruzi (IC50 = 112.10 μg/mL).30 A peptide isolated from the
cyanobacterium Oscillatoria nigroviridis was effective against T.
cruzi, with an IC50 of 1.1 μM.31 However, unlike the present

Figure 2. Effects of A. platensis crude extract (A−C) and 15 kDa purified protein (D−F) on the viability of human peripheral blood mononuclear
cells (PBMC) after exposure for 24 (A and D), 48 (B and E), and 72 h (C and F). Negative control (untreated cells). Different letters (ab) indicate
significant differences with the negative control by ANOVA (p ≤ 0.05).
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Figure 3. Effects of the crude extract (A) and protein (B) from A. platensis on T. cruzi trypomastigote viability. Different letters (A,B) indicate
significant differences between treatments by ANOVA (p ≤ 0.05).

Figure 4. Effect of theA. platensispurified protein at a concentration of 48.3 μg/mL on the production of different cytokines by PBMC infected or
not with T. cruzi trypomastigotes after 24 h exposure (A-D). The treatments were: uninfected PBMC�treated with Bz at 1.0 μg/mL (C + Bz) and
infected PBMC treated with Bz at the same concentration (C + T + Bz); Uninfected PBMC�treated with protein at 48.3 μg/mL (C + P) and
infected PBMC treated with protein at the same concentration (C + T + P); Infected PBMC�treated with protein and Bz (C + T + P + Bz).
Equal letters between treatments represent significant differences between them by ANOVA or Kruskal−Wallis (p ≤ 0.05).
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study, the cytotoxicity of O. nigroviridis peptide against healthy
cells has not been reported, making it difficult to consider this
compound for the future development of drugs for the
treatment of CD (because it is still not possible to guarantee
the safety of treated patients).
Selectivity Index of the A. platensisPurified Protein.

The relationship between cytotoxicity and the anti-T. cruzi
activity was determined by calculating the Selectivity Index
(SI) (Cytotoxicity CC50/T. cruziIC50). As a standard, high SI
values indicate that a compound is more toxic to a parasite
than to host cells, and SI values below 10.0 indicate that the
tested compound is toxic to healthy cells.32 Recently, Veas et
al.28 analyzed the activity of organic extracts from three
microalgal species (Chlamydomonas reinhardtii, Tetraselmis
suecica, and Scenedesmus obliquus). All these microalgae
exhibited high anti-T. cruzi inhibition rates, but were
considered toxic to Vero cells due to their significantly low
selectivity indexes: C. reinhardtii, SI = 3.3; T. suecica, SI = 4.8;
and S. obliquus, SI = 2.9. The extracts of C. vulgaris and T.
obliquus were more selective for T. cruzi trypomastigotes,
showing SI of 8.9 and 16.8, respectively (Silva-Juńior et al.,
2024).
The crude extract of A. platensis analyzed in this study was

shown to be slightly more selective than these microalgae C.
reinhardtii, T. suecica, and S. obliquus after 24 h of treatment (SI
= 5.7). However, after protein purification, the SI significantly
improved, reaching a value of 20.7, therefore being superior to
all supported treatments. Bz showed an SI of 11.5, as evaluated
by treating healthy cells at concentrations ranging from 0.5 to
8.0 μg/mL and trypomastigotes at concentrations ranging from
0.25 to 4.0 μg/mL (data not shown). Therefore, the purified
protein showed the best SI among the evaluated compounds,
including the commercial reference drug, suggesting that this
protein could be an interesting alternative for new drugs in
treating CD.
PBMC Immune Responses in the Presence of theA.

platensisPurified Protein. Previous reports have shown that
compounds isolated from algae can act as immunomodulatory
agents. This is interesting from a therapeutic point of view
since, by modulating the production of cytokines and other
immune mediators, these bioactive products can enhance the
defense system against infectious diseases.33 In this study, we
evaluated the effect of the purified protein isolated from A.
platensis (48.3 μg/mL) and Bz (1.0) on cytokine release by
infected and uninfected PBMCs (Figure 4).

The protein induced the production of pro-inflammatory
cytokines (IFN-γ, TNF, and IL-6) in noninfected cells (at
levels higher than those observed in cells treated only with Bz)
and exhibited a modulatory effect in T. cruzi-infected cells. In
these cells, which displayed elevated cytokine levels due to the
host’s natural inflammatory response to the infection, the
protein, both alone and in combination with Bz, significantly
attenuated expression of these cytokines. It is well-established
that, particularly IFN-γ and TNF, are cytotoxic mediators
associated with the Th1 immune response, whose activation is
critical for controlling the viability of the microorganism.
Clinical studies have shown that individuals in the acute phase
of the disease have a robust inflammatory response, producing
inflammatory cytokines, such as IFN-γ and TNF, that activate
macrophages to eliminate the parasite.34,35 However, excessive
stimulation of these pro-inflammatory cytokines could harm
the host by causing exacerbated inflammatory responses.36

Therefore, the effect induced by the protein suggests that,
although it stimulates cytokine production in noninfected cells,
it plays a regulatory role under conditions of exacerbated
inflammation, contributing to the attenuation of the inflam-
matory response in T. cruzi-infected cells. At a concentration of
48.3 μg/mL, the protein did not stimulate the release of IL-2 in
infected cells (data not shown).
In contrast, the protein stimulated IL-10 secretion, an anti-

inflammatory cytokine produced by T cells and monocytes
that inhibits pro-inflammatory cytokines.37 In noninfected
cells, the protein induced higher IL-10 levels than Bz,
indicating its role in promoting a Th2 response (Figure 4C).
However, in infected cells, IL-10 expression was lower than in
untreated or Bz-treated infected cells. However, these findings
suggest a potential advantage of this new protein, since high
IL-10 expression facilitates T. cruzi evasion by inhibiting
macrophage activation induced by IFN-γ.38 These results
suggest that the combination treatment in infected cells was
well tolerated without impairing immunomodulation. This
highlights the therapeutic potential of both the protein alone
and in combination for Chagas disease treatment. Control by
means of immunoregulatory mechanisms is extremely
important to prevent the deleterious effects associated with
the excessive inflammatory response, which are directly linked
to the main consequences of the morbidity characteristic of
Chagas disease, such as the progression of heart disease.39,40

These findings were consistent with other studies suggesting
thatA. platensismay have beneficial effects in modulating the
immune response. Its extract has been indicated in the

Table 1. Frequency of Cytokine High-Producer Subjects Based on the Global Median Cytokine Cut-Off Detected After
Stimulation with Treatments

C+T C + Bz C + T + Bz C + P C + T + P C + T + P + Bz

IFN-γ Global median cutoff 31.6 (0.0−2.783) 0.0 (0.0−2.6) 34.0 (0.0 − 4.194) 0.0 (0.0−0.9) 6.1 (0.0−432.3) 6.0 (0.0−362.7)
High cytokine producers
(%)

41.6% 0.0% 41.6% 0.0% 50.0% 50.0%

TNF Global median cutoff 509.5 (23.0−
26.659)

1.3 (0.0−8.0) 439.4 (13.26−
9.384)

530.4 (7.4−
3.101)

2.177 (404.2−
6.594)

2.407 (347.5−
6.355)

High cytokine producers
(%)

50.0% 58.3% 50.0% 50.0% 50.0% 58.3%

IL-10 Global median cutoff 43.1 (11.5−111.4) 0.9 (0.6400−
1.7)

39.4 (16.9−86.5) 2.5 (0.5−5.5) 9.3 (3.6−47.7) 13.5 (3.6−39.0)

High cytokine producers
(%)

50.0% 0.0% 58.3% 66.6% 50.0% 50.0%

IL-6 Global median cutoff 2.7 (1.3−6.0) 1.0 (0.7−2.0) 2.7 (1.4−7.7) 1.2 (0.09−6.9) 2.2 (1.2−9.9) 2.6 (1.2−8.1)
High cytokine producers
(%)

58.3% 58.3% 58.3% 66.6% 50.0% 50.0%
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literature for leading to reduced production of pro-inflamma-
tory cytones.41−43 Regarding the production of IL-10, our
results agree with those obtained by Vaitkevicius-Antão et al.22
that when treating human PBMC�with the aqueous extract of
A. platensis, showed that the cytokine was considerably
stimulated at a concentration 4x lower than the CC50
determined in the study, as demonstrated in our study when
healthy cells were treated with 48.3 μg/mL. In contrast, in
infected cells, a reduction in the expression of this cytokine was
observed, similarly to what was shown in the study by
Mahmoud et al.44 in which the release of IL-10 was attenuated
after the cells were infected with a virulent strain of
Pseudomonas fluorescens.
In addition, we classified individuals as ″high″ or ″low″

cytokine producers based on a cutoff derived from the global
average cytokine production.45 The frequency of high cytokine
producers was evaluated for chagasic individuals following in
vitro stimulation with protein, benznidazole, and their
combination. Table 1 shows the frequency of high cytokine
producers across treatments.
Data are expressed as the percentage of individuals

displaying cytokine+ cells higher than or equal to the global
median (cutoff) calculated for each cell population. PBMC
infected with T. cruzi (C + T), with Bz (C + Bz) or protein (C
+ P), infected and treated with Bz (C + T + Bz) or protein (C
+ T + P), and infected and treated with Bz and protein in
association (C + T + P + Bz). The chi-square test was used,
and statistical significance (p ≤ 0.05) is represented by the
superscript symbol * for comparisons between treatments.
The results showed that after treatment with protein and Bz,

58.3% of individuals were high TNF producers. For IL-6,
66.6% were high producers, predominantly after protein
treatment. Regarding IL-10, 66.6% of individuals treated with
protein were high producers. No high producers of IFN-γ were
found across any treatments, but 50.0% of individuals were
high producers when treated with protein alone or in
combination.
Finally, we analyzed the correlation of the expression of

these cytokines between the treatments and observed that for
the secretion of IFN-γ, there was a very strong and significant
positive correlation (r= 0.931; p ≤ 0.0001) between the
treatments with the protein in monotherapy and in association
with Bz in infected cells. These treatments also showed a
strong and significant correlation for TNF, IL-10, and IL-6
secretion. In the same manner, treatment with the drug alone
also showed a positive and significant correlation compared to
treatment in association with the protein (r= 0.979; p ≤
0.0001). In contrast, for TNF stimulation, treatment with the
protein in healthy cells showed a very strong negative
correlation with treatment with Bz in infected cells (r=
−0.301). However, there were no significant differences (p =
0.342). The other treatments showed moderate or very strong
positive correlations, but no significant differences. These data
can be seen in Table 2.
Correlation tests are important for analyzing the association

between two cytokines. These results suggest that both
treatments with positive and significant correlations, in
particular, may have similar or highly correlated effects on
infection control, so that both treatments may be acting on
similar pathways in the cells. Therefore, both, the protein
administered as monotherapy and its association with Bz,
could potentially confer therapeutic benefits for individuals
affected by Chagas disease, since they generated an immune

response similar to the standard drug, which is effective against
T. cruzi, but even more robust than this drug, which could
allow the necessary dose of each individual treatment to be
reduced, thus minimizing the associated side effects and
promoting a safer and more tolerable therapy for patients.

■ CONCLUSION
In the present study, crude extract and purified protein from A.
platensis showed anti-T. cruzi activity against the trypomasti-
gote form of the parasite. Notably, at low concentrations, the
15 kDa protein inhibited the viability of these evolutionary
forms by more than 80%, without leading to the death of
healthy human cells, with a safe dose of 3.0 mg/mL. In
addition, our results indicated that treatment with the protein
can modulate the immune response of individuals infected
with T. cruzi, inducing a protective Th1 response, while also
stimulating IL-10 at appropriate levels to control an
exacerbated inflammatory response, which could cause damage
to the patient’s tissues. In vitro analyses indicate that, the anti-
T. cruzi activity of this protein in monotherapy or in
association with Bz suggests that the compound may be able
to control parasitemia while regulating inflammation and
preventing the progression of heart disease. These findings
provide promising insights for the development of more
effective and targeted therapeutic strategies in the context of
Chagas disease treatment.

■ EXPERIMENTAL SECTION
Microorganisms and Culture Conditions. A. platensis

UTEX, 1926 was obtained from the University of Texas
Culture Collection (Austin, TX, USA) and cultivated in SAG
medium46 at an initial concentration of 50 mg/mL. The
culture was maintained on an orbital shaker under autotrophic
conditions, and exposed to continuous light (72 ± 5 μmol

Table 2. Coefficient of Correlation Enters the Cytokines
Produced After the Stimulus with the Different Treatments
in 24 h of Treatmenta

C + T +
Bz x
C + P

C + T +
Bz x C +
T + P

C + T +
Bz x C +
T + P +
Bz

C + P
x C +
T + P

C + P x
C + T +
P + Bz

C + T +
P x C +
T + P +
Bz

IFN-γ
r 0.306 0.938 0.979* 0.308 0.219* 0.931*
p-value 0.500 0.266 p ≤

0.0001
0.500 p ≤

0.0001
p ≤
0.0001

TNF
r −0.301 0.402 0.573 0.427 0.280 0.944*
p-value 0.342 0.177 0.056 0.169 0.379 p ≤

0.0001
IL-10

r 0.256 0.510 0.699* 0.547 0.453 0.769*
p-value 0.418 0.094 0.014 0.069 0.141 0.005

IL-6
r 0.606* 0.839* 0.867* 0.750 0.743 0.965*
p-value 0.040 0.001 0.001 0.007 0.007 p ≤

0.0001
aPearson or Spearman correlation test was utilized to evaluate
correlations among cytokines, and the * represents statistical
differences with the value of p ≤ 0.05. PBMC infected with T. cruzi
(C + T), with Bz (C + Bz) or protein (C + P), infected and treated
with Bz (C + T + Bz) or protein (C + T + P), and infected and
treated with Bz and protein in association (C + T + P + Bz).
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photons/m−2/s) until the exponential growth phase was
reached (after 7 days).
Preparation of the Extract. The extract was prepared

according to the methodology described by Gago et al.,47 with
some modifications. Briefly, the biomass was collected by
centrifugation at 4500 rpm at 4 °C for 10 min. The pellet was
then washed in ddH2O and centrifuged under the same
conditions, frozen at −80 °C, and lyophilized to obtain dried
samples. The extract was obtained by dissolving 1 mg of the
biomass in Tris-HCl 0.1 M (pH 7.2), stirring for 9 h, and
centrifuging at 4500 rpm at 4 °C for 5 min. The supernatant
(crude extract) was recovered and stored at −20 °C until use.
Protein Purification and Characterization. Protein

Purification. An aliquot (1.0 mg/mL) of the crude extract
was subjected to chromatography using DEAE-Sephadex A-50
(a weak ion changer anionic resin) (Cytiva, USA) packed in a
glass column (20 × 300 mm). The column was equilibrated
and washed with 500 mL of 0.1 M biphasic phosphate buffer
(pH 7.5). The elution procedure for unbound proteins was
performed at a flow rate of 1.0 mL/min using 0.1 M biphasic
phosphate buffer (pH 7.5) without salt addition; fractions (1
mL) were collected and monitored at 280 nm using a
spectrophotometer. Subsequently, size-exclusion analysis of the
purified proteins was performed using an AKTA purifier 10 by
fast performance liquid chromatography (FPLC) system
(Cytiva, USA) equipped with a GE Superdex 75 10/300 GL
column. The run was monitored at 615 nm, and 1 mL fractions
were collected using an automatic fraction collector. The peaks
were then subjected to detection of cytotoxic and antiparasitic
activities.
Protein Characterization and Concentration Estimation.

Purified proteins were characterized by 15% SDS-PAGE under
nondenaturing conditions,48 and their sizes were determined
using molecular weight markers (14.4 − 116 kDa). Protein
concentration was assessed using the BCA Protein Assay Kit,
with a calibration curve constructed using serum albumin (0 to
2000 μg/mL) as standard.
Parasite and Cell Viability Analysis. Obtaining Human

Peripheral Blood Mononuclear Cells (PBMC). Blood samples
were collected from three individuals in sodium heparin tubes
(The proposal was approved by the Human Research Ethics
Committee − CAAE: 30184720.6.0000.5191). Under sterile
conditions, blood was diluted 1:1 with phosphate-buffered
saline (PBS, pH 7.2). To isolate PBMCs, the blood-PBS
mixture was layered over Ficoll-Hypaque solution (1:1 ratio)
and centrifuged at 900 × g for 30 min at 22 °C without brake.
The PBMC layer was collected and washed twice in sterile PBS
(pH 7.2) by centrifugation at 400 × g for 10 min at 22 °C. The
pellet was resuspended in 1 mL of RPMI 1640 medium
supplemented with 10% fetal bovine serum (FBS) and 100 μg/
mL streptomycin. The cell concentration was adjusted to 2 ×
106 cells/mL using RPMI 1640 medium with 10% FBS for
subsequent use.
Cultivation of the Trypomastigote Form of T. cruzi. T.

cruzi trypomastigotes (Y strain) were cultured in Vero cells at
37 °C with 5% CO2 in RPMI 1640 medium containing 10%
FBS and streptomycin. After approximately 6 days, cell rupture
released the trypomastigotes, which were collected by
centrifugation (3000 rpm, 10 min). The pellet was
resuspended in RPMI 1640 medium with 10% FBS, and
parasites were counted and adjusted to 1 × 106 trypomasti-
gotes/mL for further antiparasitic activity analysis.

Cytotoxic Assay in Healthy Cells. PBMC from healthy
humans were incubated in 96-well microplates and treated
with different stimuli to evaluate the 50% cytotoxic
concentration (CC50) in human cells according to Mosm-
man,49 with some modifications. Each treatment (containing 2
× 106 cells/mL) was performed in triplicate. Cells were
incubated for 24, 48, and 72 h in the presence of 62.5 to 2000
μg/mL of A. platensis crude extract and 31.2 to 1000 μg/mL of
the protein purified in this study. Untreated cell samples, in
triplicate, were used as negative controls. At the end of each
culture time, the supernatant was discarded, MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] was
added at a concentration of 5 mg/mL, and samples were
incubated in an oven at 37 °C for 3 h. Subsequently, the
formazan crystals formed were solubilized in dimethyl
sulfoxide (DMSO), and the optical density of the solution
was determined with a spectrophotometer at 540 nm.
Cytotoxic Assay in Trypomastigote Form. The trypomas-

tigote forms Y strain (106 parasites/mL) obtained from the
supernatant of VERO cells were treated with the crude extract
of A. platensis at concentrations of 31.2 to 1000 μg/mL and 6.2
to 200 μg/mL of the purified protein. After 24 h of treatment,
the number of viable parasites with apparent motility was
determined by direct counting in a Neubauer chamber to
determine the IC50 (Concentration capable of reducing the
number of trypomastigotes by 50%). The results were
quantitatively verified using the method described by Rashed
et al.50

Immune Response Analysis. To analyze the immune
response stimulated by the protein, whole blood was collected
from 12 healthy patients to obtain PBMC. These cells were
cultured in 96-well microplates (2 × 106 cells/well), which
were incubated at 37 °C for 4 h to allow adherence of the cells
(mainly monocytes). Next, trypomastigotes (2 × 105 cells)
were added to the corresponding wells. The plates were
incubated (37 °C, 5% CO2) for 24 h to allow the infection of
PBMC. Subsequently, all wells were treated with 15 kDa
protein at 48.3 μg/mL or Bz (1.0 μg/mL) or protein + Bz. The
plates were incubated (37 °C, 5% CO2) for 24 h, and the
supernatant from each well was removed and immediately
stored at − 80 °C for later use to measure cytokine levels. The
ratio between the cytokines produced by cells under treatment
and those produced by nonstimulated cells was calculated.
Cytokine Production Assay. Cytokine secretion was

measured in human PBMC culture supernatants. The assay
was performed using a BD CBA Human Th1/Th2 Cytokine
Kit (Becton Dickinson, USA), and interferon (IFN) γ, tumor
necrosis factor (TNF), interleukin (IL) 2, IL-6, and IL-10
cytokines were measured. Readings were performed using a
FACSCalibur flow cytometer (Becton Dickinson, USA)
according to the manufacturer’s guidelines. The results were
analyzed using FCAP Array software (v3.0; Becton Dickinson,
USA) and normalized to the results obtained using non-
stimulated cells.
Data Analysis. The data were analyzed using descriptive

statistics, including absolute and percentage distributions. CC50
and IC50 values were determined via nonlinear regression
analysis (log inhibitor vs normalized response). The selectivity
index (SI), reflecting parasite toxicity relative to cytotoxicity,
was calculated as SI = log [CC50]/[IC50]. The Shapiro-Wilk
test assessed normality, followed by one-way ANOVA with
Tukey’s posthoc test (parametric) or Kruskal−Wallis with
Dunn’s posthoc test (nonparametric) for group comparisons.
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Chi-square tests evaluated cytokine production categories, and
Pearson or Spearman correlation tests assessed cytokine
correlations. All analyses were conducted using GraphPad
Prism 8.0.1, with p ≤ 0.05 considered significant.
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