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A B S T R A C T

Cryptosporidium parvum is a protozoan parasite of the phylum Apicomplexa responsible for cryptosporidiosis in
calves, a disease that causes significant diarrhea and impairs gain of body weight, generating important pro-
duction losses. As to now, no effective drugs or vaccines are available for the treatment or prevention of bovine
cryptosporidiosis. Several reports suggest that development of a vaccine to prevent cryptosporidiosis is feasible,
but relatively few vaccine candidates have been characterized and tested. The most prominent C. parvum antigen
is gp60, an O-glycosylated mucin-like protein tethered to the parasite membrane by a glycosylpho-
sphatidylinositol (GPI) anchor. Gp60 has been shown to be involved in essential mechanisms for the survival of
C. parvum, such as recognition, adhesion to, and invasion of host cells. This work was aimed at expressing gp60
in Tetrahymena thermophila, a ciliated protozoon with numerous advantages for the heterologous expression of
eukaryotic proteins, as a first approach for the development of a recombinant vaccine for bovine cryptospor-
idiosis. T. thermophila-expressed gp60 localized to the protozoon cell surface and oral apparatus, and partitioned
into the Triton X-114 detergent phase. This indicates that the protein entered the reticuloendothelial system of
the ciliate, and suggests it contains a GPI-anchor. Homogenates of gp60-expressing T. thermophila cells were
recognized by sera from calves naturally infected with C. parvum demonstrating their immunoreactivity. In
summary, the heterologous expression of gp60, a C. parvum-encoded GPI-anchored protein, has been successfully
demonstrated in the ciliate T. thermophila.

1. Introduction

Cryptosporidium spp. are protozoan parasites of the phylum
Apicomplexa responsible for cryptosporidiosis, a disease that causes
intense diarrhea (Tzipori and Ward, 2002). Cryptosporidia can infect a
wide range of vertebrate host species (Šlapeta, 2013). In cattle C.
parvum is the most important species and causes diarrhea in young
calves, generating significant economic losses related to low perfor-
mance and production (Olson et al., 2004).

As to now, no effective drugs or vaccines are available for the
treatment or prevention of bovine cryptosporidiosis. Halofuginone
lactate is the only licensed treatment for cryptosporidiosis in calves, but
it does not completely prevent or cure the disease (De Waele et al.,

2010). Regarding vaccines, several attempts to develop an effective
vaccine have been made, including the use of killed C. parvum oocysts
(Jenkins et al., 2004). Although some developments showed partial
success under experimental conditions, none of them was effective
under field conditions (Mead, 2014). A few antigens have been ex-
plored as vaccine candidates against bovine cryptosporidiosis. Most
studies have focused on the immunogenic potential of specific proteins
involved in the attachment and invasion of host cells, such as the O-
glycosylated mucin-like gp60 (also known as gp40/15) (Cevallos et al.,
2000; Priest et al., 2001). Post-translational proteolytic cleavage of
gp60 generates two fragments of 15 and 40 kDa, respectively; gp15,
tethered to the parasite membrane by a glycosylphosphatidylinositol
(GPI) anchor and gp40, non-covalently associated to gp15 (Fig. 1).

https://doi.org/10.1016/j.vetpar.2019.06.008
Received 24 January 2019; Received in revised form 7 June 2019; Accepted 10 June 2019

⁎ Corresponding author at: Universidad de Buenos Aires, Consejo Nacional de Investigaciones Científicas y Técnicas, Instituto de Nanobiotecnología
(NANOBIOTEC), Facultad de Farmacia y Bioquímica, Junín, 956 (C1113AAD), Ciudad Autónoma de Buenos Aires, Argentina.

E-mail address: anusblat@ffyb.uba.ar (A.D. Nusblat).

Veterinary Parasitology 271 (2019) 45–50

0304-4017/ © 2019 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/03044017
https://www.elsevier.com/locate/vetpar
https://doi.org/10.1016/j.vetpar.2019.06.008
https://doi.org/10.1016/j.vetpar.2019.06.008
mailto:anusblat@ffyb.uba.ar
https://doi.org/10.1016/j.vetpar.2019.06.008
http://crossmark.crossref.org/dialog/?doi=10.1016/j.vetpar.2019.06.008&domain=pdf


Antibodies against gp60 are generated in different C. parvum-infected
animal species, including humans, suggesting that this antigen is a
potential immunotherapeutic target (Mead, 2014). Importantly, nasal
immunization of pregnant goat dams with a gp15-recombinant DNA
vaccine showed a significant reduction of oocyst excretion in the off-
spring. Furthermore, a monoclonal antibody against gp15 showed
protective immunity in experimentally infected mice (Jenkins et al.
1993; Sagodira et al. 1999). This characteristic strongly suggests that
the gp60 antigen is essential for the survival of C. parvum and conse-
quently, justifies its expression as a first step for a future development
of a recombinant vaccine.

A GPI anchored-antigen consists of a hydrophilic protein covalently
attached to a glycolipid. The precursor protein contains an N-terminal
signal peptide that directs it to the endoplasmic reticulum (ER), and a
C-terminal GPI anchor signal, which is cleaved at a specific position
known as omega site, after which a GPI molecule also synthesized in the
ER is transferred to the protein. The protein reaches the cell surface
through the cell secretory system, where it remains anchored to the
external leaflet through the GPI molecule (Chatterjee and Mayor,
2001).

Different types of organisms have been used to express recombinant
surface proteins (Georgiou et al., 1997; Kondo and Ueda, 2004). In this
study, the free-living non pathogenic organism Tetrahymena thermophila
was used as eukaryotic expression system. T. thermophila belongs to the
phylum Ciliophora, a group of protozoans which, together with dino-
flagellates and Apicomplexa, form the monophyletic lineage of Alveo-
lates (Adl et al., 2012). Ciliates are characterized by the presence of
cilia, nuclear dimorphism and the use of conjugation for sexual

replication (Lynn, 2010). The development of numerous tools for the
genetic manipulation of T. thermophila have made this protozoon a
widely used model organism for the study of a number of fundamental
processes, including major discoveries, such as the nature of telomeres,
telomerase, and self-splicing RNA (Ruehle et al., 2016). T. thermophila
can be easily grown in inexpensive culture media to high cell densities
(up to 2.2×107cells/ml) and cultures are amenable for scaling up,
facilitating the expression of recombinant antigens (Elguero et al.,
2018). Additionally, due to the hundreds of cilia that expand the cell
surface, T. thermophila has the advantage to express surface proteins in
large quantities (Gaertig et al., 1999). Some protozoan surface antigens
have been successfully expressed in T. thermophila, including the im-
mobilization antigen variant B protein (I antigen) of the ciliate Ich-
thyophthirius multifiliis and the circumsporozoite protein (CSP) of the
apicomplexan Plasmodium falciparum. These antigens represent vaccine
candidates against fish white spot disease (Gaertig et al., 1999) and
human malaria (Peterson et al., 2002), respectively.

In this study at hand, C. parvum gp60 was recombinantly expressed
in T. thermophila and its immunoreactivity has been evaluated against
sera of calves with cryptosporidiosis.

2. Material and methods

2.1. Strains and culture conditions

T. thermophila strain CU428 mpr1-1/mpr1-1 (mp-s, VII) and CU427
[chx1-1/chx1-1 (VI, cy-s)] was acquired from the Tetrahymena Stock
Center, Cornell University and used for subsequent transformation as-
says. Cells were grown in 250ml Erlenmeyer flasks, containing 30ml
SPP medium of the following composition (wt/vol): 1% proteose-pep-
tone (Oxoid, United Kingdom), 0.1% yeast extract (Merck, Germany),
0.2% glucose (Merck, Germany), and 0.003% iron citrate (Sigma-
Aldrich). Flasks were subcultured by 1:10 every 24 h. Cultivation was
carried out in a rotary shaker (150 rpm) at 30 °C. When indicated,
paromomycin (Sigma-Aldrich) was added to a final concentration of
100 μg/ml together with 1 μg/ml of CdCl2. For determination of the cell
density, cells were treated with 1% trichloroacetic acid and counted in
duplicates in a Neubauer chamber.

2.2. Design of constructs and T. thermophila transformation

The complete coding sequence of the gp60 gene (UniProtKB ID:
Q9NDH6) of C. parvum strain Iowa II, was synthesized with optimized
codons (GenBank ID: MK135785) for the expression in T. thermophila
(Genscript, USA) and was designated rgp60Tt. The sequence was cloned
into the T. thermophila rDNA -based pICY -GTW vector (Cole et al.,
2008), between BsiWI and XhoI sites downstream of the CdCl2 -in-
ducible MTT1 promoter (Shang et al., 2002), permitting its controlled
expression. Twenty μg of the resulting pICY-rgp60 plasmid were used
for conjugative electrotransformation of 5×106 pre-starved mixed T.
thermophila cell populations for 8.5 and 9.5 h using a BTX model
ECM630 electroporator set to 250 V, 125m F, 25 ohms as described
previously (Gaertig and Gorovsky, 1992). The pICY-rgp60 vector is
converted into a palindromic molecule and amplified to approx. 9000
copies during the development of the macronuclei, thus allowing for
high-level expression of the gp60 sequence. After conjugation, cells
were allowed to recover for 20–24 h in growth medium and transfor-
mants were selected in SPP medium containing 100 μg/ml par-
omomycin sulfate (Sigma).

2.3. Recombinant expression of gp60 in Escherichia coli and generation of
polyclonal murine sera

For the detection of the rgp60Tt protein, a polyclonal murine anti-
serum was produced as described by Tomazic et al. (2018). Briefly, the
hydrophilic region of the gp60 protein was expressed in E. coli and

Fig. 1. A. Schematic representation of the Cryptosporidium parvum-gp60 (gp40/
15) protein. B. Membrane topology of gp60, a GPI-anchored protein attached to
the exoplasmic leaflet of the membrane lipid bilayer. In blue the gp40 mature
protein is associated to the gp15 mature protein (light blue) which is attached
to a hypothetical GPI anchor. Green circle: mannose; blue-white square: glu-
cosamine; yellow circle, grey circle, and black lines: phosphatidylinositol (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.).
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designated rgp60Ec. The strain Rosetta 2DE3 pLacI was transformed
with pRSETC/gp60 (Thermo Scientific) and positive clones were grown
and induced in LB medium supplemented with ampicillin (100 μg/ml)
and chloramphenicol (34 μg/ml) at 37 °C to OD of 0.6 with 1mM iso-
propyl-D-thiogalactopyranoside (Promega, USA) for 4 h. The cell pellet
was lysed and sonicated in PNLB Buffer (50mM K2HPO4, 400mM NaCl,
100mM KCl, 10% V/V glycerol, 0.5% V/V Triton- X100, 10mM imi-
dazole). Inclusion bodies were solubilized with Binding Buffer (8M
Urea, 20mM sodium phosphate buffer (pH 7.8), 500mM NaCl, 20mM
imidazole) and purified by immobilized metal affinity chromatography
in Ni-agarose (Qiagen). The protein was eluted with 400mM imidazole,
dialyzed against PBS, and concentrated by lyophilization to 0.4mg/ml.
For subsequent immunizations, groups of 8–10 week-old Balb/c mice
(National University of La Plata, UNLP) were inoculated sub-
cutaneously with 30 μg of purified rgp60Ec emulsified in Freund’s in-
complete adjuvant 1:1 v/v or PBS, pH 7.4. At day 14, a booster of 30 μg
purified recombinant protein in Freund’s incomplete adjuvant was ad-
ministered subcutaneously, followed by a second booster at day 28. At
42 days, sera were collected and stored at −20 °C until use.

2.4. Phase partitioning of membrane proteins and gp60 identification

Membrane proteins from cilia and cell body were fractionated by
extraction in Triton X-114, as described by Peterson et al. (2002).
Briefly, 106 cells were suspended in 800 μl 20mM Tris/HCl, pH 7.5/ 2%
v/v Triton X-114/ 300mM NaCl/ 10mM PMSF. Samples were cen-
trifuged at 16,000 x g for 10min and the supernatant was warmed at
30 °C for 5min, layered on 300 μl of a sucrose cushion and incubated at
30 °C for 10min. Detergent and aqueous phases were separated by
centrifugation at 400 x g for 5min at room temperature (RT). Cells were
deciliated as described by Calzone and Gorovsky (1982).

The identification of gp60 was performed by nano-Liquid
Chromatography-Mass Spectrometry (nLC-MS). Bands were excised
from the polyacrylamide gel and were treated to obtain tryptic and
chymotryptic peptides. These peptide samples were then separated by
reverse phase chromatography via an Accucore TM Easy-Spray C18
analytical column (Thermo Fisher Scientific, USA) coupled to an EASY-
nLCTM 1000 system. The mass spectra of peptides were acquired in an
Orbitrap nLC/MS. Data analysis was performed using the Thermo
Proteome Discoverer program (Thermo Fisher Scientific).

2.5. Immunofluorescence analysis

T. thermophila cells were fixed with 4.2% paraformaldehyde in
HEPES buffer (50mM HEPES, pH 7.0), for 10min. After being washed
with ice-cold HEPES buffer 3 times, the fixed cells were treated with
blocking solution (1% BSA in TBS buffer) for 15min, and incubated for
30min in blocking solution containing anti-rgp60Ec primary mouse
polyclonal antibodies at a 1:400 dilution. Cells were washed 3 times for
5min in TBS buffer containing 0.1% BSA and then incubated for 30min
with goat anti-mouse–Alexa Fluor 488 secondary antibody (A11001;
Invitrogen) at a 1: 200 dilution in blocking solution. All incubations
were performed at RT. After an additional wash with blocking solution
and two washes in HEPES buffer, the cells were mounted with Trolox
anti-bleaching solution (Sigma-Aldrich). Digital images were collected
using a Carl Zeiss Axio Imager M2 fluorescence microscope, with dif-
ferential interference contrast (DIC) optics.

2.6. Collection of calf oocysts and sera

Twelve calves (Bos taurus) (12–28 days old) were identified as po-
sitive for Cryptosporidium sp. infection. Oocysts detected in feces by
microscopic examination of fecal smears at 100× magnification after
staining with the modified Ziehl- Neelsen technique were purified by
sucrose flotation (s.p. 1.18) as described in OIE Terrestrial Manual
(2012) and were typed as C. parvum by PCR-RFLP (Tomazic et al.,

2013). Blood samples were withdrawn from the jugular vein of calves
for 12–28 days after birth, incubated at 37 °C for 1 h, and then cen-
trifuged at 800 g at 4 °C for 20min. Sera were collected and stored at
−20 °C until use. Sample collection followed the International Guiding
Principles for Biomedical Research Involving Animals, written by the
Council for International Organizations of Medical Sciences (CIOMS)
and the International Council for Laboratory Animal Science (ICLAS)
Ginebra 2012.

2.7. Immunoblotting

Calf sera were used to probe the immunoreactivity of the rgp60Tt
protein by western blotting (WB). Total proteins of a homogenate of T.
thermophila expressing the rgp60Tt antigen (clone G1) were separated
by 12% SDS-PAGE and transferred to a nitrocellulose membrane, which
was cut into strips. Blot strips were incubated overnight at 4 °C with
sera from C. parvum-infected calves at a 1:20 dilution in 1% gelatin in
TBS containing 0.05% Tween-20. As secondary antibody, goat anti-
bovine IgG conjugated to horseradish peroxidase (KPL, USA) (1:1000)
was applied for 1 h at RT. Subsequently, blot strips were washed once
with TBS containing 0.1% Tween-20, twice with TBS containing 0.05%
Tween-20, and once with TBS. All washes were performed for 10min at
RT. Reactions were developed using 3,3′-diaminobenzidine (Sigma,
USA) as substrate and observed within 5min. As negative control,
serum from a newborn calf before its first feeding with colostrum was
used.

3. Results

3.1. gp60 expression in T. thermophila

An episomal strategy of overexpression through the use of an au-
tonomously replicating rDNA -based vector was chosen for gp60 ex-
pression in T. thermophila. The gp60 sequence was optimized for T.
thermophila codon usage frequency and ligated to the pICY-GTW
plasmid containing the cadmium-inducible MTT1 promoter. The re-
sulting vector, pICY-rgp60, was introduced into cells and clones re-
sistant to paromomycin were selected. The transformation efficiency
was 624 transformants/ ug.

The recombinant gp60 protein (rgp60Tt) of 2 PCR-positive T. ther-
mophila clones (G1 and G2) was detected by WB in lysates using murine
anti-rgp60Ec-antibodies. The rgp60Tt protein migrated as a band of
42 kDa but lower molecular weight bands of 27 kDa and 38 kDa were
additionally observed (Fig. 2A). Analysis of the protein tryptic digest of
the 42 kDa and 27 kDa bands by liquid chromatography tandem-mass
spectrometry (LC-MS/MS) identified peptide fragments of both gp15
and gp40 (Fig. 2B). Optimal expression was achieved after 8 h of cad-
mium chloride induction (Fig. 2A).

3.2. Recombinant gp60Tt is membrane-associated and localizes to the oral
apparatus

To determine the localization of rgp60Tt, its presence in different
cell fractions, its partitioning into the Triton X-114 detergent phase, and
the immunofluorescence labeling pattern were evaluated.

As shown in Fig. 2C, the rgp60Tt protein was detected by WB
analysis primarily in the membrane fraction whereas a smaller amount
could be demonstrated in the ciliary fraction. Localization of the
rgp60Tt was further analyzed by indirect immunofluorescence without
permeabilization, demonstrating that surface labeling of oral structures
was exclusively observed in cadmium-induced recombinant T. thermo-
phila clones (Fig. 3).
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3.3. Immunoreactivity of recombinant T. thermophila-expressed gp60
antigen

In order to evaluate the immunoreactivity of the rgp60Tt protein
against sera of C. parvum-infected calves, a homogenate of recombinant
T. thermophila- clone G1 was probed with twelve bovine sera. Calves
were diagnosed as positive for Cryptosporidium sp. infection by micro-
scopic examination of fecal smears. As shown in Fig. 4B, calf sera re-
acted with a band with an apparent molecular weight of 42 kDa, which

is consistent with the size observed using murine anti-rgp60Ec
(Fig. 4A). Of the twelve tested calf sera, one showed a very high signal
intensity (line 7), five a medium (line 5, 8, 9, 10 and 11) and four low
signal intensity (line 2, 3, 4 and 6). Only 2 sera did not react against
rgp60Tt (line 1 and 12). Serum from a newborn calf before its first
feeding with colostrum did not react with rgp60Tt. Additionally, no
sera reacted with a homogenate of wildtype (WT) T. thermophila
(Fig. 4B). These results indicate that the gp60 antigen expressed in T.
thermophila is immunoreactive since it is specifically recognized by IgG
antibodies generated by calves after C. parvm infection.

4. Discussion

In this study, the C. parvum gp60 has been expressed in T. thermo-
phila. The ciliate, is one of the most studied and characterized micro-
organism within the Alveolata monophyletic lineage. Several sig-
nificant contributions have been generated from this model organism in
various areas such as cell and molecular biology, and it received im-
portant recognition in the biotech area as well (Ruehle et al., 2016;
Elguero et al., 2018). Regarding the use of T. thermophila as an ex-
pression system, proteins from a broad range of organisms have been
successfully expressed, including enzymes (Aldag et al., 2011), anti-
bodies (Calow et al., 2016), antigens (Gaertig et al., 1999) and vaccine
candidates (Peterson et al., 2002; Jayaram et al., 2010). The result
obtained in this study extends the spectrum of organisms, in particular
of the apicomplexan lineage, from which an antigen has been chosen
for recombinant expression in T. thermophila.

The genus Tetrahymena, but also other ciliate genera, have a parti-
cular codon usage and also differ in their genetic code in that UAA and
UAG triplets encode glutamine instead of stop codons (Tourancheau
et al., 1995). Accordingly, in the C. parvum gp60 coding sequence
(EMBL: AY048666), the stop triplet UAA was replaced by UGA, and the
remaining codons were optimized with regard to the codon usage fre-
quency of T. thermophila.

The unexpected SDS-PAGE migration of rgp60Tt observed in this
study may suggest a dissimilar glycosylated form and/or proteolytic
degradation of the glycoprotein. This pattern was evidenced in the
native C. parvum gp60 protein, which is predicted to encode an acidic
34 kDa mucin-like glycoprotein. However, it displayed an apparent
molecular weight of 60 kDa as judged by SDS-PAGE (Strong et al.,

Fig. 2. A. Western blot analysis of total protein
extracts of a recombinant T. thermophila clone
expressing gp60 (rgp60Tt) at different times
after induction. Each sample was loaded with
50 μg of total protein. C+: protein extract of
recombinant E. coli expressing gp60. WT: Wild-
type strain of T. thermophila. Molecular weights
were calculated by Gel Analyzer software
(Lazar and Lazar 2010) B. gp60 protein se-
quence expressed in T. thermophila, showing
the peptides with high and medium probability
(black underline) identified by LC/MS/MS of
the excised SDS-PAGE 42 kDa band. C.Western
blot analysis of different cellular fractions of T.
thermophila WT and recombinant rgp60Tt
strains. Each sample was loaded with 50 μg of
total protein as measured by BCA assay. Cy:
cytoskeleton; M: membrane extracted in Triton
X-114; Ci: isolated cilia; T: total cellular pro-
tein. C+: protein extract of recombinant E. coli
expressing gp60.

Fig. 3. Localization of rgp60Tt. Immunofluorescence of T. thermophila WT and
rgp60Tt strains using anti-rgp60Ec murine antibodies. Localization of rgp60Tt
to oral structures (cilia, membranelles and/or undulating membrane) can be
observed only in recombinant clones (white arrows). Macro and micro nucleus
are stained with DAPI.
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2000). It has been shown that gp60 is proteolytically cleaved by a furin-
like protease to yield glycopeptides gp40 and gp15, which showed
apparent molecular weights of 40 kDa and 15 kDa, respectively
(Wanyiri et al., 2007). The dissimilar sizes observed could be due to
different reasons: a high glycosylation pattern (36 sites of O-linked plus
1 site of N-linked glycosylation), the hydrophobicity of the C-terminal
peptide or the high content of acidic amino acid residues (pI 445)
(Graceffa et al., 1992; Rath et al., 2009; Shi et al., 2012). A difference
between the calculated and apparent molecular weight of rgp60Tt was
also observed for the recombinant protein expressed in E. coli (Tomazic
et al., 2018).

The observation that rgp60Tt partitioned into Triton X-114-de-
tergent phase is in agreement with the expectation for GPI-anchored
antigens (Ko and Thompson, 1995). The localization of rgp60Tt on the
membrane surface and the oral apparatus of the ciliate (Fig. 3) is in
agreement with the presence of a GPI-anchor in the recombinant pro-
tein. GPI-anchored proteins have been extensively studied in T. ther-
mophila, particularly the SerH surface antigen encoded by this ciliate
(Bolivar and Guiard-Maffia, 1989) but also others in which the GPI-
anchor has been attached during heterologous expression such as the I
antigen of the ciliate I. multifiliis, the CSP of the apicomplexan P. fla-
ciparum, and the human alkaline phosphatase (Gaertig et al., 1999;
Peterson et al., 2002; Aldag et al., 2011). In all these studies, labeling of
GPI-anchored proteins appears in the surface of the ciliate with a strong
signal in the oral region.

The rgp60Tt expressed in T. thermophila was localized at the surface
membrane, showing that both, the GPI anchor and the N-terminal
signals, were appropriately recognized. This result is in agreement with
the surface localization of the gp60 protein expressed in the apicom-
plexan Toxoplasma gondii (O’Connor et al., 2003, 2007). Analysis of the
protein tryptic digest of the 42 kDa and 27 kDa bands by liquid chro-
matography tandem-mass spectrometry (LC-MS/MS) of rgp6Tt, allowed
us to identified in each bands, peptides fragments of both gp15 and
gp40 cleavage products (Fig. 2B), suggesting that the protein remained
uncleaved when it was expressed in T. thermophila. These results are in
contrast to those reported in T. gondii which showed that the protein is
partially processed to gp40 and gp15.

Bioinformatic analysis of the furin-like protease cpSUB1 involved in
mediating gp60 cleavage (GenBank: EAK90066) showed that no furin-
like protease homolog is encoded in the ciliate lineage (Wanyiri et al.,
2007) whereas 2 furin-like protease homologs have been identified in T.
gondii. Depending on the objective, it might be important to consider
that rgp60 remains uncleaved when T. thermophila is used as an ex-
pression system in future studies. In the case that processing of gp60 is
desired, the furin-like protease could be cotransfected and over-
expressed. Corresponding strategies have been developed for T. ther-
mophila to express the 1, 2-mannosidase from Entamoeba histolytica with
a modified pattern of glycosylation (Colussi and Taron, 2011) and also

to co-express the antibody light and heavy chain using the promoters
metallothionein 1 and 5, respectively, which are both regulated with
the same inducer (Calow et al., 2016).

Finally, the immunoreactivity of the T. thermophila-expressing re-
combinant gp60 with sera of calves naturally infected with C. parvum
shows the feasibility to use this ciliate to produce immunoreactive
antigens. The immunity against cryptosporidia seems to be dependent
on both humoral and cellular responses of the host's immune system;
therefore more studies are needed to conclude that gp60 expressed in
the ciliate is suitable as a vaccine candidate. Although bioinformatic
tools such as NetMHC 4.0 Server (Lundegaard et al., 2008) have pre-
dicted several peptide-MHC class I binders, suggesting a potential T cell
response, future in vivo, and in vitro studies such as vaccine trials, and T-
cell activation assays and characterization of the involved T cell sub-
populations, respectively are needed for the development of a re-
combinant vaccine against this intracellular pathogen.

5. Conclusion

The present work showed the production of the recombinant an-
tigen gp60 from C. parvum in the ciliate T. thermophila, which was lo-
calized at the ciliate cell surface and oral apparatus. We have demon-
strated that it is a feasible expression system that can be used for
protozoan parasites, extending the spectrum of organisms from which
an antigen has been chosen for recombinant expression in T. thermo-
phila. Moreover, the immunoreactivity of rgp60Tt has been demon-
strated, being the first step in a future development of a recombinant
vaccine against C. parvum.
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Fig. 4. Immunoreactivity of rgp60Tt. A. Western blot performed
with murine anti- rgp60Ec serum against homogenates of T.
thermophila WT (1) or recombinant rgp60Tt strains (2). Positive
control with purified rgp60Ec protein (3). An apparent molecular
size at 42 kDa is observed in homogenates of recombinant T.
thermophila cells (blue arrow) whereas 50 kDa is observed in
rgp60Ec (red arrow). B. A homogenate of T. thermophila rgp60Tt
strain (clone G1) was incubated in immunoblots with twelve sera
from 11 to 28-day old calves naturally infected with C. parvum
(1–12). 13: Negative control corresponding to serum from a
newborn calf before its first feeding with colostrum. C-: Negative
control corresponding to a T. thermophila wildtype homogenate
following incubation with calf sera. A band of 42 kDa is observed
in calves 2–11, which coincides with the apparent size observed in
A (blue arrow). Molecular weights were calculated by Gel
Analyzer software (Lazar and Lazar, 2010) (For interpretation of
the references to colour in this figure legend, the reader is referred
to the web version of this article.).
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