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ABSTRACT Despite the severity and global burden of Cryptosporidium infection,
treatments are less than optimal, and there is no effective vaccine. Egress from host
cells is a key process for the completion of the life cycle of apicomplexan parasites.
For Plasmodium species, subtilisin-like serine protease (SUB1) is a key mediator of
egress. For Toxoplasma species, calcium-dependent protein kinases (CDPKs) are criti-
cal. In this study, we characterized Cryptosporidium SUB1 expression and evaluated
its effect using an infection model. We found increased expression between 12 and
20 h after in vitro infection, prior to egress. We induced silencing of SUB1 (ΔSUB1)
mRNA using SUB1 single-stranded antisense RNA coupled with human Argonaute 2.
Silencing of SUB1 mRNA expression did not affect parasite viability, excystation, or
invasion of target cells. However, knockdown led to a 95% decrease in the propor-
tion of released merozoites in vitro (P � 0.0001). In contrast, silencing of CDPK5 had
no effect on egress. Overall, our results indicate that SUB1 is a key mediator of Cryp-
tosporidium egress and suggest that interruption of the life cycle at this stage may
effectively inhibit the propagation of infection.
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Cryptosporidium species are protozoan parasites that infect intestinal epithelial cells
(1). While human infection is self-limiting in immunocompetent adults (2), studies

in resource-poor countries have identified Cryptosporidium as an important cause of
morbidity and mortality in young children, particularly those under the age of 2 years
(3, 4). Millions of children in South Asia and sub-Saharan Africa are infected, with an
estimate of 60,000 to 200,000 child deaths per year (5, 6). Cryptosporidiosis is also a
major contributor to childhood malnutrition (1, 7–11). Recurring and persistent gastro-
intestinal infections may lead to defects in cognitive and physical development in
children (8, 12, 13). Unfortunately, current treatments are not optimal, and there is no
effective vaccine (14). Therefore, there is a clear need for further studies on the biology
of the parasite.

Cryptosporidium is an obligately intracellular parasite. Egress is required for the
reinvasion of cells, leading to parasite proliferation and persistence. Egress appears to
be driven by parasite molecules (15–17). Mechanisms of egress have been studied in
other apicomplexan parasites. Toxoplasma gondii calcium-dependent protein kinase 3
(CDPK3) has been identified as a crucial moderator of parasite egress (15, 18). In
Plasmodium falciparum, egress has been found to be related to the cleavage of proteins
found on the parasitophorous vacuolar membrane (PVM), as well as the host cell
membrane, by subtilisin-like serine protease (SUB1) (17, 19–21).

While invasion has been studied in Cryptosporidium (11, 14, 22–25), there is little
information regarding the molecular mechanisms of egress. We identified homologues
of P. falciparum SUB1 and Toxoplasma CDPK3 in Cryptosporidium. We hypothesized that
Cryptosporidium parvum SUB1 (CpSUB1) and/or CDPK5 (CpCDPK5; the homologue of
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Toxoplasma CDPK3) are key mediators of Cryptosporidium egress from host cells. For
this study, we first determined the expression patterns of SUB1 and CDPK5 throughout
the asexual stage of infection. We then determined the specific roles of SUB1 and
CDPK5 by a modified small interfering RNA (siRNA) method (26, 27) and evaluated the
effects on parasite viability, infection of host intestines, and the egress of merozoites
during infection.

RESULTS
SUB1 expression peaks prior to the peak of parasite release from in vitro

culture. To determine the time of parasite egress from human epithelial cells, super-
natants from infected cells were collected at different time points. Parasite RNA
appeared at 18 h, and the highest levels were detected at �24 h postinoculation (Fig.
1A). We found that SUB1 mRNA expression increased significantly between 12 and 20
h postinfection and then decreased at 22 to 24 h (Fig. 1B). As a control, we determined
the expression of a second serine protease and observed a peak at 1 h postinfection,
with no significant increase in expression throughout infection (see Fig. S1 in the
supplemental material). We also observed the pattern of expression of CDPK5 and
found that expression of this target peaked at 24 h postinfection (see Fig. S2 in the

FIG 1 Timing of parasite egress and SUB1 expression. Viable Cryptosporidium parvum sporozoites were
used to infect HCT-8 monolayers. (A) Supernatants were collected and assayed for released parasites
using qPCR. The peak count of released merozoites was observed at 24 h postinfection. Data are
representative of the results of four independent experiments. **, P � 0.0001; *, P � 0.005. (B) Sporozoite-
infected HCT-8 monolayers were collected at different times postinoculation. Levels of SUB1 mRNA were
analyzed by qRT-PCR and relative quantification. Peak expression of SUB1 was observed at 12 to 20 h
postinfection with respect to initial infection at 1 h (P � 0.0001). Data are representative of the results of
three independent experiments.
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supplemental material). All data are representative of at least two independent exper-
iments with consistent results.

Antisense RNA designed against SUB1 produces potent gene silencing. Using
base-pairing probability algorithms determined by the predicted secondary structure,
we synthesized five guide sequences designed to bind optimally to the mRNA se-
quence (Fig. 2A). Of the five guide sequences targeting Cryptosporidium SUB1, anti-
sense sequences 4 and 5 resulted in 80% (P � 0.0001) and 60% (P � 0.05) reductions in
expression from that for wild-type (WT) parasites. In contrast, guide RNA 2 was not
effective, and guide RNAs 1 and 3 were toxic to the parasites, with no observable
amplification of the housekeeping gene encoding lactate dehydrogenase (LDH)
(Fig. 2B). To confirm that silencing was not detrimental to parasite viability, we stained
oocysts with carboxyfluorescein succinimidyl ester (CFSE) after silencing and induced
excystation. Using fluorescence microscopy, we observed �95% viability with antisense
RNA 4 relative to that of wild-type parasite samples. Thus, using guide RNA 4, we were
able to silence SUB1 expression without affecting parasite viability or excystation.
Subsequent studies used this guide RNA to create parasites with silenced SUB1
(ΔSUB1).

Silencing SUB1 blocks parasite egress from host cells. ΔSUB1 parasites were
used to infect cultured HCT-8 cells. We collected sample supernatants at 24 h postin-

FIG 2 Design of ssRNA guides and inhibition of SUB1. (A) SUB1 ssRNA and SUB1 mRNA secondary structure. (B)
Silencing was carried out in oocysts, and levels of silencing were determined by RT-PCR. With guide sequences 1
and 3, parasites were not detectable (n.d.). Sequence 2 failed to silence the expression of SUB1. Guide sequence
5 demonstrated moderate silencing, while sequence 4 showed significant silencing (P � 0.0001). Data are repre-
sentative of the results of three independent experiments.
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fection. With ΔSUB1 sporozoites, there was a 95% decrease (P � 0.0001) in parasite RNA
in supernatants compared to supernantants from wild-type parasites (Fig. 3A). In
contrast, there was no change in egress when CDPK5 was silenced (see Fig. S3 in the
supplemental material). Merozoites that had egressed were also quantified using flow
cytometry. Three independent experiments demonstrated a 99.5% lower proportion of
merozoites in the supernatant for ΔSUB1 parasites compared to wild-type parasite
controls (Fig. 3B) (P, �0.0001 by analysis of variance [ANOVA]).

We analyzed the levels of residual parasites in the infected monolayers. At 1 h
postinfection, there were similar quantities of parasite DNA for wild-type parasites and
ΔSUB1 parasites (Fig. 3C). However, at 24 h postinfection, the levels of parasites in
wild-type samples decreased drastically, due to merozoite egress. The ΔSUB1 parasite
burden at 24 h postinfection was significantly higher than the wild-type parasite
burden (P � 0.001) (Fig. 3C). Additionally, we used confocal microscopy to visualize
retained intracellular meronts in host cells. C. parvum ΔSUB1-infected cells demon-
strated higher numbers of intracellular parasites than wild-type controls (Fig. 3D).

DISCUSSION

Egress is a key step in the Cryptosporidium life cycle. Motile merozoites are released,
facilitating the spread of infection from the infected cell throughout the epithelium.
Cryptosporidium SUB1 and CDPKs have been implicated in the invasion of host cells (26,

FIG 3 (A) SUB1-silenced samples had reduced levels of egress. We observed significantly lower levels of parasites
that had egressed in supernatants collected from SUB1-silenced samples than in supernatants from controls at 24
h postinfection (P � 0.05). Data are representative of the results of three independent experiments. (B) Quantifi-
cation of free merozoites after silencing. Supernatants of infected cells were collected and quantified with a
fluorescence-activated cell sorter. The proportion of stained free merozoites is highlighted in the H-1 subpopula-
tion and was found to be significantly lower in ΔSUB1 (SUB1 silenced) parasites than in wild-type parasite controls
(P � 0.05). Data are representative of the results of two independent experiments. ΔSCR, scrambled antisense RNA.
(C) The parasite burden in the HCT-8 layer was quantitated by qPCR for parasite LDH at various time points after
infection. There was no significant difference between wild-type and ΔSUB1 parasites at 1 h postinfection.
However, at the 24-h time point, the parasite burden was markedly higher for ΔSUB1 parasites than for the wild
type (P � 0.001). (D) C. parvum-infected HCT-8 cells stained with DAPI and visualized using confocal microscopy.
ΔSUB1 parasites demonstrated a higher number of intracellular parasites than wild-type parasite controls.
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28). Here we studied the effects of SUB1 silencing on merozoite egress into the cell
supernatant. Using quantitative PCR (qPCR) and flow cytometry, we demonstrated that
silencing of CpSUB1 led to a 95% reduction in the proportion of parasites egressing
from infected cells. This was associated with an increase in “trapped” parasites within
the host cell monolayer. In contrast, silencing of CpCDPK5 did not significantly affect
parasite egress.

The release of asexual apicomplexan parasites from the host cell is driven by
parasite molecules (17). Two main mechanisms have been described. P. falciparum
subtilisin-like serine protease 1 (PfSUB1) has been found to proteolytically activate
serine repeat antigen (SERA), which subsequently cleaves the parasitophorous vacuolar
membrane (PVM) and host membrane to release parasites (17, 29, 30). In contrast,
Toxoplasma CDPKs involved in parasite motility have been found to play a crucial
role in the egress of the parasite (15, 31). PfSUB1 is synthesized and packaged into
exonemes (17, 29, 30). The exonemes discharge PfSUB1 into the parasitophorous
vacuolar space immediately prior to egress (17, 29, 30). SUB1 then proteolytically
activates SERA, which cleaves the PVM and host membrane to release parasites (17, 29).
Since the active site of apicomplexan SUB1 homologues is highly conserved, we
reasoned that CpSUB1 would play a similar role. Interestingly, we noted that mRNA
expression for CpSUB1 was increased between 12 and 20 h postinfection, correspond-
ing to the timing of merozoite development. This is consistent with the synthesis and
export of preformed SUB1 into excretory vesicles, as was noted for P. falciparum.
However, we were unable to study this directly, due to the lack of availability of
antibodies to CpSUB1. However, silencing of CpSUB1 clearly blocked egress.

CDPKs have shown to be important factors in the egress of related apicomplexans
and to be crucial drivers of development and motility (31–33). A previous study
observed the expression patterns of CDPKs in Cryptosporidium parvum, demonstrating
that a few had cyclical patterns of expression and that expression was upregulated
prior to egress. In this study, CDPK5, a homologue of T. gondii CDPK3, had peak
expression at 24 h postinfection (Fig. S2 in the supplemental material). However, after
the silencing of CDPK5, the quantities of merozoites found in the supernatant were not
significantly different from the quantities of wild-type parasite controls. Based on these
observations, we conclude that CDPK5 is not crucial for egress in C. parvum. However,
other calcium-dependent protein kinases present in the genome of C. parvum have
increased expression prior to egress as well (34). Further studies will have to be
conducted in order to investigate whether CDPKs play a role in C. parvum egress.

In summary, our data demonstrate that CpSUB1 is essential for merozoite egress
from infected epithelial cells. In contrast, silencing of CDPK5 did not affect egress. Thus,
Cryptosporidium may use a mechanism resembling that of P. falciparum more closely
than that of Toxoplasma. Further studies are needed to confirm the localization of
CpSUB1 and, if it is localized to exonemes, to determine the signals involved in its
release. For now, our results show that silencing of SUB1 reduces parasite egress from
infected cells, and thus, SUB1 may be a target for future vaccine and drug development.

MATERIALS AND METHODS
Parasites, infection model, and excystation. Cryptosporidium parvum oocysts, Iowa strain II, were

purchased from the Animal and Comparative Biomedical Sciences Department at the University of
Arizona. Excystation of C. parvum was induced by incubating the parasites with acidic water (60 �l; pH
�2.5), followed by 250 �l of 0.8% taurocholate in serum-free RPMI medium as described previously (26).
Sporozoites were separated from unexcysted and residual oocysts by filtration using a 3-�m-pore-size
membrane (Millipore Sigma, Burlington, MA). In vitro infection was carried out with human ileocecal
adenocarcinoma epithelial cells (HCT-8; ATCC, Manassas, VA) as described previously (35–37). Briefly,
approximately 5 � 105 HCT-8 cells were plated overnight on 24-well plates (Corning, Tewksbury, MA) to
approximately 80% confluence, after which the medium was removed and C. parvum sporozoites
(�2 � 106) in excystation medium were added to establish a basal infection (2 h at 37°C under 5% CO2).
For RNA extraction, cells and 250 �l of supernatant were collected at the following time points
postinfection: 1, 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22, 24, and 26 h. We also collected the residual monolayers
at 1, 20, 24, and 26 h postinfection. For RNA extraction and silencing experiments, supernatants from
infected monolayers were removed and were passed through a 3-�m-pore-size filter to separate the
parasite from the host cells. The supernatant was then added to 350 �l of Qiagen lysis buffer and was
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stored at –20°C for later RNA extraction and analysis by reverse transcription-quantitative PCR (qPCR). In
addition, infected monolayers were lysed directly from culture plates by adding 350 �l of lysis buffer
from the Qiagen (Valencia, CA) RNeasy kit. Infection and silencing were each confirmed in three
independent experiments with biological duplicates and technical triplicates. Student’s t test was used
in time-of-egress experiments to determine statistical significance. For experiments detailing the expres-
sion profile of SUB1, statistical significance was determined by ANOVA.

Antisense ssRNA design. Antisense single-stranded RNA (ssRNA) sequences of 19 to 29 nucleotides,
targeting different regions of CpSUB1 and CpCDPK5, were designed using RNAfold software (Institute for
Theoretical Chemistry, University of Vienna). All antisense RNAs contained the modifications described
previously (26). Targets were selected by including hairpins and loops in the secondary structure, low GC
counts, a lack of internal repeats, and the distance from the start codon in order to design optimal
antisense RNAs. Single-stranded antisense sequences are listed in Table S2 in the supplemental material.
The target sequences were CDPK5 (ApiDB_CryptoDB: cgd2_1300; NCBI Protein database accession no.
XP_626355.1) and SUB1 (ApiDB_CryptoDB: cgd6_4840; NCBI Protein database accession no. XP_627811.1)
and contained the modifications described previously (26).

Silencing of RNA expression in oocysts. To carry out silencing experiments, we assembled a
silencing complex and transfected it into parasites using a lipid-based transfection system. Purified
recombinant human Argonaute 2 (hAGO2) (250 ng; Sino-Biological, Beijing, China) was coupled with
1 �M single-stranded RNA with assembly buffer (30 mM HEPES [pH 7.4], 150 mM potassium acetate, and
2 mM magnesium chloride [MgCl2]) (26, 38) and incubated at room temperature for 1 h. To encapsulate
the complex, 10 �l of protein transfection reagent (PTR) (Thermo Fisher Scientific, Waltham, MA) was
added to the sample, which was then incubated at room temperature for 30 min. For transfection
experiments, 5 � 105 Cryptosporidium oocysts were added to the sample containing the complexes, and
the mixture was incubated at room temperature for 2 h. While oocysts are relatively impermeable, we
have demonstrated previously by use of fluorescent immunoglobulin or Argonaute that protein trans-
fection reagent facilitates the transfer of large proteins into the oocyst (26). While oocysts are relatively
metabolically inactive, mRNA is continuously produced and is further increased by incubation in vitro at
37°C. Thus, to activate silencing, the transfected parasites were incubated at 37°C for 2 h. To confirm
silencing, �20 ng of total RNA was extracted from the oocysts using the Qiagen (Valencia, CA) RNeasy
kit and was stored at –20°C until further analysis by real-time PCR. Silencing potency was determined in
three independent experiments, each with biological duplicates and technical triplicates. Student’s t test
was used in these experiments to determine statistical significance.

Quantification of egress by flow cytometry. To quantify the egress of merozoites from infected
cells, sporozoites were stained with the vital dye carboxyfluorescein succinimidyl ester (CFSE) at 0.5 �M
prior to infection of the HCT-8 cells (Thermo Fisher Scientific, Waltham, MA). After 24 h of infection, the
supernatants were analyzed by flow cytometry. Sporozoites from approximately 5 � 105 oocysts were
separated from unexcysted oocysts by filtration. HCT-8 cells were infected with sporozoites for 2 h at
37°C to establish a basal infection; then the medium was removed and the monolayer washed once with
�250 �l phosphate-buffered saline (PBS). RPMI medium supplemented with 10% fetal bovine serum
(FBS) was added to cells and incubated for 26 h. To evaluate the effect of silencing on egress, we
quantified the labeled parasites in supernatants from infected cells. For these experiments, 300 �l of
supernatant was collected at 1 h postinfection and then every 2 h starting at 2 h and continuing to 26
h. To quantify parasites in the supernatant, we used flow cytometry to observe stained viable merozoites.
We separated parasites from sloughed-off HCT-8 cells that may have been collected by use of a
3-�m-pore-size filter. Samples were then centrifuged at 8,000 � g for 3 min and were resuspended with
10 �l of 4% paraformaldehyde in water. To add volume, 500 �l of PBS was added to all samples. Samples
containing stained parasites were analyzed by flow cytometry using the Stratedigm SE500 analyzer
(Stratedigm, San Jose, CA). Viable (CFSE-stained) merozoites were quantified using side-scatter (SSC) and
forward-scatter size exclusion to identify positively stained parasites. Samples from two independent
experiments with biological duplicates and technical triplicates were analyzed.

Quantification of merozoites by reverse transcriptase qPCR. The total number of parasites
released into the supernatant was determined by reverse transcriptase qPCR. The controls in these
experiments were wild-type (untreated) and scrambled (treated with nonsense ssRNA) parasites. We
collected supernatants and extracted RNA at 1, 22, 24, and 26 h postinfection. To evaluate silencing
efficiency, we compared the gene expression of SUB1-silenced (ΔSUB1), wild-type (untreated), and
scrambled-ssRNA-treated parasite samples. One hundred nanograms of total RNA was used as a template
with a SuperScript III Platinum SYBR green one-step reverse transcription-qPCR kit (Life Technologies,
Grand Island, NY), The following conditions were used: 55°C for 20 min, 95°C for 5 min, and 40 cycles at
95°C for 15 s and 65°C for 1 min (AB7500 Fast RT-PCR system for 98-well plates). Primers are shown in
Table S1 in the supplemental material. The expression of SUB1 RNA relative to the expression of parasite
lactate dehydrogenase (LDH) (ApiDB_CryptoDB: cgd7_480; NCBI Protein database accession no. XP_628238.1)
RNA in ΔSUB1, scrambled-ssRNA-treated, and wild-type parasites was evaluated using the comparative
cycle threshold method. Furthermore, we also analyzed a second serine protease (ApiDB_CryptoDB:
cgd2_3660; XP_001388237.1 and XM_001388200.1) normalized to parasite LDH. The parasite burden was
determined through quantification of LDH as a parasite housekeeping gene and was compared to a
standard curve prepared from defined numbers of oocysts. All samples were analyzed in triplicate in at
least two independent experiments with biological duplicates. The Student t test was used in these
experiments to determine statistical significance.

Observation of intracellular parasites by confocal microscopy. To evaluate the effect of silencing
SUB1 on the blockage of egress, we determined the number of intracellular organisms at 24 h
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postinfection by confocal microscopy. For these experiments, HCT-8 cells were grown on 22- by 22- by
1.5-mm coverslips until confluent. Sporozoites from 5 � 105 C. parvum oocysts of SUB1-silenced (ΔSUB1)
or wild-type (untreated) parasites were used to infect host cells for 24 h at 37°C under 5% CO2. At the
end of the infection period, the supernatant was removed, and infected monolayers were washed with
PBS, fixed with 10 �l 4% paraformaldehyde (at room temperature for 25 min), and then washed again
with PBS. Cells were permeabilized with 0.1% Triton X-100 in PBS for 5 min, washed three times with PBS,
and stained with 4’,6-diamidino-2-phenylindole (DAPI) (Vectashield Antifade Mounting Medium with
DAPI; Vector Labs, Burlingame, CA). Samples were then visualized using the Zeiss LSM 880 confocal
microscope with Airyscan (Zeiss, Oberkochen, Germany).

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/IAI

.00784-18.
SUPPLEMENTAL FILE 1, PDF file, 0.1 MB.
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