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Abstract: Several research groups have explored the repositioning of human immunodeficiency virus
aspartyl peptidase inhibitors (HIV-PIs) on opportunistic infections caused by bacteria, fungi and
protozoa. In Trypanosoma cruzi, HIV-PIs have a high impact on parasite viability, and one of the main
alterations promoted by this treatment is the imbalance in the parasite’s lipid metabolism. However,
the reasons behind this phenomenon are unknown. In the present work, we observed by transmission
electron microscopy (TEM) that the treatment of T. cruzi epimastigotes with the HIV-PIs lopinavir and
nelfinavir induced a huge accumulation of crystalloid-shaped lipids within the reservosomes, most
of them deforming these key organelles. As previously reported, those structures are characteristic of
lipid inclusions formed mostly of cholesterol and cholesterol-esters. The fractionation of nontreated
epimastigotes generated two distinct fractions enriched in reservosomes: one mostly composed of
lipid inclusion-containing reservosomes (Fraction B1) and one where lipid inclusions were much
less abundant (Fraction B2). Interestingly, the extract of Fraction B2 presented enzymatic activity
related to aspartyl-type peptidases 3.5 times higher than that found in the extract obtained from
Fraction B1. The cleavage of cathepsin D substrate by this class of peptidases was strongly impaired
by pepstatin A, a prototypical aspartyl PI, and the HIV-PIs lopinavir and nelfinavir. In addition, both
HIV-PIs also inhibited (to a lesser extent) the cruzipain activity present in reservosomes. Finally,
our work provides new evidence concerning the presence and supposed participation of aspartyl
peptidases in T. cruzi, even as it adds new information about the mechanisms behind the alterations
promoted by lopinavir and nelfinavir in the protozoan.

Keywords: Trypanosoma cruzi; reservosomes; lipid inclusions; aspartyl-like peptidases; cruzipain;
HIV-PIs

1. Introduction

Human immunodeficiency virus aspartyl peptidase inhibitors (HIV-PIs) have been
the cornerstone of HIV-infected individuals’ treatment since its advent in the mid-1990s.
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In addition to impairing the replication and maturation of viral particles [1], the introduc-
tion of HIV-PIs to highly active antiretroviral therapy (HAART) also had an impact on
opportunistic coinfections [2-5]. In this line, our research group studied the repositioning
of HIV-PIs against Trypanosoma cruzi, where the most effective PIs, lopinavir and nelfinavir,
had a huge effect on all life forms of the parasite (for a comprehensive reading, see the
review [6]). One of the most common effects triggered by the HIV-PIs was alterations in
the parasite’s lipid metabolism, where both lopinavir and nelfinavor induced a significant
augment in the neutral lipid storage, as judged by incubation with Nile red fluorophore [6].

The exact mechanisms about how HIV-PIs can interfere with the lipid metabolism of
T. cruzi remain unknown and deserve further study. Such a phenotype is very interesting
to note, as disorders in lipid metabolism such as lipodystrophy and dyslipidemia are
well-known complications reported in HIV-positive patients under prolonged HIV-PI
regiment [7,8]. Similar alterations were also reported by our research group in Leishmania
amazonensis promastigotes [9,10], reflecting a common metabolic alteration promoted by
HIV-PIs in both lower (e.g., trypanosomatids) and higher eukaryotic organisms.

Regarding neutral lipids in T. cruzi epimastigotes, the major sterol produced is er-
gosterol. Remarkably, the parasite does not synthesize cholesterol, which needs to be
acquired as well as all other macromolecules mainly through the cytostome—cytopharynx
complex [11,12]. From both sites, cargo vesicles bud off and fuse with early endosomes [12].
After that, exogenous cholesterol is delivered to be stored in the reservosome, the last or-
ganelle of the T. cruzi endocytic pathway that accumulates a set of enzymes involved in lipid
metabolism [13]. Indeed, the lipid inclusions in reservosomes are formed mostly of choles-
terol and cholesteryl esters. Likewise, the stored cholesterol can be mobilized from the
organelles in an opposite flow according to the parasite’s nutritional requirements [14-16].
Reservosomes are also the main site for the accumulation of a set of hydrolases, such as
cruzipain, regarded as the main site of protein degradation [13]. Therefore, these lysosome-
related organelles are crucial structures responsible for providing substrates to cellular
metabolic demands and storing nutrients to be consumed during the metacyclogenesis
process [12,13,17].

In the present work, we reported the side effects caused by treatment with the HIV-PIs
lopinavir and nelfinavir on the storage of high amounts of lipids in the reservosomes
of T. cruzi epimastigotes by transmission electron microscopy, as well as the inhibition
of both aspartyl-type peptidase and cruzipain activities detected within these isolated
key organelles.

2. Materials and Methods
2.1. Parasite Cultivation

Trypanosoma cruzi (Y strain) epimastigotes were cultivated for 3—4 days at 28 °C in
brain heart infusion medium (BHI; Sigma-Aldrich Chemical Co., St. Louis, MO, USA)
supplemented with 10% heat-inactivated fetal bovine serum (FBS; Gibco Life Technol-
ogy, New York, NY, USA). Parasite growth was measured by direct cell counting in a
Neubauer hemocytometer chamber. In all experiments, epimastigote forms were used in
the exponential phase of growth.

2.2. Treatment of T. cruzi Epimastigotes with Aspartyl Pls

Viable epimastigotes (5 x 10° cells/mL) were incubated at 28 °C for 72 h in the absence
(control system) and in the presence of the concentration corresponding to the ICsy value of
either lopinavir (3.8 uM) or nelfinavir (7.3 uM) [18]. The parasite viability was monitored
by the motility and lack of Trypan blue staining.

2.3. Cell Fractionation

The cell fractions of nontreated epimastigotes were obtained according to Cunha-e-
Silva and coworkers [19]. Briefly, epimastigotes in TMS buffer (20 mM Tris-HCl, pH 7.2,
2 mM MgCl, and 250 mM sucrose) were disrupted by sonication on ice in an ultrasonic
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apparatus (Sigma, GEX 600 Model) using a standard probe. After differential centrifugation,
the supernatant was mixed with an equal volume of 2.3 M sucrose in TMS bulffer, deposited
into a Beckman SW28 centrifuge tube, overlaid with 10 mL of 1.2 M, 10 mL of 1.0 M and
5 mL of 0.8 M sucrose (in TMS buffer) and centrifuged at 97,000x g for 150 min. The
interfaces 0.8 M/1.0 M (B1) and 1.0 M/1.2 M (B2), the sample layer (B3) and the pellet (B4)
were collected, diluted in TMS buffer and centrifuged at 120,000 x g for 30 min. The pellets,
named B1, B2, B3 and B4, were resuspended in TMS and stored at —20 °C until use.

2.4. Transmission Electron Microscopy (TEM) of Epimastigotes and Cell Fractions

Control parasites, lopinavir- and nelfinavir-treated parasites, and cellular fractions
from the sucrose gradient were fixed in 2.5% glutaraldehyde in 0.1 M sodium cacodylate
buffer, pH 7.2, for 1 h at room temperature, postfixed for 40 min in 1% OsOy4 supplemented
with 0.8% potassium ferrocyanide and 5 mM calcium chloride in 0.1 M cacodylate buffer.
Samples were dehydrated in an acetone series and embedded in Epon. Ultrathin sections
were stained with uranyl acetate and lead citrate and observed in a JEOL 1200 transmission
electron microscope operating at 80 kV.

2.5. Aspartyl Peptidase Activity Assays in Reservosomes Fractions

The enzymatic activity over 7-methoxycoumarin-4-acetyl-Gly-Lys-Pro-Ile-Leu-Phe-
Phe-Arg-Leu-Lys(DNP)-D-Arg amide substrate (cathepsin D substrate; Sigma-Aldrich
Chemical Co., St. Louis, MO, USA) was determined using cell fraction extracts (B1-B4),
which were obtained by repeated freeze-thawing cycles in a reaction buffer containing
0.2 M sodium phosphate, 0.1 M citric acid, 1 mM ethylenediamine tetraacetic acid (EDTA),
1% 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS) and 10 pM
L-trans-epoxysuccinyl-L-leucylamido-(4-guanidino)-butane (E-64), pH 4.0. Then, the frac-
tion extracts were centrifuged at 10,000 x ¢ for 30 min at 4 °C, and the supernatants were
immediately used to determine the protein content and the proteolytic activity. The protein
concentration was determined by the method described by Lowry and coworkers [20],
using bovine serum albumin (BSA) as standard. The cleavage of cathepsin D substrate
was monitored continuously in a spectrofluorometer (SpectraMax Gemini XPS, Molecular
Devices, CA, USA) using an excitation wavelength of 328 nm and an emission wavelength
of 393 nm. A 200 uM stock solution of the cathepsin D substrate was prepared in DMSO.
The reactions were started by the addition of the substrate (2 tM) to the extracts (40 ug
protein) in reaction buffer in the presence and in the absence of pepstatin A (a prototypal
aspartyl PI) at 10 uM. Alternatively, the extract corresponding to the reservosome fraction
B2 was also submitted to the aspartyl PI diazo-acetyl-norleucinemethylester (DAN) and
the HIV-PIs lopinavir and nelfinavir, all of them at 10 uM. The reaction mixtures were
incubated at 37 °C for 1 h. The assays were controlled for self-liberation of the fluorophore
over the same time interval [18].

2.6. Cruzipain Activity Assay in Reservosome B2 Fraction Extract

For this assay, the reservosome B2 fraction extract was obtained through repeated
freeze-thawing cycles in a reaction buffer containing 70 uM of imidazole, 2 uM of dithio-
threitol (DTT) and 1% CHAPS, pH 5.5. Then, the B2 extract was centrifuged at 10,000 g
for 30 min at 4 °C, and the supernatants were immediately used to determine the protein
content and the proteolytic activity. The hydrolysis of the fluorogenic substrate Z-Phe-Arg-
amidomethylcoumarin (Sigma-Aldrich Chemical Co., St. Louis, MO, USA), commonly
used to detect cathepsin B and L activities, including cathepsin-L-like cruzipain [21], was
monitored continuously in a spectrofluorometer (SpectraMax Gemini XPS, Molecular De-
vices, CA, USA) using an excitation wavelength of 380 nm and an emission wavelength
of 460 nm. The reaction was started by the addition of the fluorogenic substrate to the B2
fraction extract (10 pg protein) in the absence or in the presence (10 uM) of the selective
and irreversible cysteine peptidase inhibitor E-64, lopinavir and nelfinavir. The reaction



Trop. Med. Infect. Dis. 2021, 6, 120

40f10

mixtures were incubated at 37 °C for 1 h and the assays controlled for self-liberation of the
fluorophore over the same time interval.

2.7. Statistic and Graph Constructions

All experiments were performed in triplicate in three independent experimental sets.
Data were analyzed statistically by means of one-way analysis of variance (ANOVA) using
GraphPad Prism software 6.0 (GraphPad Software Inc., La Jolla, CA, USA). Graphs were
made in the same program.

3. Results and Discussion

Previously, our research group observed the influence of lopinavir and nelfinavir on
the accumulation and distribution of neutral lipids in T. cruzi epimastigotes. The visual-
ization of lopinavir-/nelfinavir-treated parasites under fluorescence microscopy revealed
the presence of many Nile red-stained lipid bodies, which were randomly distributed
throughout the cytoplasm [22]. Subsequently, TEM analyses revealed the formation of
lipid droplets in close contact with the endoplasmic reticulum of T. cruzi trypomastigotes
treated with both lopinavir and nelfinavir. Indeed, Nile red staining confirmed the augment
of the lipid content either grouped or, in some cases, randomly distributed throughout
the cytoplasm of trypomastigotes [23]. Therefore, it is clear that treatment with HIV-PIs
somehow affects the lipid metabolism of T. cruzi, as occurs in the treatment of HIV-positive
patients [7,8]. However, the exact mechanism of how this phenomenon occurs in T. cruzi is
completely unknown. Some possibilities of nonspecific toxic effects of HIV-PIs have been
raised, but we can also presume that the aspartyl-type peptidases produced by the parasite
can be a target and may be directly /indirectly involved in this lipid imbalance [6].

With all these premises in mind, the main purpose of the present work was to verify the
effects of HIV-PIs, more specifically lopinavir and nelfinavir, on the aspartyl-type activity
present in the reservosomes isolated from epimastigote forms of T. cruzi. Reservosomes are
the last organelles of the endocytic pathway in epimastigotes, being one of the sites for lipid
storage [14]. Therefore, we firstly treated T. cruzi epimastigotes for 72 h with the ICsq doses
of lopinavir and nelfinavir as previously determined for the Y strain [18] to analyze the
effects of these PIs on the reservosome ultrastructure and lipid storage. Our TEM analyses
revealed that lopinavir (Figure 1B-D) and nelfinavir (Figure 1E-G) induced changes in
lipid traffic due to the unusual accumulation of lipids within the reservosomes. These
exacerbated lipid inclusions were droplet-shaped (Figure 1B,E) or rod-shaped crystalloid
bodies that deformed the organelles (Figure 1C,D,EG).

The formation of these crystalloid lipid inclusions in T. cruzi reservosomes was ob-
served by Sant’Anna and colleagues [24]. Later, the establishment of a direct correlation
between serum concentration and the presence of these inclusions in the organelle was
determined [14]. The progressive augment of serum concentration induced a proportional
increase in lipid accumulation. On the opposite, lipid starvation was able to disassemble
the reservosome crystalloid inclusions [15]. Starting from a reservosome-purified fraction,
thin-layer chromatography and gas-chromatography mass-spectrometry analyses revealed
that those lipid inclusions were composed mostly of cholesterol and cholesterol-esters.
Thus, it is possible to assume in our work that the lipids accumulated in the reservosomes
were composed mainly of cholesterol and cholesterol-esters. However, this accumulation
was a result of the action of lopinavir/nelfinavir, and not the increase in the concentration
of FBS, which remained at 10%. Similar to that found in T. cruzi, treatment of L. amazonensis
promastigotes with nelfinavir [9] and lopinavir [10] also promotes alterations in lipid
storage. Rebello and colleagues [10] observed a dose-dependent increase in the number
of lipid inclusions in lopinavir-treated parasites, which was accompanied by a marked
increase in cholesterol and cholesterol-ester content. Interestingly, those authors pointed
out that lopinavir altered the sterol profile in L. amazonensis without inhibiting ergosterol
biosynthesis, as this lipid content was not affected by the treatment.
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Figure 1. Effects of lopinavir and nelfinavir on the reservosomes of T. cruzi epimastigotes. (A)
Transmission electron microscopy of control parasites revealed the normal morphology of organelles
such as nucleus (N), kinetoplast (K) and reservosome (R). The treatment with lopinavir (B-D) and
nelfinavir (E-G) induced a huge appearance of lipid inclusions inside the reservosomes (black thick
arrows). Bars = 500 nm. The images are a representative set of three independent experiments.

Considering that lipid storage in the reservosomes was somehow affected by lopinavir/
nelfinavir treatment, we asked whether: (1) there would be aspartyl-type peptidases within
the reservosomes; (2) there would be differences in the enzyme activity in reservosome
populations rich and poor in lipid content; (3) the detected activity was inhibited by classic
aspartyl PIs and HIV-PIs. To answer these questions, we first fractionated the cellular
content of nontreated epimastigotes (Figure 2A) in a sucrose gradient with TMS buffer so
that we obtained four cellular fractions, designated as Bl to B4. Fraction B1 was mostly
composed of lipid-rich reservosomes. Cholesterol-rich inclusions were frequently observed
in a flattened shape (black arrows) or as a rounded inclusion in the reservosome lumen
(asterisk) (Figure 2B). Reservosomes of Fraction B2 were more electron dense and less abun-
dant in neutral lipid content (asterisk) (Figure 2C). The morphological integrity of both
subpopulations of these organelles remained stable after the cell fractionation process. B3
contained microsomal fractions and glycosomes, while B4 was formed by acidocalcisomes,
mitochondria profiles and flagellum and membrane debris (data not shown).

All fractions of nontreated epimastigotes were tested for aspartyl-type activity using
cathepsin D substrate. Fraction B3 presented high detected activity with the classic aspartyl
PI, pepstatin A, reducing the proteolytic activity by 40.6%, while B4 showed almost no
detectable activity (data not shown). The extract of the reservosome fraction (B1) presented
low aspartyl-type peptidase activity, with pepstatin A impairing the proteolysis by 57.7%
(Figure 3). Conversely, the extract of Fraction B2 showed high detected enzymatic activity
(3.5 times higher than that found for B1) with pepstatin A reducing the proteolysis by
60.3% (Figure 3). Likewise, the HIV-PIs lopinavir and nelfinavir also impaired the aspartyl-
type peptidase activity present in the extract from Fraction B2. It is interesting to note
that the inhibition reached by lopinavir (55.4%) and nelfinavir (46.7%) was much more
drastic than that found for DAN (26.6%), another classical aspartyl PI routinely used in
enzymatic assays (Figure 3). Similarly, the low activity in Fraction B1 was also impaired
by DAN (27.3%), lopinavir (52.7%) and nelfinavir (58.1%) (Figure 3). These data indicate
an inverse correlation, where aspartyl-type peptidases are preferentially present/active in
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Proteolytic activity (FAU)

reservosomes that have little lipid content (B2 fraction) and that those enzymes are targets
for HIV-PIs.

Figure 2. Ultrastructure of epimastigote cell fractionation by transmission electron microscopy. (A)
Total homogenate shows cell debris, reservosomes (R), nuclei (N), whole epimastigote (E), membrane
profiles, flagella (black arrow) and kinetoplast (K). Fractions Bl and B2 are enriched in reservosomes,
although B1 presents more reservosomes containing lipid inclusions. (B) Cholesterol-rich inclusions
are frequently observed in a flattened shape (black arrows) or as a rounded inclusion in the reservosome
lumen (asterisk). (C) Reservosomes from Fraction B2 are more electron dense, and lipid inclusions are
less abundant (asterisk), suggesting that there are subpopulations of these organelles. The images are
a representative set of three independent experiments.
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Figure 3. Effects of lopinavir and nelfinavir on the aspartyl-type activity of Fractions B1 and B2 of the reservosomes. The

aspartyl-type peptidase activity (act) was quantified fluorometrically over cathepsin D substrate in the absence (control:
black bars) or in the presence of lopinavir and nelfinavir at 10 pM. The classical aspartyl peptidase inhibitors pepstatin A
and DAN at 10 uM were also included in the assays. The results are expressed as fluorescence arbitrary units (FAUs),

which represent the fluorescence liberated by the fluorophore in 60 min of reaction. Values represent the mean =+ standard

deviation of three independent experiments. The black stars represent significant statistical differences in systems with

pepstatin A compared to the respective controls (p < 0.01).

Looking into the genome of T. cruzi, three different genes for aspartyl-type peptidases
were reported [25,26]. In 2018, our group modeled the three-dimensional structure of
an aspartyl peptidase of T. cruzi and performed docking binding experiments with the
HIV-PIs. The docking assays revealed that HIV-PIs bind to the active site of the enzyme,
with lopinavir and ritonavir having greater affinity [27]. Indeed, several works have
demonstrated the potential inhibition of HIV-PIs on aspartyl-type peptidases produced
by both epimastigotes and trypomastigotes of T. cruzi; however, these enzymatic assays
were conducted with the crude extract of the parasites, without distinguishing where
these enzymes could be localized (reviewed in [6]). Here, we found an enzymatic activity
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reported to aspartyl-type peptidases mainly in the lipid-poor reservosomes (Fraction B2)
of T. cruzi, where this activity was strongly inhibited by lopinavir and nelfinavir. The
proteomic of T. cruzi reservosomes launched in 2009 [13] revealed 709 proteins, 456 of
these presenting predicted functions. None of them were identified as a classical aspartyl
peptidase; however, it may be among the 253 remaining initially classified as hypothetical
proteins. In this context, we must take into account the methodological limitations of the
study and almost nonexistent knowledge about aspartyl peptidases in T. cruzi at the time
(in 2009). Other issues to take into account are that the authors used the B1 fraction to
perform the proteomics when there is a lot more aspartyl-type activity in the B2 fraction
and the difficulty in knowing whether the proteins identified in the reservosomes are native
to them or whether they are transient proteins.

Recently, a presenilin-like transmembrane aspartyl enzyme was reported in T. cruzi.
The presenilin-like peptidase was detected in the flagellar pocket, endoplasmic reticu-
lum and reservosomes [28]. Its subcellular localization suggests participation in secretion
and/or endocytic trafficking. Interestingly, serum deprivation leads to the upregulation
of T. cruzi presenilin-like protein expression but is mostly concentrated in the regions of
the flagellum and the flagellar pocket region near the kinetoplast [28]. The discovery of
an aspartyl peptidase by the authors in the endoplasmic reticulum and in reservosomes
strengthens our previous and current findings concerning the inhibition of aspartyl pepti-
dases by HIV-PIs and lipid storage imbalance in those organelles. Indeed, TEM analyses
revealed that treatment with lopinavir/nelfinavir led to lipid accumulation in the endoplas-
mic reticulum of T. cruzi trypomastigotes [23]. Concerning the presence of presenilin-like
peptidase in the reservosomes, we cannot exclude the possibility of two additional aspartyl
peptidases predicted on the T. cruzi genome: a membrane signal peptide peptidase (SSP)
and Ddi-1 aspartyl peptidase [25]. For this last one, it was previously demonstrated that it
is a target for HIV-PIs in L. major [29].

Once the aspartyl-type activity present in Fraction B2 was impaired by HIV-PIs, we
wondered if these compounds would be able to inhibit the cruzipain within these organelles.
Cruzipain, a cysteine peptidase, is the major enzyme of T. cruzi, found in large quantities
inside the epimastigote reservosomes. This cysteine peptidase is involved in the interaction
process with host cells, escape from the immune system, differentiation processes and
nutritional protein degradation [30]. As expected, a high activity was detected in the
B2 fraction extracts when using a specific substrate for the cathepsin-L-like cruzipain
(Figure 4). The classical cysteine peptidase inhibitor E-64 drastically reduced (around 86%)
the cruzipain activity detected in the B2 extract. On a smaller scale, nelfinavir impaired the
cruzipain substrate degradation by 36.7%, while lopinavir reduced the proteolysis by only
28.4% (Figure 4).

In the study of Bellera and coworkers [31], the authors applied the computation of
molecular topological descriptors and linear discriminant analysis for the search of novel
compounds against T. cruzi, focusing on cruzipain as the main parasite target. Among the
compounds preselected, the HIV-PI saquinavir was one of them, where docking studies and
simulations predicted interactions with cruzipain. Corroborating these findings, the in vitro
activity of the partially purified cruzipain was abolished by saquinavir at 100 uM [30]. In
this same line of thinking, nelfinavir at 10 pM reduced the cruzipain-like activity present in
T. cruzi trypomastigotes total extracts by approximately 32% [6].



Trop. Med. Infect. Dis. 2021, 6, 120

8 of 10

900 —
S E EC_ZSU4Z|pclr1—ocT
[ Lopinavir
g 7501 = NeFI)ﬁnovir
P
S 600+ x
- T *
)
O 4501
.2
> 300
(o)
()
o 1501 *
o T
O_

Figure 4. Effects of lopinavir and nelfinavir on cruzipain activity present on the Fraction B2 of the
reservosomes of T. cruzi. The cruzipain activity (act) was quantified fluorometrically over a specific
substrate used to detect cathepsin-L-like cruzipain activity in the absence (control: black bars) or in
the presence of 10 uM of lopinavir, nelfinavir and the classical cysteine peptidase inhibitor E-64.
The results are expressed as fluorescence arbitrary units (FAUs), which represent the fluorescence
liberated by the fluorophore in 60 min of reaction. Values represent the mean =+ standard deviation of
three independent experiments. The black stars represent significant statistical differences in systems
with pepstatin A compared to the respective controls (p < 0.01).

4. Conclusions

In the present study, we reported that lopinavir and nelfinavir induce changes in lipid
traffic and probably in epimastigote metabolism by the accumulation of crystalloid lipid
inclusions in reservosomes, as observed in ultrathin sections. The similarity of these electron-
lucent structures to previous analyses of reservosomes suggests that they are also constituted
by cholesterol and cholesteryl-ester lipids [14,24]. After that, we decided to concentrate on
studies with the reservosomes of untreated parasites. Interestingly, extracts from isolated
reservosomes rich in lipid content (Fraction B1) showed low activity related to aspartyl-type
peptidases. Conversely, the lipid-poor fraction (B2) showed high proteolytic activity, with
great inhibition by pepstatin A and lopinavir/nelfinavir. This inverse correlation led us to
suppose that the aspartyl-type peptidases present in the reservosomes could somehow be
(directly and/or indirectly) linked to the processes of cholesterol mobilization by the endo-
cytic pathway in the protozoan, where the inhibition of the enzymes by HIV-PIs led to lipid
accumulation in the organelles, as evidenced by TEM analyses. This assumption is reinforced
by the recent work of Lechuga and coworkers [28], who suggested the participation of an
aspartyl-like peptidase in secretion and/or endocytic trafficking due to its localization on the
flagellar pocket, endoplasmic reticulum and reservosomes. However, we cannot exclude the
possibility of other targets for HIV-PIs or even nonspecific toxic effects. Indeed, lopinavir
and nelfinavir also affected the cruzipain activity within B2 reservosomes. So, these HIV-PIs
are able to provoke an imbalance in both proteolysis and lipid storage. Therefore, further
studies are needed to better elucidate the effects of HIV-PIs. Finally, the work presents new
information about the participation of aspartyl peptidases in T. cruzi, as well as new evidence
of the mechanism of action of HIV-PIs, specifically lopinavir and nelfinavir, in the parasite.

Author Contributions: The contribution of each author occurred as follows: Conceptualization,
L.S.S.; methodology, L.S.S., M.G.P. and T.S.-P.; validation, L.S.S., M.G.P. and T.S.-P,; formal analysis,
L.S.S., M.G.P. and T.S.-P; data curation, M.G.P,, T.S.-P. and A.L.S.S.; writing—original draft prepa-
ration, L.S.S.; writing—review and editing, M.G.P,, M.H.B. and A.L.S.S.; supervision, M.H.B. and
A.LS.S.; project administration, M.H.B. and A.L.S.S.; funding acquisition, M.H.B. and A.L.S.S. All
authors have read and agreed to the published version of the manuscript.



Trop. Med. Infect. Dis. 2021, 6, 120 90of 10

Funding: This research was financed by Fundagao Carlos Chagas Filho de Amparo a Pesquisa do Estado
do Rio de Janeiro (FAPER]), Conselho Nacional de Desenvolvimento Cientifico e Tecnolégico (CNPq)
and Coordenacao de Aperfeicoamento de Pessoal de Nivel Superior (CAPES, Financial Code-001).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank Denise Rocha de Souza, who is supported by
the FAPER] scholarship, for her technical assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Tsantrizos, Y.S. Peptidomimetic therapeutic agents targeting the protease enzyme of the human immunodeficiency virus and
hepatitis C virus. Chem. Res. 2008, 41, 1252-1263. [CrossRef] [PubMed]

Palella, EJ.J.R.; Delaney, K.M.; Moorman, A.C.; Loveless, M.O.; Fuhrer, J.; Satten, G.A.; Aschman, D.J.; Holmberg, S.D. Declining
morbidity and mortality among patients with advanced human immunodeficiency virus infection. HIV outpatient study
investigators. N. Engl. . Med. 1998, 338, 853-860. [CrossRef]

Mastrolorenzo, A.; Rusconi, S.; Scozzafava, A.; Barbaro, G.; Supuran, C.T. Inhibitors of HIV-1 protease: Current state of the art
10 years after their introduction. From antiretroviral drugs to antifungal, antibacterial and antitumor agents based on aspartic
protease inhibitors. Curr. Med. Chem. 2007, 14, 2734-2748. [CrossRef]

Alfonso, Y.; Monzote, L.L. HIV protease inhibitors: Effect on the opportunistic protozoan parasites. Open Med. Chem. J. 2011,
5, 40-50. [CrossRef]

Santos, A.L.S.; d’Avila-Levy, C.M.; Kneipp, L.F; Sodré, C.L.; Sangenito, L.S.; Branquinha, M.H. The widespread anti-protozoal
action of HIV aspartic peptidase inhibitors: Focus on Plasmodium spp., Leishmania spp. and Trypanosoma cruzi. Curr. Top. Med.
Chem. 2017, 17, 1303-1317. [PubMed]

Sangenito, L.S.; Menna-Barreto, R.E.S.; d’Avila-Levy, C.M.; Branquinha, M.H.; Santos, A.L.S. Repositioning of HIV aspartyl
peptidase inhibitors for combating the neglected human pathogen Trypanosoma cruzi. Curr. Med. Chem. 2019, 26, 6590-6613.
[CrossRef]

Falutz, J. Management of fat accumulation in patients with HIV infection. Curr. HIV AIDS Rep. 2011, 8, 200-208. [CrossRef]
[PubMed]

Capel, E.; Caron-Debarle, A.M.; Capeau, ]. Effects of ritonavir-boosted darunavir, atazanavir and lopinavir on adipose functions
and insulin sensitivity in murine and human adipocytes. Antivir. Ther. 2012, 17, 549-556. [CrossRef] [PubMed]

Santos, L.O.; Marinho, FA.; Altoé, E.F,; Vitorio, B.S.; Alves, C.R,; Britto, C.; Motta, M.C.; Branquinha, M.H.; Santos, A.L.S.;
d’Avila-Levy, C.M. HIV aspartyl peptidase inhibitors interfere with cellular proliferation, ultrastructure and macrophage infection
of Leishmania amazonenses. PLoS ONE 2009, 4, e4918. [CrossRef]

Rebello, K.M.; Andrade-Neto, V.V.; Zuma, A.A.; Motta, M.C.M.; Gomes, C.G.B.; de Souza, M.V.N,; Atella, G.C.; Branquinha, M.H.;
Santos, A.L.S.; Torres-Santos, E.C.; et al. Lopinavir, an HIV-1 peptidase inhibitor, induces alteration on the lipid metabolism of
Leishmania amazonensis promastigotes. Parasitology 2018, 145, 1304-1310. [CrossRef]

Soares, M.].; De Souza, W. Endocytosis of gold-labeled proteins and LDL by Trypanosoma cruzi. Parasitol. Res. 1991, 77, 461-469.
[CrossRef]

Porto Carreiro, I.A.; Miranda, K.; Attias, M.; De Souza, W.; Cunha-e-Silva, N.L. Trypanosoma cruzi epimastigotes endocytic
pathway: Cargo enters the cytostome and passes through an early endosomal network before reservosome storage. Eur. J. Cell.
Biol. 2000, 79, 858-869. [CrossRef] [PubMed]

Sant’Anna, C.; Nakayasu, E.S.; Pereira, M.G.; Lourenco, D.; de Souza, W.; Almeida, I.C.; Cunha, E.S.N.L. Subcellular proteomics
of Trypanosoma cruzi reservosomes. Proteomics 2009, 9, 1782-1794. [CrossRef] [PubMed]

Pereira, M.G.; Nakayasu, E.S.; Sant’Anna, C.; De Cicco, N.N.; Atella, G.C.; de Souza, W.; Almeida, I.C.; Cunha-e-Silva, N.
Trypanosoma cruzi epimastigotes are able to store and mobilize high amounts of cholesterol in reservosome lipid inclusions. PLoS
ONE 2011, 6, €22359. [CrossRef] [PubMed]

Pereira, M.G.; Visbal, G.; Salgado, L.T.; Vidal, ].C.; Godinho, J.L.; De Cicco, N.N.; Atella, G.C.; de Souza, W.; Cunha-e-Silva, N.
Trypanosoma cruzi epimastigotes are able to manage internal cholesterol levels under nutritional lipid stress conditions. PLoS ONE
2015, 6, €0128949. [CrossRef]

Pereira, M.G.; Visbal, G.; Costa, T.ER; Frases, S.; de Souza, W.; Atella, G.; Cunha-E-Silva, N. Trypanosoma cruzi epimastigotes store
cholesteryl esters in lipid droplets after cholesterol endocytosis. Mol. Biochem. Parasitol. 2018, 224, 6-16. [CrossRef]

Soares, M.].; Souto-Padron, T.; Bonaldo, M.C.; Goldenberg, S.; De Souza, W. A stereological study of the differentiation process in
Trypanosoma cruzi. Parasitol. Res. 1989, 75, 522-527. [CrossRef]

Sangenito, L.S.; Menna-Barreto, R.ES.; d’Avila-Levy, C.M.; Santos, A.L.S.; Branquinha, M.H. Decoding the anti-Trypanosoma cruzi
action of HIV peptidase inhibitors using epimastigotes as a model. PLoS ONE 2014, 12, e113957. [CrossRef] [PubMed]


http://doi.org/10.1021/ar8000519
http://www.ncbi.nlm.nih.gov/pubmed/18681464
http://doi.org/10.1056/NEJM199803263381301
http://doi.org/10.2174/092986707782360141
http://doi.org/10.2174/1874104501105010040
http://www.ncbi.nlm.nih.gov/pubmed/27784256
http://doi.org/10.2174/0929867326666190610152934
http://doi.org/10.1007/s11904-011-0087-3
http://www.ncbi.nlm.nih.gov/pubmed/21739217
http://doi.org/10.3851/IMP1988
http://www.ncbi.nlm.nih.gov/pubmed/22293506
http://doi.org/10.1371/journal.pone.0004918
http://doi.org/10.1017/S0031182018000823
http://doi.org/10.1007/BF00928410
http://doi.org/10.1078/0171-9335-00112
http://www.ncbi.nlm.nih.gov/pubmed/11139150
http://doi.org/10.1002/pmic.200800730
http://www.ncbi.nlm.nih.gov/pubmed/19288526
http://doi.org/10.1371/journal.pone.0022359
http://www.ncbi.nlm.nih.gov/pubmed/21818313
http://doi.org/10.1371/journal.pone.0128949
http://doi.org/10.1016/j.molbiopara.2018.07.004
http://doi.org/10.1007/BF00931160
http://doi.org/10.1371/journal.pone.0113957
http://www.ncbi.nlm.nih.gov/pubmed/25464510

Trop. Med. Infect. Dis. 2021, 6, 120 10 of 10

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Cunha-e-Silva, N.L.; Atella, G.C.; Porto-Carreiro, I.A.; Morgado-Diaz, J.A.; Pereira, M.G.; de Souza, W. Isolation and characteriza-
tion of a reservosome fraction from Trypanosoma cruzi. FEMS Microbiol. Lett. 2002, 214, 7-12. [CrossRef]

Lowry, O.H.; Rosebrough, N.J.; Farr, A.L.; Randall, R.J. Protein measurement with the Folin phenol reagent. J. Biol. Chem. 1951,
193, 264-275. [CrossRef]

Cazzulo, ].J.; Cazzulo, EM.C.; Martinez, ].; de Cazzulo, B.M.F. Some kinetic properties of a cysteine proteinase (cruzipain) from
Trypanosoma cruzi. Biochim. Biophys. Acta. 1990, 1037, 186-191. [CrossRef]

Sangenito, L.S.; de Guedes, A.A.; Gongalves, D.S.; Seabra, S.H.; d’Avila-Levy, C.M.; Santos, A.L.S.; Branquinha, M.H. Deciphering
the effects of nelfinavir and lopinavir on epimastigote forms of Trypanosoma cruzi. Parasitol. Int. 2017, 66, 529-536. [CrossRef]
Sangenito, L.S.; Menna-Barreto, R.ES.; Oliveira, A.C.; d’Avila-Levy, C.M.; Branquinha, M.H.; Santos, A.L.S. Primary evidence of
the mechanisms of action of HIV aspartyl peptidase inhibitors on Trypanosoma cruzi trypomastigote forms. Int. |. Antimicrob.
Agents 2018, 52, 185-194. [CrossRef]

Sant’Anna, C.; Pereira, M.G.; Lemgruber, L.; de Souza, W.; Cunha e Silva, N.L. New insights into the morphology of Trypanosoma
cruzi reservosome. Microsc. Res. Tech. 2008, 71, 599-605. [CrossRef] [PubMed]

El-Sayed, N.M.; Myler, PJ.; Bartholomeu, D.C.; Nilsson, D.; Aggarwal, G.; Tran, A.N.; Ghedin, E.; Worthey, E.A.; Delcher, A.L,;
Blandin, G.; et al. The genome sequence of Trypanosoma cruzi, etiologic agent of Chagas” disease. Science 2005, 309, 409-415.
[CrossRef] [PubMed]

Santos, L.O.; Garcia-Gomes, A.S.; Catanho, M.; Sodre, C.L.; Santos, A.L.S.; Branquinha, M.H.; d’Avila-Levy, C.M. Aspartic peptidases
of human pathogenic trypanosomatids: Perspectives and trends for chemotherapy. Curr. Med. Chem. 2013, 20, 3116-3133. [CrossRef]
[PubMed]

Castilho, V.V.S.; Gongalves, K.C.S.; Rebello, K.M.; Baptista, L.P.R; Sangenito, L.S.; Santos, H.L.C.; Branquinha, M.H.; Santos, A.L.S.;
Menna-Barreto, R.ES.; Guimaraes, A.C.; et al. Docking simulation between HIV peptidase inhibitors and Trypanosoma cruzi
aspartyl peptidase. BMC Res. Notes 2018, 11, 825. [CrossRef] [PubMed]

Lechuga, G.C.; Napoleao-Pégo, P.; Bottino, C.C.G.; Pinho, R.T.; Provance-Jr, D.W.; De-Simone, S.G. Trypanosoma cruzi presenilin-
like transmembrane aspartyl protease: Characterization and cellular localization. Biomolecules 2020, 10, 1564. [CrossRef]

White, R.E.; Powell, D.J.; Berry, C. HIV proteinase inhibitors target the Ddil-like protein of Leishmania parasites. FASEB ]. 2011,
25,1729-1736. [CrossRef]

Branquinha, M.H.; Oliveira, S.S.; Sangenito, L.S.; Sodre, C.L.; Kneipp, L.F; d’Avila-Levy, C.M.; Santos, A.L.S. Cruzipain:
An update on its potential as chemotherapy target against the human pathogen Trypanosoma cruzi. Curr. Med. Chem. 2015,
22,2225-2235. [CrossRef]

Bellera, C.L.; Sbaraglini, M.L.; Balcazar, D.E.; Fraccaroli, L.; Vanrell, M.C.; Casassa, A.F.; Labriola, C.A.; Romano, P.S.; Carrillo, C.;
Talevi, A. High-throughput drug repositioning for the discovery of new treatments for Chagas disease. Mini. Rev. Med. Chem.
2015, 3, 182-193. [CrossRef] [PubMed]


http://doi.org/10.1111/j.1574-6968.2002.tb11317.x
http://doi.org/10.1016/S0021-9258(19)52451-6
http://doi.org/10.1016/0167-4838(90)90166-D
http://doi.org/10.1016/j.parint.2017.03.009
http://doi.org/10.1016/j.ijantimicag.2018.03.021
http://doi.org/10.1002/jemt.20592
http://www.ncbi.nlm.nih.gov/pubmed/18452191
http://doi.org/10.1126/science.1112631
http://www.ncbi.nlm.nih.gov/pubmed/16020725
http://doi.org/10.2174/0929867311320250007
http://www.ncbi.nlm.nih.gov/pubmed/23298141
http://doi.org/10.1186/s13104-018-3927-z
http://www.ncbi.nlm.nih.gov/pubmed/30463602
http://doi.org/10.3390/biom10111564
http://doi.org/10.1096/fj.10-178947
http://doi.org/10.2174/0929867322666150521091652
http://doi.org/10.2174/138955751503150312120208
http://www.ncbi.nlm.nih.gov/pubmed/25769967

	Introduction 
	Materials and Methods 
	Parasite Cultivation 
	Treatment of T. cruzi Epimastigotes with Aspartyl PIs 
	Cell Fractionation 
	Transmission Electron Microscopy (TEM) of Epimastigotes and Cell Fractions 
	Aspartyl Peptidase Activity Assays in Reservosomes Fractions 
	Cruzipain Activity Assay in Reservosome B2 Fraction Extract 
	Statistic and Graph Constructions 

	Results and Discussion 
	Conclusions 
	References

