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Trypanosoma cruzi calreticulin (TcCalr, formerly known as TcCRT), upon binding to Complement (C) C1 and
ficolins, inhibits the classical and lectin pathways and promotes infectivity. This virulence correlates with the
expression of TcCalr. The TcCalr C inhibitory capacity was shown in a previous work using a clonal epimastigote
cell line from the TCC T. cruzi strain, lacking one TcCalr allele (TcCalr+/—) or over expressing it (TcCalr+). In

this work, we detected atypical morphology in TcCalr+/— and in TcCalr+ parasites, as compared to the wild-
type (WT) strain. Polyclonal anti-TcCalr antibodies detected TcCalr presence mainly in the parasite nucleus. The
number of TcCalr indicator gold particles, detected in electron microscopy and quantified in silico, correlated
with the number of TcCalr coding genes. Both TcCalr+ and TcCalr +/— epimastigotes presented morphological

alterations.

1. Introduction

Chagas disease is now a worldwide problem. Current treatment
includes the use of Nifurtimox and Benznidazole, with severe side ef-
fects and treatment failure, mainly in the chronic stage (Clayton, 2010).
Thus, novel therapies are required. Trypanosoma cruzi (the agent of
Chagas disease) has at least three known stages during its life cycle:
infective trypomastigotes, non-infective epimastigotes and intracellular
amastigotes. To maintain this cycle and consequently, its survival, the
parasite uses multiple strategies to evade the host immune system. One
of its major virulence factors is Trypanosoma cruzi calreticulin (TcCalr,
formerly known as TcCRT) (Ramirez et al., 2011), a 47-kDa lectin
chaperone. In spite of having an endoplasmic reticulum (ER)-retention
signal KEDL, on the carboxyl-terminal domain (Ferreira et al., 2004a),
TcCalr is found in different organelles in free and intracellular parasites,
including Golgi, nucleus, kinetoplast, and cytoplasm (Gonzalez et al.,
2015; Souto-Padron et al., 2004).

TcCalr is also translocated from the ER, mainly to the area of fla-
gellum emergence (Ferreira et al., 2004b) where, through its central S
domain, interacts with C1, thus inhibiting the early stages of the
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complement (C) classical pathway (Ferreira et al., 2004b; Valck et al.,
2010; Ramirez-Toloza and Ferreira, 2017). Inactive C1 remains bound
to the parasite, thus mediating its interaction with host cell calreticulin
(CALR) (Ramirez et al., 2011, 2012). TcCalr can also inhibit the C lectin
pathway through its interaction with L-Ficolin (Sosoniuk et al., 2014).
Thus, these properties allow TcCalr to act as a main virulence factor.
Through a different domain, located in the amino terminal sequences,
extracellular TcCalr interacts with endothelial cells (ECs), possibly
through a Scavenger-Receptor class A with collagenous structure, since
this interaction is inhibited by fucoidan, a homopolymer of sulphated L-
fucose (Lopez et al., 2010), which is a known pharmacological inhibitor
of this receptors. The interaction with ECs may also occur, via C1, with
CALR exteriorized by these cells (Ferreira et al., 2004b). Moreover,
TcCalr interaction with ECs mediates anti-angiogenic and anti-tumour
effects (Lopez et al., 2010; Molina et al., 2005; Ferreira et al., 2005;
Ramirez-Toloza et al., 2016).

By electron microscopy, we have previously described the topo-
graphical localization of TcCalr in intracellular trypomastigotes, free
trypomastigotes and non-infective epimastigotes (Gonzalez et al.,
2015). Notable differences between trypomastigotes and epimastigotes

E-mail addresses: ipe.unsa@gmail.com (F. Sanchez-Valdéz), aferreir@med.uchile.cl (A. Ferreira).

https://doi.org/10.1016/j.imbio.2018.08.005

Received 13 June 2018; Received in revised form 27 July 2018; Accepted 9 August 2018

Available online 10 August 2018
0171-2985/ © 2018 Published by Elsevier GmbH.


http://www.sciencedirect.com/science/journal/01712985
https://www.elsevier.com/locate/imbio
https://doi.org/10.1016/j.imbio.2018.08.005
https://doi.org/10.1016/j.imbio.2018.08.005
mailto:ipe.unsa@gmail.com
mailto:aferreir@med.uchile.cl
https://doi.org/10.1016/j.imbio.2018.08.005
http://crossmark.crossref.org/dialog/?doi=10.1016/j.imbio.2018.08.005&domain=pdf

A. Gonzdlez et al.

were detected. Herein, as a first aim, we compare the morphological
differences between T. cruzi epimastigotes, a non-infective parasite
form, genetically modified in their capacity to express TcCalr: TcCalr +
epimastigotes that over express the protein, and TcCalr + /- epimasti-
gotes that lacks one TcCalr allele. TcCalr was localized in situ in these
parasites, and then quantified by in silico means. This is the first report
on TcCalr localization in genetically modified parasites and associated
morphological consequences.

While trypomastigotes are inside the mammalian cell, TcCalr is
found mainly in kinetoplast and nucleus (Gonzalez et al., 2015), sug-
gesting a secretor pathway, with kinetoplasts representing a stopover,
where TcCalr accumulates, before TcCalr translocation to the parasite
membrane. In non-infective epimastigotes, TcCalr is only marginally
translocated (Sosoniuk et al., 2014). TcCalr rather locates mainly in the
epimastigote nucleus (Gonzalez et al., 2015). These facts are probably
relevant to explain the main differences between these infective and
non-infective parasite forms, especially with regard to C susceptibility
and C-mediated infectivity (Ramirez et al., 2011; Sanchez-Valdez et al.,
2013). Moreover, T. cruzi epimastigotes with exogenously attached
TcCalr present increased infectivity (Sosoniuk-Roche et al., 2017).

TcCalr+ epimastigotes display increasedsurvival capacity in the
presence of human C, as well as enhanced in vivo infectivity, when
compared to the TcCalr WT and TcCalr +/— parasites (TcCalr null
mutant parasites are not viable, given the central relevance of this
chaperone in parasite physiology) (Sanchez Valdez et al.,, 2013;
Sanchez-Valdez et al., 2014). However, how this genetic modification
affects the parasite morphology is unknown, and this is a second aim of
this work.

2. Materials and methods
2.1. Genetically modified TCC + and TCC + /— parasites generation

Genetically modified parasites were produced as described
(Sanchez-Valdez et al., 2013). In brief, for TcCalr +/— strain, elec-
troporation with a recombination fragment was performed with a
pTREX empty construction, designed using the Gateway cloning
System, that allows the complete replacement of the TcCalr gene in one
allele. For the TcCalr + strain, the complete TcCalr coding sequence was
cloned into the pTREX plasmid was performed, and then electroporated
into the WT parasite. The transfection was performed using TCC log
phase epimastigotes.

2.2. Transmission electron microscopy (TEM)

Performed as previously described (Gonzalez et al., 2015). 108
TcCalr +/—, WT and TcCalr+ epimastigotes were harvested, washed
twice with phosphate-buffered saline (PBS) (NaCl 137 mM, KCl 2.7 mM,
Na,HPO, 10 mM, KH,PO, 1.8 mM, pH 7.4) and fixed in glutaraldehyde
3% v/v, o.n at 4 °C. Then they were washed and post-fixed with osmium
tetroxide 1% v/v in phosphate buffer (sodium phosphate 0.1 M, pH
7.3). Samples were rinsed and progressively dehydrated in ethanol from
30% to absolute. Then they are treated with acetone and finally em-
bedded in EPON at 70 °C. Ultrathin sections (700 A°) were placed on
copper grids, stained with 5% (w/v) aqueous uranyl acetate and lead
citrate and then observed in electron microscope (Zeiss EM-109), at
80kV.

2.3. Immunocytochemistry

Performed as previously described (Gonzalez et al., 2015). Basically,
10® TcCalr +/—, WT and TcCalr+ epimastigotes were fixed in 4%
paraformaldehyde and 0.1% glutaraldehyde in cacodylate buffer 0.1 M
(pH 7.2) overnight at 4 °C. Free aldehyde groups were blocked with
50 mM ammonium chloride. Samples were rinsed and sequentially
dehydrated in 30% to absolute ethanol, at room temperature and
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embedded in a modified epoxic resin: Polybed (Electron Microscopy
Science) at 60 °C. Ultrathin sections of 700 A2 were obtained, collected
on nickel grids, and, after immunocytochemical procedures, were
stained with 5% (w/v) aqueous uranyl acetate, and then observed in
Zeiss EM-109 and in Phillips-TECNAI 12 electron microscopes, both at
80 kV.

2.4. Immunocytochemical procedures for TcCalr detection

As previously described (Gonzalez et al., 2015), nickel grids con-
taining sections of 700 A°® were floated, for 30 min at room temperature,
in TRIS 0.02 M pH 7.2 containing 0.02% sodium azide, 0.15 M sodium
chloride, 0.1% bovine serum albumin, and 0.05% Triton X-100 (BuFi).
Then, the sections were incubated o.n at 4 °C with a primary antibody
(Polyclonal antiserum anti-TcCRT 1,/32,000 v/v) diluted in BuFi. After
washing in BuFi, sections were incubated for 2 h with a secondary an-
tibody (Goat anti-rabbit IgG conjugated to colloidal gold, 10 nm; Sigma
G7402) diluted 1/20 in BuFi, prior centrifugation for 10 min at
6000 rpm. After washing, the sections were rinsed with deionized
water. Controls include sections incubated with secondary antibody
and preimmune serum.

2.5. Quantification of label density generated by polyclonal antibodies

Gold particles/um? in epimastigotes were quantified as previously
described (Gonzalez et al., 2015) using Image analysis routines (SCIAN-
Soft) based on Interactive Data Language IDL 7.1 (ITT, Boulder, CO).

2.6. Morphological analysis

Analysis of structure was performed using a double-blind analysis of
microphotographs with an electron microscopy expert. Criteria for
evaluation used a WT epimastigote microphotograph from previous
studies (Gonzalez et al., 2015) and evaluated a) shape, b) nuclei
structure, ¢) External membrane integrity. All microphotographs were
analyzed by number and then classified by the condition. To standar-
dize after the analysis 6 microphotographs per condition were chosen to
perform the percentage and statistics.

2.7. Statistical analysis

Results for morphological analysis are expressed as percentage of
parasites with visible alterations in a double-blind analysis. Results of
quantification of gold particles are expressed in number of particles/
um2. Both data were evaluated using Graphpad Prism v.5 and sig-
nificant differences were obtained using a two-way ANOVA (mor-
phology) and a one-way ANOVA (quantification). Significance was
taken at p < 0.05.

3. Results

3.1. TcCalr expression in situ correlates with the genetic modification in
TCC epimastigotes

TcCalr+ epimastigotes had more TcCalr molecules per um? than
WT epimastigotes, which, in turn, had more TcCalr molecules per pm?
than TcCalr +/— epimastigotes (Fig. 1), indicating that the in situ
quantification of TcCalr number reflects the number of active TcCalr
coding genes, as previously determined (Sanchez-Valdez et al., 2013).

3.2. Genetically modified parasites present altered morphology

Morphological studies showed that 83% of TcCalr +/— (Fig. 2A)
and 50% of TcCalr+ (Fig. 2C) epimastigotes present loss of the elon-
gated characteristic form, when compared to the WT counterpart
(Fig. 2B), where 12.5% showed these alterations. Furthermore, nuclei
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Fig. 1. TcCalr expression correlates with the number of coding genes.
TcCalr + epimastigotes displayed more gold particles than TcCalr WT parasites.
In turn, TcCalr WT had more gold particles than TcCalr+/— epimastigotes,
consistent with the genetic modification performed. The TCC + strain was
employed as control with pre-immune serum (PIS) and only with secondary
antibody (SAb) (right columns). Bars show mean values from N = 6 micro-
photographs. Error bars are standard deviations. Statistical analysis was per-
formed with a One-way ANOVA (*** = p < 0.01, **** = p < 0.001).
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structure was altered in 100% of the TcCalr +/— and 83% of the TcCalr
+, compared to the 38% of the WT counterpart. In addition, the ex-
ternal membrane was less defined in 100% of the TcCalr +/— and 67%
of the TcCalr +, as compared to the 38% of the WT and to what is
observed in a previous work (Gonzalez et al., 2015). These results are
summarized in Fig. 2D. Moreover, in the TcCalr +/— sample, the
parasite shown is probably undergoing cell division, but only one nu-
cleus is poorly visible (Fig. 2A). In the TcCalr + sample only a large
dense reservosome can be identified (Fig. 2C). Schematic representation
of the T. cruzi morphology and principal alterations upon genetic
modification, is shown on Fig. 3.

3.3. Genetically modified parasites TcCalr is located mainly in the parasite
nucleus

The TcCalr in situ detection showed that the nucleus was its main
sub cellular localization in all samples, a fact consistent with previous
studies (Gonzalez et al., 2015). However, some particles can be ob-
served in other organelles such as cytoplasm (Fig. 4). 66% of TcCalr+
epimastigotes (Fig. 4C) presented more gold particles than the WT
(Fig. 4B) and the TcCalr+ /— (Fig. 4A) samples, as determined by direct
observation of the microphotographs. As expected, no particles were
detected in controls incubated with a pre-immune serum (Fig.4D) or
with just the secondary-gold labelled antibody (Fig.4E) (Each picture
represents about 1/30™ of the total parasite).

I TCC+-
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Fig. 2. Genetically modified parasites are morphologically altered. A. TcCalr +/— epimastigotes (20,000X), abnormal structure is observed with several numbers of
reservosomes (R); B. TcCalr WT epimastigotes (30,000X), present well-defined organelles and ultra structure; C. TcCalr+ epimastigotes (30,000X) present an
abnormal swelling of reservosomes (R). D. Summary of the percentage of parasites with altered organelles. Genetically modified parasites present significantly more
altered organelles than the wt counterpart. Statistical analysis was performed with a Two-way ANOVA analysis, *** = p < 0.003. Bars: Standard deviations. K:
Kinetoplast, F: Flagellum, N: Parasite nucleus, R: Reservosome. Electron microphotographs are representative of a set of 6 photos per condition, for a double blind

morphological analysis.
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Fig. 3. Schematic representation of T. cruzi mor-
phology in normal and genetically modified parasites.
A. Normal parasite: Elongated form, a well-defined
spherical nucleus with normal external and nuclear
membranes. B. Genetically modified parasites:
Thinning of external and nuclear membrane. Normal
elongated parasite shape and rounded nucleus are also
altered.

Fig. 4. Calreticulin is differentially de-
tected in genetically modified parasites,
particularly in nucleus. Gold particles were
detected in: A. TcCalr +/—, in the nucleus
(N), reservosome (R), and cytoplasm (C). B.
A TcCalr WT, in the nucleus (N), and ki-
netoplast (K). It can also be observed a few
particles outside the parasites, in the resin.
C. TcCalr + sample (30,000X), mainly in
nucleus (N). D-E. TcCalr + control sam-
ples. No gold particles were observed. A-C:
Anti-rTcCalr PoAb, 1/32,000 v/v; D. Pre-
immune serum 1/32,000 v/v; E. Anti-
rabbit IgG conjugated to colloidal gold

4. Discussion

The TcCalr +/— strain present several interesting features leading
to additional experimental studies of its potential protective im-
munogenic properties (Sanchez-Valdez et al., 2014, 2015). In a pre-
vious work, the TcCalr+ strain was more resistant to complement
mediated lysis when compared to the WT or the TcCalr+/— counter-
part (Sanchez-Valdez et al., 2013). However, infection with TcCalr+/—
induced less anti-TcCalr antibodies in Balb/c mice than the WT or
TcCalr+ counterpart(Sanchez-Valdez et al., 2014). Thus, protection of
Balb/c mice with the TcCalr +/— strain seems to be antibody-

(10nm), 1/20 v/v. K: Kinetoplast, F:
Flagellum, N: Parasite nucleus, R:
Reservosome. Arrows: Positive signals. All
samples are 30,000x. Electron micro-
photographs are representative of a set of 6
photos per condition.

independent(Sanchez-Valdez et al., 2014). These results indicated the
need to study the genetically modified parasites in depth, including
their morphology and TcCalr localization. Since an approximate TcCalr
expression was evaluated by immuno-western blot of epimastigote ly-
sates (Sanchez-Valdez et al., 2013), it is necessary to perform its in situ
quantification.

Quantification of the gold particles correlated with the genetic
modification performed. Thus, the gold-labelled immunoglobulin
probes significantly and progressively increased in TcCalr+ /-, WT and
TcCalr+ parasites (Fig. 1), facts in agreement with previous results
using epimastigote lysates (Sanchez Valdez et al., 2013). An additional
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support for the notion that TcCalr is responsible for the parasite viru-
lence and complement resistance observed in previous works is thus
provided (Sanchez Valdez et al., 2013; Sanchez-Valdez et al., 2014).

Genetically modified parasites showed altered organelles (Fig. 2D).
Their normal elongated shape was lost, in most of the cases. TcCalr
+/— (Fig. 2A) and TcCalr+ (Fig. 2C) epimastigotes had a less defined
nucleus and altered structure in some cases. This can be explained, at
least in part, by the genetic modification performed. Indeed, both
strains, TcCalr+ and TcCalr+/— present morphologic alterations
compared to the WT (Fig. 2D) (See as reference for morphology Fig. 3.)
It remains to be determined how the swelling of reservosomes (Fig. 2C)
correlates with increased TcCalr expression. It is unlikely that these
alterations emerge from a natural polymorphism occurring in the
parasites. The life cycle of T. cruzi is a continuous process where mul-
tiple forms have been described (e.g. spheromastigote) (Tyler and
Engman, 2001). The epimastigotes employed in this work were ob-
tained from a cell-free culture, where, the change from epimastigote to
amastigote largely depends on the glucose employed in the culture
medium (Tyler and Engman, 2001). This also applies to the transition
from trypomastigote to epimastigote (Albesa and Eraso, 1981). Whe-
ther changes in TcCalr concentration alter the parasite sensitivity to
glutaraldehyde and EPON, thus mediating morphological changes, is
also a pending issue. Using a Polyclonal antiserum anti-TcCalr (Fig. 4),
a direct observation of electron microphotographs showed more TcCalr
molecules on the TcCalr+ sample (Fig. 4C), as compared to the WT
(Fig. 4B) and to the TcCalr+/— counterpart (Fig. 4A). In agreement
with previous results (Gonzalez et al., 2015) the label was detected
mainly in the epimastigote nucleus. Differently from trypomastigotes,
perhaps non-infective epimastigotes have a defect that does not allow
TcCalr translocation to the parasite surface. However, the label ob-
served was lower as compared to previous results (Gonzalez et al.,
2015). This could be explained by the fact that the T. cruzi strain used
previously (Dm28c) was more virulent (i.e.: expressed more TcCalr)
than the one employed in this study, which is an attenuated strain
(TCC) (Gonzalez et al., 2015; Sanchez-Valdez et al., 2014). In a previous
work (Gonzalez et al., 2015), Dm28c epimastigotes showed less TcCalr
molecules in kinetoplast than Dm28c extracellular trypomastigotes or
trypomastigotes located inside the host cell. Dm28c epimastigotes had
about 22 particles/kinetoplast, while in this work, no more than 6
particles/um? (in the TcCalr+ parasite) were detected in the whole TCC
epimastigote section used in immunocytochemistry.

The present study could only be performed with epimastigotes,
since no genetically modified trypomastigotes could be obtained in a
sufficient quantity to perform the electron microscopy studies. Even
though some attempts were made to obtain genetically modified try-
pomastigotes, the TcCalr+ /— strain was extremely hard to transform,
since TcCalr +/— epimastigotes had defective metacyclogenesis and
the few that successfully transform into trypomastigotes, have their
infective capacity diminished, thus not allowing us to obtain the
minimum number of parasites required for electron microscopy pro-
cessing.

5. Conclusion

This is the first study that evaluates the morphology of a parasite
genetically modified in its capacity to express TcCalr. In agreement
with previous functional results, TcCalr+/— epimastigotes expressed
less TcCalr than WT or TcCalr+ epimastigotes in situ. Thus, additional
studies involving deletions of other genes would be required in order to
evaluate the protective immunogenic capabilities of TcCalr hemiallelic
trypomastigotes.
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