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ABSTRACT Cryptosporidium spp. are apicomplexan parasites of global importance
that cause human diarrheal disease. In vitro culture models that may be used to
study this parasite and that have physiological relevance to in vivo infection remain
suboptimal. Thus, the pathogenesis of cryptosporidiosis remains poorly character-
ized, and interventions for the disease are limited. In this study, we evaluated the
potential of a novel bioengineered three-dimensional (3D) human intestinal tis-
sue model (which we developed previously) to support long-term infection by
Cryptosporidium parvum. Infection was assessed by immunofluorescence assays
and confocal and scanning electron microscopy and quantified by quantitative
reverse transcription-PCR. We found that C. parvum infected and developed in
this tissue model for at least 17 days, the extent of the study time used in the
present study. Contents from infected scaffolds could be transferred to fresh
scaffolds to establish new infections for at least three rounds. Asexual and sexual
stages and the formation of new oocysts were observed during the course of in-
fection. Additionally, we observed ablation, blunting, or distortion of microvilli in
infected epithelial cells. Ultimately, a 3D model system capable of supporting
continuous Cryptosporidium infection will be a useful tool for the study of host-
parasite interactions, identification of putative drug targets, screening of poten-
tial interventions, and propagation of genetically modified parasites.
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Cryptosporidium spp. are apicomplexan parasites of global importance that cause
diarrheal disease in humans and animals worldwide (1, 2). Though immunocom-

petent individuals experience self-limiting or asymptomatic infection, immunocompro-
mised hosts, such as untreated patients with HIV infection or AIDS (3) and malnourished
children (1, 2) in resource-limited settings, may experience severe diarrhea, wasting,
and death. In a recent case-control study, Cryptosporidium was one of four pathogens
responsible for moderate to severe diarrhea in children under the age of 5 years and
was associated with an increased risk of death in children from 1 to 2 years of age in
seven countries in sub-Saharan Africa and South Asia (4). The only FDA-approved drug
for the treatment of cryptosporidiosis is nitazoxanide, a drug with broad antiparasitic
properties (5). However, this drug is not effective in immunocompromised patients (6)
and has not been widely tested in malnourished children in resource-limited countries.
Though significant improvements in water purification methods have occurred (7) since
the outbreak of waterborne cryptosporidiosis in Milwaukee, WI, in 1993 (8), industrial-
ized countries are seeing increased numbers of cases, largely due to recreational water
outbreaks (9).

Unlike many other apicomplexan parasites which often require more than one host
to complete their life cycles (10), Cryptosporidium completes its entire life cycle in a
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single host. Infection begins with the ingestion of oocysts in contaminated water or
food by direct contact with infected humans or animals. In children and immunocom-
promised individuals in resource-limited settings, respiratory cryptosporidiosis may be
transmitted by inhalation (11). Once oocysts reach the upper small intestine, excysta-
tion occurs, releasing four infectious sporozoites (12). These sporozoites glide along the
surface of host cells using actin-dependent motility (13). Following attachment to and
invasion of intestinal epithelial cells, two rounds of merogony (asexual reproduction)
occur. During the first round, six to eight merozoites (14–16) are released into the gut
and propagate infection by reinvading adjacent cells. The second round of merogony
gives rise to four merozoites that continue on to gametogony (sexual replication) (17).
As part of the sexual cycle, microgametes are formed; the microgametes fuse with
macrogamonts during fertilization to form zygotes, which then mature into thick- or
thin-walled oocysts. The thin-walled oocysts can excyst in the intestinal lumen and
reinfect cells (16, 18, 19), while the thick-walled oocysts are excreted and released into
the environment.

A major challenge in Cryptosporidium research is the lack of an in vitro culture
system which supports continuous infection and completion of the life cycle (20). This
has limited our understanding of the mechanisms involved in pathogenesis and
identification of drug targets (21). A number of static two-dimensional (2D) in vitro
culture systems employing primary cells or cell lines grown in monolayers have been
reported to be permissive to infection (reviewed in references 20 and 22; 23, 24).
However, in most of these systems, infection peaks by 3 days, followed by a sharp
decline and incomplete replication (20). None of these systems support infection for
more than 5 days. Until recently, the genetic manipulation of Cryptosporidium spp. had
not been possible. However, even with new advances in the genetic modification of
Cryptosporidium parvum, stable transgenic parasites cannot be selected or propagated
in vitro (25).

Recently, we developed a novel bioengineered three-dimensional (3D) human
intestinal tissue model using silk protein as the scaffolding biomaterial (26). This 3D
porous protein scaffolding system contains a geometrically engineered hollow lumen
with adaptability to both the large and small intestines. These intestinal tissues
demonstrated representative human responses by permitting the continuous accumu-
lation of mucous secretions on the epithelial surface, establishing low oxygen tension
in the lumen, and interacting with gut-colonizing bacteria. The newly developed 3D
intestinal model enabled months-long sustained access to these intestinal functions in
vitro and could be integrated with a multitude of different organ mimics; therefore, it
ensures a reliable ex vivo tissue system for studies in a broad context of human
intestinal diseases and treatments.

Here, we demonstrate the use of this novel 3D bioengineered human intestinal
tissue system as an improved in vitro model to support long-term Cryptosporidium
infection.

RESULTS
C. parvum infection can be maintained in the 3D scaffold model for at least 15

to 17 days. To determine whether the 3D scaffold model (Fig. 1) can support C. parvum
infection, we infected Caco-2 and HT29-MTX cells in the scaffolds with oocysts and
evaluated the presence of intracellular stages by immunofluorescence assay (IFA) and
confocal microscopy using the 4E9 monoclonal antibody (MAb) at various time points.
No staining in uninfected Caco-2 and HT29-MTX cells was observed in the scaffolds (Fig.
2A), confirming the specificity of the antibody. We detected staining (indicating intra-
cellular C. parvum infection) for the entire duration of the time course of the experi-
ments (Fig. 2B to G). We observed distinct areas of infection within the scaffolds rather
than uniform infection throughout the tissue. When we examined Caco-2 and HT29-
MTX cells infected with purified sporozoites in the scaffold model by IFA with MAb 4E9
and confocal microscopy, we detected staining for the duration of the 15-day time
course (Fig. 3A to E). Although the infection patterns were similar to those of Caco-2
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and HT29-MTX cells in scaffolds infected with oocysts, the levels of infection appeared
to be less.

To determine whether C. parvum infection within this model system allowed
completion of the full life cycle of the parasite, we examined sporozoite-infected
scaffolds as well as luminal contents and the culture medium by IFA and confocal
microscopy using an oocyst-specific MAb. Oocysts were not detected in purified
sporozoites by IFA using the same MAb (see Fig. S1 in the supplemental material). We
observed oocysts to be present in or adherent to cells within the scaffold lumen (Fig.
4A to C) as well as in the luminal contents of scaffolds (Fig. 4E to G) and in culture
medium from the wells (Fig. 4I to K). No oocysts were observed in the purified
sporozoite inoculum used for infection (Fig. S1) or in the lumen or medium of

FIG 1 Schematic of the fabrication process, cell seeding strategy, and C. parvum infection process for the 3D human intestinal model. (A
and B) Silk cocoons (A) were regenerated into a 4 to 5% (wt/vol) viscous silk solution (B). (C) The silk solution was poured into PDMS molds,
and a Teflon-coated stainless steel wire was inserted through the cross section of the cylinder to develop a hollow channel. (D and E)
Caco-2 and HT29-MTX cells (D) were seeded into the hollow channel (E), while the porous bulk space was used to house H-InMyoFibs.
(F) The Caco-2 and HT29-MTX cells in the scaffolds were infected with C. parvum oocysts or purified sporozoites, and intracellular
development was allowed to proceed through asexual and sexual cycles to complete the life cycle with the formation of oocysts.
(Republished from reference 21 with permission of the publisher as well as from Scientific Reports [26].)

FIG 2 IFA and confocal microscopy of Caco-2 and HT29-MTX cells in scaffolds at various time points
during infection with C. parvum oocysts. The infected scaffolds were fixed, permeabilized, and stained
with MAb 4E9. Uninfected scaffolds (A) and infected scaffolds obtained at 1 day (B), 2 days (C), 3 days (D),
8 days (E), 11 days (F), and 17 days (G) postinfection are shown.
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uninfected controls (Fig. 4D, H, and I), as determined using the same oocyst-specific
MAb.

C. parvum infection levels are maintained in the 3D scaffold model for at least
15 to 17 days. Though microscopy can provide qualitative information about infection,
a more precise means of quantification of live parasites is necessary to validate the
model system. We quantified cDNA (derived from RNA) rather than DNA to obtain a
more accurate representation of viable parasites, as C. parvum 18S rRNA degrades
rapidly, within 3 h after parasite death (27, 28). The results for the controls, consisting
of either no reverse transcriptase or no template, were negative.

Although the C. parvum levels initially declined over the course of infection, infec-
tion levels remained relatively stable thereafter for the duration of the infection in the
3D scaffold model infected with oocysts (Fig. 5A). Although the infection levels in the
model inoculated with purified sporozoites were less than those in the model infected
with oocysts, the level of infection was relatively stable for the 15-day time course (Fig.
5B). It should be noted that these data only account for parasites present within the

FIG 3 IFA and confocal microscopy of Caco-2 and HT29-MTX cells in scaffolds infected with purified C.
parvum sporozoites at various time points. Following infection, scaffolds were fixed, permeabilized, and
stained with MAb 4E9. (A) Infected scaffolds at 5 days postinfection; (B) infected scaffolds at 10 days
postinfection; (C) infected scaffolds at 15 days postinfection; (D) uninfected control scaffolds.

FIG 4 IFA and confocal microscopy of oocyst production following infection with purified C. parvum sporozoites
at various time points. (A to C) Oocysts within scaffolds; (E to G); oocysts within luminal material; (I to K) oocysts
within culture medium; (D, H, L), uninfected controls. At each time point, scaffolds or material from the lumen or
culture medium was fixed, permeabilized, and stained with an oocyst-specific MAb (Crypt-a-Glo).
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lumen and cells within the scaffold. They do not account for any parasites that may
have been released into the culture medium.

C. parvum asexual and sexual stages are visualized in the 3D scaffold model by
SEM. To examine which intracellular stages were present during infection, we analyzed
infected Caco-2 and HT29-MTX cells in the 3D scaffold model by scanning electron
microscopy (SEM). We observed densely packed microvilli with continuous brush
borders in the uninfected Caco-2 and HT29-MTX cells (Fig. 6A). In contrast, we observed
blunting, distortion, or ablation of the microvilli in infected areas (Fig. 6B to E),
characteristic of infection in vivo (29). In the scaffold model infected with oocysts,
intracellular stages, including those involved in asexual replication, were observed
throughout infection. We were able to identify type I meronts (Fig. 6B to E) and empty
parasitophorous vacuoles (Fig. 6B).

In sporozoite-infected scaffolds, intracellular stages, including those involved in
asexual and sexual replication, were observed throughout infection by SEM. We were
able to identify trophozoites (Fig. 7A), early type I merozoites invading host cells (Fig.
7B), type I meronts excysting (Fig. 7C to F), merozoites (Fig. 7F to G), and macrogamonts
(Fig. 7H and I).

C. parvum can be passaged from an infected to a fresh 3D scaffold model. To
determine whether this model system could support continuous infection by C. par-
vum, we inoculated Caco-2 and HT29-MTX cells in fresh scaffolds with luminal contents
from infected cells in scaffolds after 3 days and analyzed the infection by IFA and
confocal microscopy with MAb 4E9 staining as well as by SEM. We found that the
luminal contents from infected Caco-2 and HT29-MTX cells in the scaffold model could
be transferred to these cells in fresh scaffolds to establish new infections for at least
three passages (Fig. 8).

FIG 5 Quantification of C. parvum infection with oocysts (A) and purified sporozoites (B) in scaffolds by
qRT-PCR. At the indicated times, the luminal contents and infected cells were harvested and infection
was quantitated by qRT-PCR. Results are expressed as number of copies of C. parvum 18S cDNA obtained
from a standard curve. Bars represent the means from six replicates with standard errors of the means.
In panel A, P was �0.006 for day 1 compared to days 14 and 17 and P was �0.05 for day 2 compared
to days 14 and 17. In panel B, P was �0.0005 for day 1 compared to day 10.

FIG 6 Scanning electron micrographs of C. parvum oocyst-infected Caco-2 and HT29-MTX cells in scaffolds. (A) Uninfected cells; (B) type I meronts (thick arrows)
and empty parasitophorous vacuoles (thin arrows) on day 3; (C and D) type I meronts containing eight merozoites on day 3 (the images are enlargements of
the image in panel B); (E) a type I meront excysting on day 2.
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DISCUSSION

The pathogenesis of cryptosporidiosis remains poorly characterized, in part due to
the lack of in vitro, ex vivo, or in vivo models which recapitulate human intestinal
structure, function, and disease. The need for such systems is paramount to advancing
our understanding of Cryptosporidium-host interactions, which will aid in developing
effective interventions.

In this study, we showed that the novel bioengineered 3D human intestinal model
system was able to support C. parvum infections for at least 15 days. Since we have
previously shown that this 3D human intestinal model system can be stably maintained

FIG 7 Scanning electron micrographs of C. parvum sporozoite-infected scaffolds. (A) A trophozoite on day 5; (B)
early penetration of type I merozoites on day 1; (C to E) type I meronts excysting on days 5 (C and D) and 2 (E);
(F and G) free merozoites on day 5; (H and I) macrogamonts on day 3.

FIG 8 C. parvum can be passaged from an infected scaffold to an uninfected one to establish a new infection. (A
to C) Following infection, scaffolds were fixed, permeabilized, and stained with MAb 4E9. Images are from 3 days
after the first passage (A), second passage (B), or third passage (C). (D) Scanning electron micrograph of a C.
parvum-infected scaffold at 3 days after the first passage.
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for at least 8 weeks in culture (26), we anticipate that infections could be supported for
durations longer than those demonstrated in the present work. We have also shown
that it is possible to passage C. parvum from an infected scaffold to a fresh one for at
least 3 cycles, something that has not been shown in previous studies (25). To our
knowledge, this study demonstrates the longest continuous C. parvum infection in a
static in vitro culture model. In addition, although this model has been shown to
support infection by the bacterial pathogen Yersinia pseudotuberculosis and coculture
with the commensal Lactobacillus rhamnosus (26), this is the first report of infection by
a protozoan pathogen in this bioengineered 3D model.

This 3D model has specific features not present in previously reported 2D models
which may contribute to the longer duration of infection. The 3D architecture of the silk
scaffold system with a geometrically engineered hollow lumen allows seeding of
Caco-2 and HT29-MTX cells circumferentially on the surface of the lumen and recapit-
ulates the structure of the human small intestine. Two types of intestinal epithelial cells
which are routinely used in coculture for intestinal model systems (30), cells of the
Caco-2 and the HT29-MTX cell lines, which are differentiated for 2 weeks in situ, are
included, resulting in enterocyte-like and goblet cell-like cells, respectively. These cells
grow as highly polarized monolayers characterized by microvilli with continuous brush
borders and the formation of tight junctions, identified by zonula occludens protein 1
(ZO-1) immunostaining (26), in the scaffold lumen. Biomarkers of the functional activity
of enterocytes, such as alkaline phosphatase and sucrose isomaltase, as well as robust
mucus secretion, identified by MUC-2 immunostaining and alcian blue staining, confirm
that this model recapitulates human intestinal epithelial cell function. In addition,
primary human intestinal myofibroblasts (H-InMyoFibs) expressing the Sm22� bio-
marker are injected via hollow channels into the porous bulk space of the scaffolds,
where they secrete cytokines and growth factors which support the growth, differen-
tiation, and expansion of human Caco-2 cells and HT29-MTX cells (31).

A major advantage of the 3D system over 2D models is the ability to generate
depth-graded oxygen profiles in the luminal direction, with the lowest oxygen tensions
being identified in the most distal regions, which recapitulates the proximal region-
to-distal region decrease in luminal oxygen tension along the gastrointestinal tract (26).
This is important, since Cryptosporidium is a microaerophilic/anaerobic organism (32)
which preferentially colonizes the terminal ileum, which has a low-oxygen environ-
ment.

We identified both asexual and sexual stages of the parasite by SEM in Caco-2 and
HT29-MTX cells in the 3D model system. We did not observe oocysts in the system by
SEM, possibly because they were dislodged during processing. However, we observed
oocysts present within the scaffold, in the luminal material, as well as in the culture
medium by IFA and confocal microscopy utilizing an oocyst-specific MAb. This dem-
onstrates that this model is capable of supporting the full life cycle of C. parvum.

The lower levels of infection obtained when the scaffolds were infected with
isolated sporozoites versus oocysts is not surprising, given that this has been demon-
strated previously, where a decrease in infectivity of 65% between infection with
oocysts and infection with purified sporozoites was shown (24). It should also be noted
that we analyzed only the luminal and scaffold contents and not the surrounding
culture medium, which was changed every other day, for quantitative reverse
transcription-PCR (qRT-PCR)-based quantification. Previous studies have observed free
merozoites in culture as soon as 48 h postinfection (33).

Recently, there have been reports of improved in vitro culture systems for C. parvum.
An organoid-type culture of HCT-8 cells in a low-shear microgravity environment was
shown to support C. parvum infection (34). A culture system using primary intestinal
epithelial cells isolated from jejunal tissue obtained during gastric bypass surgery was
reported to support C. parvum infection for 5 days, with the production of oocyst-like
structures being detected in the culture supernatant (23). While this was an improve-
ment on previous in vitro methods, which have largely relied on the use of transformed
cell lines grown in a monolayer (20), supplementation of the culture medium with both
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growth factors and antiapoptotic molecules was required. Additionally, the infectious
dose of oocysts was restricted to small amounts, as a previous study showed that a
larger inoculum resulted in poor infection levels and increased cell death (35). A
non-carcinoma-derived human small intestinal cell line, FHs 74 Int, was also reported to
support C. parvum infection at higher levels than other cell lines (24). However, these
cells cannot be propagated for longer than 12 passages, and infection was carried out
for only 48 h.

More recently, Morada et al. developed a culture system employing a hollow fiber
technology with HCT-8 cells surrounding hollow fibers (36). This system allowed the in
vitro production of C. parvum oocysts for 6 months but required specialized equipment
to actively pump in nutrients and remove waste products. Although this system
provides a unique method for continuous propagation, it is not easily scaled to use as
an experimental system for testing a variety of conditions and/or time points or for
drug screening. On the other hand, the small-scale 3D model that we used is not
conducive to the propagation of large numbers of oocysts but does allow investigation
of various host-parasite interactions and rapid drug screening.

There are a few limitations to the bioengineered silk 3D human intestinal model for
C. parvum infection. The small scale of this 3D model system makes it more suited to
investigation of C. parvum-host cell interactions, identification of putative drug targets,
and, possibly, propagation of transgenic parasites than to large-scale propagation.
Additionally, like most other in vitro culture models for C. parvum, this system employs
transformed cancer-derived intestinal epithelial cells rather than primary human cells.
Ongoing studies are directed at using primary human cells in the tissue systems and at
improving the model using microfluidic approaches, incorporating peristaltic and flow
conditions as well coculture with autologous immune cells and gut microbiota.

MATERIALS AND METHODS
Generation of 3D silk scaffolds. 3D silk scaffolds were prepared as described previously (26). Briefly,

silk fibroin was extracted from Bombyx mori silkworm cocoons. To prepare silk scaffolds with hollow
channels, special cylindrical molds were cast from polydimethylsiloxane (PDMS; Down Corning, Midland,
MI). PDMS was prepared by mixing the base reagent with the curing reagent in a mass ratio of 10:1. The
cylindrical PDMS molds consisted of a Teflon-coated stainless steel wire (diameter, 2 mm; McMaster-Carr)
inserted through the cross section of the cylinder to develop a hollow channel in the silk scaffold. Finally,
4 to 5% (wt/vol) viscous silk solution was poured into the PDMS molds. The molds were frozen at �20°C
overnight and then transferred to a lyophilizer for drying. The dried silk scaffolds were then autoclaved
to induce the �-sheet conformation (insolubility in water), soaked in distilled water overnight, and
trimmed along the axis of the hollow channel into a cuboid 5 by 5 by 8 mm. The fabrication method
resulted in a scaffold consisting of a hollow channel space (diameter, 2 mm) and a bulk space around the
channel that contained interconnected pores (Fig. 1).

Cell seeding on 3D silk scaffolds. Cells of the human colon cancer-derived intestinal epithelial cell
lines Caco-2 (CRL-2102) and HT29-MTX were obtained from ATCC (Manassas, VA) and the Public Health
England Culture Collections (Salisbury, Great Britain), respectively. Both Caco-2 and HT29-MTX cells were
grown in Dulbecco modified Eagle medium (DMEM; Gibco, Waltham, MA) supplemented with 10% fetal
bovine serum, 10 �g/ml human transferrin (Gibco), 100 U/ml penicillin, 100 �g/ml streptomycin, and 0.25
�g/ml amphotericin B (Gibco). Primary human intestinal myofibroblasts (H-InMyoFibs) were purchased
from Lonza (Walkersville, MD) and cultured in smooth muscle growth medium (SMGM; SmGM-2 BulletKit
medium; Lonza, Walkersville, MD). Cells were maintained at 37°C in a humidified atmosphere with 5%
CO2 and harvested with 0.25% trypsin-EDTA (Gibco) prior to seeding. The hollow channel of the 3D
scaffolds was used to accommodate Caco-2 and HT29-MTX cells, while the porous bulk space was used
to house the H-InMyoFibs. Gels containing a 10% cell suspension of H-InMyoFibs (in 10% DMEM [Gibco]),
10% 10� DMEM (Sigma-Aldrich, St. Louis, MO), and 80% type I rat tail collagen (2.01 mg/ml; First Link,
Birmingham, UK) were delivered into the spongy silk scaffolds with the Teflon-coated stainless steel wires
in place to leave the hollow channel open for the seeding of Caco-2 and HT29-MTX cells (Fig. 1D and E).
After 20 to 25 min of gelation at 37°C, the Teflon-coated stainless steel wires were carefully removed from
the scaffolds. After that, the hollow channels were seeded with the Caco-2/HT29-MTX cells (3:1) at a
density of 4 � 106 cells/ml. Seeded scaffolds were incubated at 37°C for 1 h and then flipped down and
incubated for an additional 1 h. During the incubation, a small amount of SMGM was dripped onto the
scaffolds to keep them moistened. Seeded scaffolds were incubated in 12-well plates with culture
medium (complete DMEM and SMGM at a 1:1 ratio) and incubated for 2 weeks (with the medium being
changed every other day) at 37°C in 5% CO2 prior to infection with C. parvum.

C. parvum. C. parvum (Iowa isolate) oocysts were obtained from Bunch Grass Farm, Deary, ID.
Oocysts were stored in sterile phosphate-buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 10 mM
Na2HPO4, 1.8 mM KH2PO4, pH 7.4) supplemented with 1,000 IU penicillin and 1,000 �g streptomycin at
4°C and used within 2 months of isolation.
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Preparation of C. parvum oocysts for infection. Prior to use, oocysts were surface sterilized with
10% (vol/vol) sodium hypochlorite on ice for 10 min. The oocysts were washed once by centrifugation
with 1 ml sterile PBS and then incubated in 0.75% (vol/vol) sodium taurocholate solution in PBS at 15°C
for 15 min and washed again in sterile PBS, prior to being resuspended in culture medium before
infection. All centrifugation steps were performed at 10,000 � g for 2 min at 4°C.

Isolation of C. parvum sporozoites. Purified sporozoites were obtained by excysting hypochlorite-
and taurocholate-treated oocysts in sterile PBS for 1 h at 37°C, followed by filtration through a
3-�m-pore-size filter (EMD Millipore, Billerica, MA) to remove intact oocysts and oocyst shells. Routinely,
excystation rates of �80% were observed. Purified sporozoites were centrifuged at 16,000 � g for 5 min
at 4°C and resuspended in culture medium. Aliquots were spotted on poly-L-lysine-coated 8-well slides
(Sigma, Waltham, MA). Dried spots were fixed with ice-cold methanol for 30 min at room temperature,
washed with PBS, and then stained with an oocyst-specific MAb (Crypt-a-Glo; Waterborne, Inc., New
Orleans, LA) for 30 min at room temperature or an MAb specific for sporozoites and intracellular stages
(Sporo-Glo; Waterborne, Inc.) for 30 min at room temperature. A drop of No-Fade mounting medium
(Waterborne, Inc., New Orleans, LA) was placed on each well before it was sealed with a coverslip. Slides
were imaged by differential interference contrast (DIC) or fluorescence using a Zeiss Axio Imager Z.1
fluorescence microscope at �100 magnification.

C. parvum infection of 3D scaffold model with oocysts. The Caco-2 and HT29-MTX cells in the
scaffolds were infected by inoculating 106 hypochlorite- and taurocholate-treated oocysts into the lumen
and incubated at 37°C in 5% CO2 for 2 h in 10-cm plates without culture medium to allow the excystation
of oocysts and invasion by sporozoites. The scaffolds were then placed in 12-well plates with culture
medium and incubated for 1 to 17 days at 37°C in 5% CO2. For passaging, at 3 days postinfection, the
luminal contents from infected scaffolds were harvested by aspiration using a pipette, concentrated by
centrifugation at 16,000 � g for 2 min at 4°C, and used to infect new scaffolds. The medium was changed
every other day for continuous infection and for passaging.

C. parvum infection of 3D scaffold model with purified sporozoites. Purified sporozoites (4 � 106)
were inoculated into the lumen of the scaffolds, which were incubated at 37°C in 5% CO2 for 2 h in 10-cm
plates without culture medium to allow invasion. After incubation, the scaffolds were placed in 12-well
plates with culture medium and incubated for 1 to 15 days at 37°C in 5% CO2.

Immunofluorescence assay (IFA) and confocal microscopy. At each time point, the scaffolds were
removed from the medium and fixed in 4% paraformaldehyde for 30 min at room temperature. The
scaffolds were cut in half along the longitudinal axis to allow better exposure of the luminal surfaces.
Fixed scaffolds were permeabilized in 0.1% Triton X-100 in PBS at room temperature for 15 min, and
nonspecific binding was blocked with 5% normal goat serum (NGS; Atlanta Biologicals, Flowery Branch,
GA) in PBS or 1% bovine serum albumin (BSA; Thermo Fisher, Waltham, MA) in PBS at 4°C overnight. The
scaffolds were incubated with 4E9, an MAb to a glycan epitope on C. parvum invasive and intracellular
stages (37), at room temperature for 1.5 h, followed by incubation with Alexa Fluor 488-conjugated goat
anti-mouse IgM (Molecular Probes/Thermo Fisher Scientific, Waltham, MA) at room temperature for 1.5
h or with Crypt-a-Glo at room temperature for 1.5 h. The scaffolds were then counterstained with
4=,6-diamidino-2-phenylindole (DAPI; Invitrogen) at room temperature for 30 min. Just prior to imaging,
each half was cut in half again and placed luminal side down (facing the objective) on a glass coverslip.
All scaffolds were imaged using a Nikon Eclipse Ti confocal microscope at �20 magnification.

IFA of luminal contents and culture medium. At each time point, the luminal contents and culture
medium from wells containing scaffolds were collected by aspiration and concentrated by centrifugation
at 16,000 � g for 3 min at 4°C. The resultant pellet was resuspended in sterile PBS, and aliquots were
spotted on poly-L-lysine-coated 8-well slides. Dried spots were fixed with ice-cold methanol for 30 min
at room temperature, stained with DAPI for 5 min, washed with PBS, and then stained with Crypt-a-Glo
for 30 min at room temperature. The slides were mounted as described above for purified sporozoites
and imaged using a Zeiss Axio Imager Z.1 fluorescence microscope at �100 magnification.

Scanning electron microscopy (SEM). Infected and uninfected scaffolds were fixed in 0.5% glutar-
aldehyde (Sigma, Waltham, MA), followed by progressive dehydration in a graded series of ethanol (30%,
50%, 75%, and 95% ethanol and twice in 100% ethanol for 30 min at each concentration). The samples
were subsequently dried by critical point drying with a liquid CO2 dryer (AutoSamdri-815; Tousimis
Research Corp.), coated with 5 nm platinum-palladium using a sputter coater (208HR; Cressington
Scientific Instruments Inc., Cranberry Township, PA), and imaged using a Zeiss UltraPlus or Zeiss Ultra 55
scanning electron microscope (Carl Zeiss SMT Inc.) at a voltage of 2 to 3 kV. Previously published studies
showing scanning electron micrographs of C. parvum were used as a reference (14, 38) to identify the
various developmental stages.

Extraction of RNA from scaffolds. At each time point, the luminal contents were aspirated from
each scaffold and reserved. A 0.25% trypsin-EDTA solution was added to the lumen, and the scaffold was
incubated at 37°C for 10 min. Luminal contents were collected, the scaffold was flipped 180°, and
trypsinization was repeated. All reserved contents were combined, and the mixture was centrifuged at
10,000 � g for 2 min at 4°C. RNA was extracted from the pellet using an RNeasy Plus minikit (Qiagen,
Valencia, CA). RNA was extracted (from three infected scaffolds for infection with oocysts and two
infected scaffolds for infection with sporozoites) at each time point and pooled. Contaminating genomic
DNA was removed by treatment with a Turbo DNA-free kit (Ambion, Waltham, MA).

Quantification of C. parvum infection by qRT-PCR. Five nanograms of RNA, quantified by use of
a NanoDrop spectrophotometer (Thermo Fisher, Waltham, MA), was used to synthesize cDNA using a
high-capacity reverse transcription kit (Applied Biosystems, Foster City, CA). Quantitative reverse
transcription-PCR (qRT-PCR) was then performed using C. parvum 18S rRNA gene-specific primers (27)
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and QuantiTect SYBR green master mix (Qiagen). Quantitative PCRs (qPCRs) were performed in 96-well
plates using an Mx3000P qPCR system (Agilent Technologies, Santa Clara, CA). Briefly, the reaction
mixtures were heated to 95°C for 15 min and then subjected to 40 thermal cycles (94°C for 30 s, 52°C for
30 s, and 72°C for 30 s) of PCR amplification. After amplification, melting curve analysis was performed
at temperatures of between 55 and 95°C to assess the specificity of the reactions. Three replicate
reactions were performed for each sample, and the qPCR assay was repeated twice for a total of 6
technical replicates. Assays with a coefficient of variation (CV) of greater than 15% between replicates
were repeated. 18S cDNA copy numbers were determined by comparison with a standard curve
obtained by qPCR of DNA extracted from 102 to 107 oocysts using a QIAamp DNA minikit (Qiagen) as
described previously (33, 39). Since each C. parvum genome contains 5 copies of the 18S rRNA gene (40)
and each oocyst contains 4 sporozoites, the oocyst number was multiplied by 20 to obtain the
approximate total number of 18S ribosomal cDNA copies.

Statistical analysis. Statistical analyses were performed in GraphPad Prism software (version 7 for
Windows; GraphPad Software, San Diego, CA) using the Kruskal-Wallace test followed by the Dunn’s
multiple-comparison test. P values of �0.05 were considered significant.
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