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ABSTRACT Cryptosporidium, a protozoan parasite that infects the gastrointestinal
epithelium and other mucosal surfaces in humans and animals, is an important op-
portunistic pathogen in AIDS patients and one of the most common enteric patho-
gens affecting young children in developing regions. This parasite is referred to as a
“minimally invasive” mucosal pathogen, and epithelial cells play a central role in ac-
tivating and orchestrating host immune responses. We previously demonstrated that
Cryptosporidium parvum infection stimulates host epithelial cells to release exo-
somes, and these released exosomes shuttle several antimicrobial peptides to carry
out anti-C. parvum activity. In this study, we detected the upregulation of inflamma-
tory genes in the liver and spleen following C. parvum intestinal infection in neona-
tal mice. Interestingly, exosomes released from intestinal epithelial cells following C.
parvum infection could activate the nuclear factor kappa B signaling pathway and
trigger inflammatory gene transcription in isolated primary splenocytes. Several epi-
thelial cell-derived proteins and a subset of parasite RNAs were detected in the exo-
somes released from C. parvum-infected intestinal epithelial cells. Shuttling of these
effector molecules, including the high mobility group box 1 protein, was involved in
the induction of inflammatory responses in splenocytes induced by the exosomes
released from infected cells. Our data indicate that exosomes released from intesti-
nal epithelial cells upon C. parvum infection can activate immune cells by shuttling
various effector molecules, a process that may be relevant to host systemic re-
sponses to Cryptosporidium infection.
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Cryptosporidium is an obligate intracellular protozoan parasite that infects the gas-
trointestinal epithelium and other mucosal surfaces in humans and animals (1, 2).

Immunosuppressed individuals, particularly AIDS patients with a late diagnosis or
without access to highly active antiretroviral therapy, are extremely susceptible to
Cryptosporidium infection (3, 4). Cryptosporidium is also a common cause of diarrhea in
young children in developing countries (5). Cryptosporidium attaches to the apical
membrane surface of epithelial cells and forms an intracellular but extracytoplasmic
vacuole in which the organism remains and develops (4). Due to this minimally invasive
feature of Cryptosporidium infection, epithelial cells play a central role in activating and
orchestrating host immune responses (6).

The invasion of intestinal epithelial cells by Cryptosporidium parvum in vitro activates
Toll-like receptor 4 (TLR4) and nuclear factor kappa B (NF-�B) signaling, resulting in the
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production and secretion of various cytokines, chemokines, and antimicrobial peptides
(7, 8). Interferon gamma (IFN-�) is key to the mucosal innate anti-C. parvum defense (9),
but acquired resistance requires T cells with the �/�-type T-cell receptor (10). Infiltration
of natural killer cells, macrophages, and other immune cells has been identified at the
site of infection. Activation of these immune cells may facilitate the epithelial anti-C.
parvum defense through direct and/or indirect effects on the production of IFN-� (6, 7).
In addition, although Cryptosporidium infection is limited to the intestinal mucosal
surface, a mild systemic inflammatory response, evident by the induction of inflamma-
tory genes in extraintestinal tissues, has been reported in previous studies (11, 12).
Therefore, cell-cell communication between infected epithelial cells (mainly entero-
cytes) and immune cells is essential to mucosal antimicrobial immunity. Nevertheless,
current understanding of the underlying molecular mechanisms is very limited.

Intestinal epithelial cells can sense the environment of the intestinal lumen and
transmit essential signals to cells in the underlying gastrointestinal mucosa. One
characteristic of mucosal immunity is that infection at the primary infection site can
initialize the activation of a defense response at all the mucosal surface sites (13). Upon
C. parvum infection, intestinal epithelial cells quickly initiate a series of innate immune
reactions, including production of antimicrobial molecules and release of inflammatory
chemokines/cytokines (14, 15). These chemokines/cytokines of epithelial cell origin may
mobilize and activate immune effector cells to the infection sites (6). Exosomes are
extracellular vesicles, about 100 nm in diameter, derived from all types of cells (16).
Exosomes can shuttle various molecules and function as bioactive vesicles to promote
cell-cell communication and immunoregulation (17–20). Exosomes derived from gas-
trointestinal epithelial cells can modulate lymphocyte immune responses in vitro
(21–23).

We previously demonstrated that C. parvum infection stimulates host epithelial cells
to release exosomes through activation of TLR4/NF-�B signaling (24). Released exo-
somes shuttle several antimicrobial peptides, can bind to C. parvum sporozoites, and
exhibit anti-C. parvum activity (24). In this study, we further investigated the involve-
ment of epithelial cell-derived exosomes in host immune responses to Cryptosporidium
infection. Our data indicate that exosomes released from intestinal epithelial cells upon
C. parvum infection can activate immune cells by shuttling various effector molecules,
a process that may be relevant to the activation of mucosal and systemic immunity
against Cryptosporidium infection.

RESULTS
Induction of inflammatory genes in the liver and spleen following C. parvum

intestinal infection in neonatal mice. Because adult immunocompetent mice are
resistant to infection (25), a well-developed infection model of cryptosporidiosis in
neonatal mice (26, 27) was used for our in vivo experiments. We measured the
expression levels of several inflammatory genes in the liver and spleen of the animals
following oral gavage of C. parvum oocysts. C. parvum parasites were detected using
immunofluorescent staining in the villus regions of the ileum of infected animals at 48
and 72 h after C. parvum oocyst administration (Fig. 1A). A mild inflammatory infiltra-
tion with a shorter height of the villi and an expansion of the crypt region was observed
in the ileal epithelium of the mice after C. parvum infection (Fig. 1A to C). These cells
in the crypt regions of infected animals showed a strong straining for Ki67 (a marker of
proliferating cells) (Fig. 1C). Consistent with results from previous studies (14, 28), the
upregulation of inflammatory genes, such as those for colony-stimulating factor 2
(Csf2), inducible nitric oxide synthase 2 (Nos2), interleukin 10 (Il-10), and C-X-C motif
chemokine ligand 2 (Cxcl2), in the intestinal epithelium of infected animals compared
with their expression in the intestinal epithelium of the noninfected control mice was
detected (Fig. 1D). No parasite was detected in the liver or spleen of the infected
animals using immunofluorescent staining (data not shown). Hematoxylin and eosin
(HE) staining revealed no obvious morphological changes in the liver or spleen tissues
from the infected animals compared with those from the noninfected controls (Fig. 1E).
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FIG 1 Inflammatory responses in the liver and spleen following C. parvum intestinal infection in neonatal
mice. (A) C. parvum (CP) parasites were detected, using immunofluorescent staining, in the villus regions

(Continued on next page)
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Nevertheless, we detected a significant induction of the Cxcl2, Il-10, and Ifn-� genes in
the liver and spleen tissues of infected animals (Fig. 1F), although the levels of Cxcl2 and
Il-10 induced in the liver and spleen tissue were much less than those induced in the
infected ileal epithelium.

Induction of inflammatory genes in splenocytes after incubation with superna-
tants of C. parvum-infected intestinal epithelial cell cultures. To explore the underly-
ing mechanisms of extraintestinal inflammatory responses during Cryptosporidium
infection, we asked whether the supernatants of infected cells could trigger inflamma-
tory gene expression in splenocytes. Nonmalignant murine intestinal epithelial (IEC4.1)
cells (29) were exposed to C. parvum infection for 24 h, and supernatants were
collected. Primary splenocytes were isolated from mice, and they were highly respon-
sive to lipopolysaccharide (LPS) stimulation, showing a significant increase in the
expression levels of the Cxcl2 and Nos2 genes following LPS stimulation (see Fig. S1 in
the supplemental material). A significant increase in the expression levels of Ifn-�, Nos2,
and Cxcl2 (Fig. 2A), as well as those of Il-10, the gene for interleukin 25 (Il-25), and the
gene for interleukin 33 (Il-33) (Fig. S2), was detected in splenocytes after incubation in
RPMI medium with the addition of supernatant medium from infected IEC4.1 cell
cultures compared with that in splenocytes incubated with RPMI medium with the
addition of supernatants from noninfected IEC4.1 cells. Of note, an increase in the
expression levels of the Ifn-� and Cxcl2 genes was also detected in cells after incubation
in RPMI medium with the addition of supernatant from noninfected IEC4.1 cells
compared with that after incubation in the RPMI medium control (Fig. 2A), presumably
due to stimulation by potential effector molecules, such as cytokines, released from the
noninfected cells into the supernatants. No significant increase in the expression level
of the gene for tumor necrosis factor alpha (TNF-�) was detected between cells after
incubation with the addition of supernatants from noninfected cell cultures and after
incubation with the addition of supernatants from infected IEC4.1 cell cultures (Fig. 2A).

Following infection, a panel of cytokines and chemokines was induced and secreted
into the supernatants (7, 8). In our previous studies (24), we demonstrated an increase
in exosome release from intestinal epithelial cells following Cryptosporidium infection.
We then asked whether removal of epithelial cell-derived exosomes from the condi-
tional medium could block the associated inflammatory response in splenocytes.
Indeed, a significant inhibition of the inflammatory responses in the splenocytes,
reflected by the expression levels of the Ifn-�, Nos2, and Cxcl2 genes, was detected after
incubation with the conditional medium following removal of exosomes by ultracen-
trifugation (Fig. 2B).

Release of exosomes to the supernatants from cultured host epithelial cell cul-
tures following C. parvum infection. Due to their small size (30 to 90 nm), exosomes are
neither visible by confocal microscopy nor reliably detectable by flow cytometry (17,
18). Using an immunomagnetic isolation approach (21), we isolated highly purified
exosomes from epithelial cell cultures with and without C. parvum infection. These
exosomes were cup-shape membrane vesicles with a diameter of 40 to 100 nm under
scanning and transmission electron microscopy (Fig. 3A) and positive for exosome
markers CD63 antigen (CD63) and tumor susceptibility gene 101 (Tgs101) (30, 31) by
immunogold staining (Fig. 3B) or Western blotting for CD63 (Fig. 3C). No obvious

FIG 1 Legend (Continued)
of the ileum of infected animals at 48 and 72 h after C. parvum oocyst administration. (B) A shorter height
of the villi, an expansion of the crypt region, and a mild inflammatory infiltration were observed in the
ileal epithelium of mice after C. parvum infection. (C) Strong straining for Ki67 (a marker of proliferating
cells) was detected in these cells in the crypt regions of infected animals. (D) Upregulation of the Csf2,
Nos2, Il-10, and Cxcl2 genes was detected in the intestinal epithelium of infected animals compared with
their expression in the intestinal epithelium of the noninfected control by using real-time PCR analysis.
(E) No obvious morphological changes of liver and spleen tissues from the infected animals compared
with those from the noninfected controls were observed by HE staining. (F) Induction of Cxcl2, Il-10, and
Ifn-� genes in the liver and spleen tissues of infected animals compared with that in the tissues of the
noninfected controls determined by using real-time PCR analysis. Data represent the means � SEs from
3 independent experiments. *, P � 0.01 by ANOVA versus noninfected control. Bars � 50 �m.
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difference in the morphological characteristics was observed in exosomes isolated from
the cell cultures with and without C. parvum infection (data not shown). Nanoparticle
tracking analysis of these isolated exosomes showed a peak size of about 100 nm,
characteristic of exosomes (24), and revealed a higher concentration of exosomes from
IEC4.1 cell cultures after C. parvum infection (Fig. 3D). Of note, the concentration scores
for exosomes from noninfected and infected monolayers in Fig. 3D are different.

Induction of inflammatory genes in splenocytes following incubation with exo-
somes released from C. parvum-infected intestinal epithelial cells. We then asked
whether exosomes released from C. parvum-infected intestinal epithelial cells can
activate inflammatory responses in splenocytes. We isolated splenocytes and incubated
them for 48 h with medium containing exosomes released from IEC4.1 cells with or
without C. parvum infection. The expression levels of selected inflammatory genes were
significantly higher in splenocytes after incubation with the exosomes released from C.
parvum-infected IEC4.1 cells than in cells after incubation with the exosomes released
from noninfected IEC4.1 cells (Fig. 4A). We also observed the activation of the NF-�B
signaling pathway, reflected by the degradation of I�B�, in splenocytes after incubation
with the exosomes from C. parvum-infected IEC4.1 cell cultures (Fig. 4B). Complemen-
tarily, an increase in inflammatory gene expression and activation of NF-�B signaling
were also detected in murine monocyte macrophages (RAW 264.7 cells) after incuba-
tion with the exosomes from C. parvum-infected IEC4.1 cell cultures (Fig. S3).

FIG 2 Induction of inflammatory responses in splenocytes after incubation with supernatants of C. parvum-infected
intestinal epithelial cell cultures and its association with exosome release. (A) Expression levels of inflammatory genes in
splenocytes following incubation with supernatants from infected cell cultures. *, P � 0.05 by ANOVA versus incubation
with RPMI medium; #, P � 0.05 by ANOVA versus RPMI incubation with supernatant from noninfected cells. (B) Expression
levels of inflammatory genes in splenocytes following incubation with supernatants from infected cell cultures after
removal of exosomes. *, P � 0.05 by ANOVA versus RPMI incubation with supernatants from noninfected cells; #, P � 0.05
by ANOVA versus RPMI incubation with supernatants from infected cells with exosomes. Data represent the means � SEs
from 3 independent experiments.
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Exosomes released from C. parvum-infected intestinal epithelial cells shuttle a
panel of parasite RNAs but not parasite 18S rDNA. A recent report of an analysis of
a full-length cDNA library constructed from C. parvum identified 118 RNAs of low
protein-coding potential (32). In our previous studies (33, 34), we demonstrated that
several C. parvum RNA transcripts of low protein-coding potential are selectively
delivered into epithelial cells during host-parasite interactions. Here, we detected a
certain amount of several C. parvum RNA transcripts of low protein-coding potential in
the exosomes released from IEC4.1 cells following C. parvum infection (Fig. 5A).
Exosomal shuttling of parasite RNA transcripts was not at random, as the parasite RNA
contents in the exosomes were not corelated to their expression levels in the parasite
(Fig. 5B). In addition, we failed to detect the parasite 18S ribosomal DNA (rDNA) in the
exosomes released from IEC4.1 cells following C. parvum infection (Fig. 5C), using the
nested PCR-restriction fragment length polymorphism (PCR-RFLP) of the 18S rDNA, as
previously reported (35).

Shuttling of Hmgb1 is involved in the induction of inflammatory genes in spleno-
cytes induced by exosomes released from C. parvum-infected intestinal epithelial
cells. Besides CD63 (Fig. 3B), we also detected by Western blotting intercellular adhe-
sion molecule 1 (Icam1) and high mobility group box 1 (Hmgb1) proteins in the
released exosomes, with higher levels of Icam1 and Hmgb1 proteins being detected in
the exosomes released from infected IEC4.1 cells than in the exosomes released from
noninfected cells (Fig. 6A). To explore how exosomes released from infected intestinal
epithelial cells may activate inflammatory responses in splenocytes, we tested a po-
tential role for Hmgb1, because extracellular Hmgb1 has been demonstrated to activate

FIG 3 Release of exosomes to the supernatants from host epithelial cell cultures following C. parvum infection. (A)
Scanning electron micrographs (SEM) and transmission electron micrographs (TEM) of exosomes isolated from the
supernatants of host epithelial cell cultures. (B) Isolated exosomes are positive by immunogold staining for exosome
markers CD63 and Tsg101. (C) Increased exosome release from cultured host epithelial cells following C. parvum infection,
as assessed by Western blotting for CD63. Data represent the means � SEs from 3 independent experiments. *, P � 0.05
by t test versus the noninfected control. (D) Nanoparticle tracking analysis of exosomes from cell cultures following
infection. Size and particle distribution plots of exosomes isolated from noninfected and C. parvum-infected (24 h) IEC4.1
cells determined by nanoparticle tracking analysis. Data represent the results of an analysis of isolated exosomes in a 1-ml
volume from a total of 12 ml of supernatants from one infected or noninfected 10-cm dish. (Insets) Representative
screenshots of exosomes isolated by nanoparticle tracking analysis. Bars � 100 nm (A and B) and 1,000 nm (D).
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the NF-�B pathway in immune cells by binding and signaling through the receptor for
advanced glycation end products (RAGE) (36). We used an RNA interference approach
to knock down Hmgb1 in IEC4.1 cells and then exposed the cells to C. parvum infection.
The exosomes were then collected and incubated with splenocytes. Cells displayed a
much lower increase in Ifn-� gene induction after incubation with exosomes released
from infected IEC4.1 cells treated with small interfering RNA (siRNA) to Hmgb1 (with
�60% silencing; data not shown) than after incubation with exosomes from infected
cells not treated with siRNA (Fig. 6B). Accordingly, the degradation of I�B� in the cells
was also partially inhibited in cells incubated with exosomes released from infected
IEC4.1 cells treated with siRNA to Hmgb1 (Fig. 6C). HMGB1 is an evolutionarily highly
conserved protein in mammals and can interact with RNA molecules through its zinc
finger domains (37, 38). To investigate a potential physiological association of Hmgb1
with these RNAs in the exosomes, we performed an RNA immunoprecipitation (RIP)
analysis. A significant amount of several parasite RNAs was detected in the immuno-
precipitates from exosomes from infected cell cultures using an anti-Hmgb1 antibody
(Fig. 6D). Parasite RNAs associated with Hmgb1 were not correlated with the parasite
RNA contents in the exosomes (data not shown).

DISCUSSION

One feature of the human mucosal immune system is that stimulation at one
mucosal surface often results in mucosal immunity at many, if not all, mucosae (13).
This process is finely controlled so that systemic immune responses are activated for an
appropriate immune response to pathogen infection, but it maintains a tolerance
toward nonharmful commensal microbes and benign environmental substances. The
life cycle of Cryptosporidium infection in the intestine is well-known, but the systemic

FIG 4 Induction of inflammatory responses in splenocytes following incubation with exosomes released from C.
parvum-infected intestinal epithelial cells. (A) Upregulation of selected inflammatory genes in primary splenocytes
following incubation with exosomes isolated from C. parvum-infected or noninfected IEC4.1 cell cultures. (B)
Degradation of I�B� in splenocytes following incubation with exosomes isolated from infected or noninfected
IEC4.1 cell cultures. Data represent the means � SEs from 3 independent experiments. *, P � 0.05 by t test versus
incubation with exosomes from noninfected cells.
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impact of infection is less studied. Upon C. parvum infection, intestinal epithelial cells
initiate a series of innate defense responses, resulting in infiltration and activation of
immune effector cells to the infection sites (6). We previously demonstrated that C.
parvum infection stimulates the release of exosomes from infected epithelial cells (24).
Data from this study support the notion that exosomes released from intestinal
epithelial cells upon C. parvum infection can activate immune cells by shuttling various
effector molecules of both host epithelial cell and parasite origin, a process that may be
relevant to the systemic host immune responses against Cryptosporidium infection.

One of the key findings of this study is the activation of splenocytes by exosomes
released from C. parvum-infected intestinal epithelial cells. Although other effector
molecules released from infected epithelial cells, such as cytokines and chemokines,
may also be involved in the activation of splenocytes after incubation with the
supernatants from infected cell cultures, the released exosomes may be key players in
splenocyte activation because removal of the exosomes from the supernatants signif-
icantly, if not totally, blocked the associated inflammatory response in splenocytes. Of

FIG 5 Exosomes released from C. parvum-infected intestinal epithelial cells shuttle parasite RNAs but not parasite 18S rDNA. (A) Increased
shuttling of several parasite RNAs in exosomes released from intestinal epithelial cells following infection. Exosomes from noninfected cell cultures
were used as the control. (B) Exosomal shuttling of parasite RNAs is not correlated to the expression levels of parasite RNAs in the infective
sporozoites. Expression levels of selected parasite RNAs in exosomes and in freshly exocysted C. parvum sporozoites were measured by real-time
PCR. (C) C. parvum 18S rDNA was not detected in the exosomes released from intestinal epithelial cells following C. parvum infection. C. parvum
DNA was used as the positive control, and a representative gel image is shown. Data represent the means � SEs from 3 independent experiments.
*, P � 0.05 by t test versus the noninfected control.
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note, exosomes from infected cell cultures were more potent than those from the
noninfected control cultures in activating splenocytes. We speculated that the differ-
ence in the exosomal content of the two exosome populations may account for this
phenomenon. These molecules shuttled in the released exosomes may activate NF-�B
signaling in the recipient cells.

Increasing evidence supports the notion that exosomes shuttle proteins, lipids, and
RNA molecules and function as bioactive vesicles to promote cell-cell communication
and immunoregulation (17–20). We detected a much higher level of Hmgb1 and Icam1
proteins in the exosomes released from infected cells than in exosomes released from
the noninfected controls. HMGB1 is a ubiquitous DNA-binding protein (37), but extra-
cellular HMGB1 can activate the NF-�B pathway in immune cells by binding and
signaling through RAGE (36). While HMGB1 release in most cell types is mediated by
inflammasome activation during pyroptosis (a form of proinflammatory programmed
cell death), the release of HMGB1 from gastrointestinal epithelial cells is through
exosomes (39). Indeed, knockdown of Hmgb1 in host cells resulted in a decrease of
Hmgb1 in the released exosomes and, consequently, a significant inhibition of NF-�B
activation in the recipient splenocytes.

Interestingly, besides these molecules of host epithelial cell origin, we detected
some parasite RNA transcripts of low protein-coding potential in the released exo-
somes. The C. parvum genome does not encode the key components of the small
RNA-mediated posttranscriptional gene silencing system (40). Nevertheless, 118 orphan

FIG 6 Shuttling of Hmgb1 is involved in the induction of inflammatory responses in splenocytes induced by exosomes released from C. parvum-infected
intestinal epithelial cells. (A) Increased content of Icam1 and Hmgb1 in exosomes released from intestinal epithelial cells following C. parvum infection. The
content of Icam1 and Hmgb1 in the isolated exosomes was measured by Western blotting, and actin was also blotted as a control. (B) Knockdown of Hmgb1
in IEC4.1 cells attenuated Ifn-� gene expression in splenocytes following incubation of exosomes released from infected cells. *, P � 0.05 by ANOVA versus
incubation with exosomes from noninfected cells; #, P � 0.05 by ANOVA versus incubation with exosomes from infected cells. (C) Attenuation of I�B�
degradation in splenocytes following incubation with exosomes isolated from infected IEC4.1 cell cultures treated with siRNA to Hmgb1. Representative gel
images are shown. (D) Assembly of RNAs to the Hmgb1 complex in exosomes released from IEC4.1 cells following C. parvum infection. IEC4.1 cells were exposed
to C. parvum infection for 24 h, and exosomes were isolated from the supernatants, followed by RIP analysis using anti-Hmgb1. Assembly of RNAs in the
immunoprecipitates was measured by real-time PCR analysis. Data represent the means � SEs from 3 independent experiments. *, P � 0.05 by t test versus
anti-IgG.
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candidate genes with little homology to known annotated protein-coding genes were
identified in C. parvum (32). These orphan genes are of low protein-coding potential, as
their RNA transcripts predict no complete open reading frames (32, 41). We recently
demonstrated that several RNA transcripts of these C. parvum orphan genes can be
delivered into epithelial cells and modulate gene transcription in infected host cells
(34). Interestingly, some of these C. parvum RNA transcripts are present in exosomes
released from infected intestinal epithelial cells. It is unclear whether these parasite
RNAs are involved in the activation of splenocytes triggered by exosomes released from
infected cells. There are several ubiquitous cytoplasmic nucleic acid-recognizing recep-
tors and sensors (such as RAGE for HMGB1) that can recognize foreign RNA molecules
and trigger the activation of intracellular signaling pathways, such as NF-�B signaling
(42, 43). Interestingly, we detected a direct physiological association between several
parasite RNAs and the Hmgb1 protein in the released exosomes.

In a recent report (35), Cryptosporidium 18S rDNA was detected in stool and tissue
samples, as well as in blood and cerebrospinal fluid samples, from HIV-infected patients
with intestinal cryptosporidiosis. DNA molecules are usually not detectable in exosomes
from various types of cells (19, 20). Accordingly, we failed to detect the parasite 18S
rDNA in these exosomes released from infected cells, suggesting that exosome release
from infected epithelial cells may not contribute to the systemic circulation of parasite
DNA, as reported in HIV-infected patients with intestinal cryptosporidiosis (35).

From a pathophysiological viewpoint, exosomes released from the intestinal epi-
thelium following Cryptosporidium infection may enter the blood and be circulated to
multiple organs. It was not a surprise that induction of inflammatory genes was
detected in the liver and spleen tissues from the mice following C. parvum infection.
Given the limitation of the neonatal model of intestinal cryptosporidiosis (28, 44), the
pathophysiological significance for circulating exosomes in intestinal cryptosporidiosis
requires further investigation with additional animal models, such as the piglet model
of cryptosporidiosis (45), and evaluation of plasma-derived exosomes from patients
with intestinal cryptosporidiosis. Cryptosporidium is generally referred as a “minimally
invasive” mucosal pathogen, and infection is limited to the mucosal surfaces (1, 2, 4).
Given the potential systemic impact of exosomes from infected epithelium following
Cryptosporidium infection, coupled with the recent detection of Cryptosporidium DNA in
blood and cerebrospinal fluid samples from HIV-infected patients with intestinal cryp-
tosporidiosis, our data suggest that intestinal cryptosporidiosis may involve inflamma-
tory responses in multiple organs not limited to the intestinal infection site.

MATERIALS AND METHODS
C. parvum and cell lines. C. parvum oocysts of the Iowa strain were purchased from a commercial

source (Bunch Grass Farm, Deary, ID). RAW 264.7 cells were purchased from the American Type Culture
Collection (Manassas, VA) and cultured according to the instructions. Cells of the IEC4.1 cell line were a
kind gift from Pingchang Yang (McMaster University, Hamilton, ON, Canada) and were cultured as
previously described (33).

Infection models and infection assays. Models of intestinal cryptosporidiosis using IEC4.1 cells
were employed as previously described; infection was done with a 1:1 ratio between C. parvum oocysts
and host cells (33, 46). All parasite preparations were tested using the Limulus amebocyte lysate gel
formation test as previously described to exclude the possibility of contamination with lipopolysaccha-
rides (24). For Cryptosporidium infection in vivo, C57BL/6J neonatal mice (both male and female mice at
6 days after birth) received C. parvum oocysts by oral gavage (105 oocysts per mice) (26, 27). Mice
receiving phosphate-buffered saline (PBS) by oral gavage were used as controls. The mice were from The
Jackson Laboratory, and the study was approved by the Creighton University Institutional Animal Care
and Use Committee. At least five animals from each group were sacrificed at 24 and 48 h after C. parvum
or PBS administration; liver, spleen, and ileal tissues were obtained for biochemical analysis, and paraffin
sections were used for HE staining and immunohistochemistry. Immunofluorescence microscopy was
used to assay for C. parvum infection as previously reported (7, 47).

Quantitative real-time PCR and Western blotting. For quantitative analysis of mRNA and C.
parvum RNA expression, comparative real-time PCR was performed as previously reported (34, 46) using
SYBR Green PCR master mix (Applied Biosystems, Carlsbad, CA). Briefly, RNA was extracted using the TRI
Reagent and treated with a DNA-free kit (Ambion) to remove any remaining DNA. Quantified (500 ng)
RNA was reverse transcribed using T100 thermal cyclers (Bio-Rad). Real-time PCR was then performed
using 25 ng of template cDNA for each RNA gene of interest. Each sample was run in triplicate. The
relative abundance of each RNA was calculated using the ΔΔCT threshold cycle (CT) method and
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normalized to the amount of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) RNA (for measure-
ment of whole-cell lysates) or U2 small nuclear (RNU2-1) RNA (for measurement of nuclear extracts).
PCR-RFLP was carried out to detect C. parvum 18S rDNA as previously reported (35). The sequences for
all the primers are listed in Table S1 in the supplemental material. For Western blotting, whole-cell
extracts were prepared using the mammalian protein extraction reagent (Fisher) supplemented with a
protease inhibitor cocktail. The cell pellet was incubated in the mammalian protein extraction reagent
and centrifuged at 16,100 � g for 20 min, and the supernatants were saved for use as whole-cell extracts
as previously reported (48). Antibodies to Icam1 (0.4 �g/ml; Santa Cruz), Hmgb1 (0.4 �g/ml; Santa Cruz),
CD63 (0.4 �g/ml; Santa Cruz), I�B� (0.4 �g/ml; Santa Cruz), and �-actin (0.2 �g/ml; Sigma-Aldrich) were
used. The details for Western blot analysis are described in our previous studies (34, 46).

siRNAs and plasmids. The siRNA duplexes for mouse Hmgb1 were purchased from Santa Cruz. A
nonspecific scrambled sequence, 5=-UUCUCCGAACGUGUCACGUUU-3=, synthesized by Integrated DNA
Technologies (Coralville, IA), was used as a control. siRNA oligonucleotides were transfected into IEC4.1
cells for 24 h with the Lipofectamine RNAiMAX reagent (Invitrogen). The efficiency of knockdown was
verified by real-time PCR and Western blotting.

Exosome purification and nanoparticle tracking analysis. Supernatant medium from IEC4.1 cell
cultures (12 ml per 10-cm culture dish) was collected at the time points after infection indicated above.
Supernatant medium from uninfected cell cultures was used as a control. The collected medium was
then centrifuged at 200 � g for 10 min to eliminate cells and again spun at 10,000 � g for 30 min,
followed by filtration through a 0.22-�m-pore-size filter to remove the cell debris. Exosomes were
pelleted by ultracentrifugation at 120,000 � g for 70 min and precipitated using exosome precipitation
solution (Exo-Quick; System Biosciences) following the manufacturer’s instructions. Exosomes were
further quantified by nanoparticle tracking analysis, as we previously reported (24).

Splenocyte isolation and incubation with exosomes. Splenocytes were isolated from mice of 6 to
8 weeks of age, as previously reported (49). C57BL/6J mice (both male and female; The Jackson
Laboratory) were used, and their use was approved by the Creighton University Biosafety and Institu-
tional Animal Care and Use Committees. Freshly isolated splenocytes were first cultured with RPMI
medium for 4 h. Cells were then cultured for an additional 24 to 72 h with the conditional medium (RPMI
medium with the addition of supernatants or exosomes from IEC4.1 cell cultures). For supernatants or
exosomes from noninfected IEC4.1 cells, the conditional medium was conditioned with a 10:1 ratio, by
volume, of RPMI and the supernatants or exosomes (in RPMI). For supernatants or exosomes from
infected IEC4.1 cells, the volume of supernatants or exosomes added to the conditional medium was
adjusted with the same number of exosomes as that from the uninfected cell cultures. The number of
exosomes isolated or in the supernatants was quantified by nanoparticle tracking analysis. Some
splenocytes were cultured with RPMI medium with LPS (from Escherichia coli strain K-12; 1 to 20 �g/ml;
InvivoGen) for 2 h. Cells were then collected for real-time PCR or Western blot analysis.

Electron microscopy. Electron microscopy was performed as previously described (24). Briefly, for
transmission electron microscopy, exosome pellets were resuspended in 2.5% glutaraldehyde, embed-
ded in a mixture of 4% uranyl acetate and 2% methylcellulose (1:9 ratio), and observed with a JEOL 1400
electron microscope (JEOL USA). For scanning electron microscopy, isolated exosomes were fixed
immediately in 2.5% glutaraldehyde, dehydrated, dried in a critical point drying device, sputter coated,
and examined with a Hitachi S-4700 microscope (Hitachi). For immunogold analysis, exosomes were fixed
in 4% paraformaldehyde, blocked with 10% fetal calf serum in phosphate-buffered saline for 20 min, and
incubated overnight at 4°C with antibodies to CD63 (1 �g/ml; Santa Cruz) and Tgs101 (1 �g/ml; Santa
Cruz). After incubation with the gold-conjugated secondary antibody (goat anti-mouse IgG, 2 �g/ml;
Abcam), samples were embedded and observed with a JEOL 1400 electron microscope.

RIP analysis. RIP was performed as we previously reported (24). Briefly, IEC4.1 cells were collected,
and lysates were precleared with 20 �l of PBS-washed Magna protein A�G magnetic beads (Millipore,
MA). The precleared lysate (1,000 �g protein) was then mixed with beads coated with anti-Hmgb1
(0.2 �g/ml; Santa Cruz) or anti-IgG (0.2 �g/ml; Santa Cruz) as a control. The collected immunoprecipitated
RNA-protein complexes and inputs were digested with proteinase K. RNA was extracted from these
samples using the TRI Reagent (Invitrogen) and treated with a DNA-free DNase treatment and removal
I kit according to the manufacturer’s protocol (Ambion Inc., Austin, TX). The presence of RNA was
measured by quantitative real-time PCR using a CFX Connect real-time system (Bio-Rad). The gene-
specific PCR primer pairs are listed in Table S1.

Statistical analyses. All values are given as the means � standard errors (SEs). The means for groups
were from at least three independent experiments. Multiple comparisons were carried out by analysis of
variance (ANOVA). Differences between two groups were evaluated with the unpaired t test. Statistical
analyses were performed using Prism software (GraphPad, Inc., San Diego, CA, USA). P values of �0.05
were considered statistically significant.
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