
 

ABSTRACT 

FOSTER, DEREK MICHAEL. Control of Intestinal Epithelial Cell Loss in Cryptosporidium 

parvum Infection. (Under the direction of Drs. Jody Gookin and Sam Jones). 

 

BACKGROUND AND AIMS:  We have recently begun to understand where, when and 

how intestinal epithelial cells are physiologically shed. Less is understood about alterations 

in cell fate during a minimally invasive epithelial infection. Using a non-neoplastic, non-

transformed cell line and the piglet model of Cryptosporidium parvum (Cp) infection, these 

studies explore a hypothesis that the host balances signals compelling elimination of infected 

enterocytes with a necessity to maintain barrier function. Further these signals controlling 

epithelial cell loss require interaction with subepithelial factors. METHODS:  The primary 

porcine intestinal epithelial cell line, IPEC-J2 was infected with excysted Cp oocysts and 

immunostaining was used to characterize the course of infection in this model system. 

Transepithelial electrical resistance, histologic changes, and electron microscopy were used 

to document changes to the epithelial monolayer. To demonstrate activation of apoptotoic 

pathways, western blotting for activated caspases, cleaved cytokeratin 18, and XIAP was 

performed. Using the piglet model, enterocyte shedding by Cp infected ileum and effect on 

barrier function were studied ex vivo in Ussing chambers. Location and activities of caspase-

3, NF B, and IAP were assayed by ELISA, immunoblots, tissue immunoreactivity and the 

effect of specific pharmacological inhibitors. Location, specificity, and magnitude of 

enterocyte shedding were quantified using special stains and light microscopy. Enterocytes 

from control and infected neonatal pigs were harvested and RNA was extracted for gene 

expression analysis by hybridization to Affymetrix porcine genomic microarrays. 



RESULTS:  In IPEC-J2 cells, Cp progressed to the meront stage within 48 hours post 

infection, but could not infect more than 40% of the cells. Significant cell loss occurred by 16 

hours post infection due to bystander cell apoptosis and was driven by paracrine signaling. 

Cleavage of cytokeratin 18 demonstrated apoptosis by 4 hours post infection, but the 

mechanisms mediating this cleavage remains unknown. In vivo, Cp infection precipitated 

widespread activation of enterocyte apoptosis signaling culminating in cleavage of caspase-3. 

Despite caspase-3 cleavage, enterocyte shedding was confined to villus tips, coincident with 

apoptosis, and preferential to infected cells. Epithelial XIAP expression and NF B activation 

were critical for control of cell shedding and barrier function and dependent on proteasome 

activity. Proteasome-dependent repression of caspase-3 activity was mediated by binding of 

XIAP to cleaved caspase-3. Upregulated genes in Cp-infected enterocytes were dominated 

(24 out of 61 total) by targets of interferon-α/β (IFN-α/β) including the ubiquitin-like protein 

modifier ISG15 (21.23-fold). Transcription of IFN-α/β was not increased by C. parvum 

suggesting a subepithelial origin that directs IEC innate immune response via paracrine 

effects.   CONCLUSIONS:  These studies identify a novel paradigm of epithelial defense in 

which loss of barrier function is ameliorated by active retention of infected enterocytes until 

they reach the villus tip that is directed by subepithelial factors. These findings provide 

important insight into rational strategies to promote clearance of minimally invasive 

enteropathogens, for example by increasing epithelial migration rate from crypt to villus tip 

rather than targeting the elimination of infected epithelial cells. The central role of IFN-α/β in 

directing the epithelial cell response to Cp provides logical targets to attempt to hasten 

recovery from this infection. 
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LITERATURE REVIEW 

 

Maintenance of Intestinal Barrier Function and Mechanisms of Epithelial Cell Loss in 

C. parvum Infection 

 

Abbreviations used in this paper: AE2, anion exchanger 2; ATP, adenosine triphosphate; 

cAMP, cyclic adenosine monophosphate; CFTR, cystic fibrosis transmembrane conductance 

regulator; cIAP1, cellular inhibitor of apoptosis protein 1; cIAP2, cellular inhibitor of 

apoptosis protein 2; Cp, Cryptosporidium spp.; HIV, human immunodeficiency virus; IAP, 

inhibitor of apoptosis; IFN, interferon; IL, interleukin; miRNA, micro RNA; NF B, nuclear 

factor kappa B; NIAID; National Institute of Allergy and Infectious Disease; NK, natural 

killer; NKCC1, sodium/postassium/chloride cotransporter 1; PGE2, prostaglandin E2; PGI2, 

prostaglandin I2; SCID, severe combined immunodeficiency; siRNA, small interfering RNA; 

Tat, trans-activator of transcription; TER, transepithelial electrical resistance; TLR, toll-like 

receptor; TRAIL, TNF-α related apoptosis inducing ligand; USDA, United States 

Department of Agriculture; VIP, vasoactive intestinal peptide; XIAP, X-linked inhibitor of 

apoptosis protein 

 

INTRODUCTION 

 The small intestine is lined by a single layer of columnar epithelial cells that 

differentiate as they migrate up and out of the crypts and onto the villi. Interspersed among 

these enterocytes are specialized cells including Paneth cells, goblet cells, and 

enteroendocrine cells. The villous epithelial cells absorb the nutrients and water necessary to 

sustain life, and this absorption is driven by the Na/K-ATPase located in the basement 

membrane. The Na/K pump creates the intracellular electrochemical gradient necessary to 

power the luminal transporters that absorb ions, simple sugars, amino acids, and fatty acids. 

The movement of solutes subsequently draws water across the epithelium via the paracellular 

route due to osmosis. In the crypts, the epithelial cells primarily secrete rather than absorb 

fluid, which is driven by two basolateral pumps:  NKCC1, a sodium-potassium-chloride 

transporter, and AE2, a chloride and bicarbonate exchanger. Chloride then exits the cell via 

the cystic fibrosis transmembrane conductance regulator (CFTR), osmotically drawing 
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extracellular fluid with it. In the normal small intestine, the small amount of secretion from 

the crypts is greatly outweighed by the absorptive capacity of the villi, creating a net 

movement of water out of the lumen.  

SMALL INTESTINAL BARRIER FUNCTION 

 Maintenance of an effective intestinal barrier is critical for life as the epithelial 

monolayer must maintain the electrochemical gradient that is necessary for absorption of 

water and nutrients. Further, this barrier must prevent invasion of potential pathogens, 

commensal bacteria, and antigens from the intestinal lumen. Barrier function is dependent on 

maintenance of both transcellular and paracellular resistance. Transcellular resistance is due 

to the luminal and basolateral membranes which remain relatively impermeable except for 

solutes with specific transporters and pores. Paracellular resistance is mediated by the tight 

junctions, a collection of proteins that impart both size and charge selectivity to the 

intercellular junctions, and the lateral intercellular space. In a relatively permeable epithelium 

such as the small intestine, paracellular resistance is the primary determinant of the total 

transepithelial resistance, and the tight junction is the major contributor to paracellular 

resistance.
1
   

ASSESSMENT OF BARRIER FUNCTION USING THE USSING CHAMBER 

 Hans Ussing devised the Ussing chamber in the 1950s to measure active transport of 

NaCl across an epithelium, specifically frog skin.
2,3

 Subsequently, this technique has been 

used to investigate ion movement across epithelia of many types, but likely the most 

common application has been with the intestinal epithelium. In the Ussing chamber, the 

tissue of interest resides at the interface of two chambers of equal volumes of isotonic 
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electrolyte solutions thereby eliminating osmotic and hydrostatic forces as a driver of ion 

movement. Any current that then occurs is due to active ion transport across the epithelium, 

and under voltage clamped conditions, this is referred to as short circuit current (Isc). 

Simultaneous measurement of the spontaneous voltage (Vt) across the epithelium allows 

calculation of resistance (Rt) using Ohm’s law (Vt=Isc·Rt). As mentioned above, this 

resistance is maintained by the tight junctions controlling ion movement through the 

paracellular space. To further probe the tight junctions, radio- or fluorescent-labeled solutes 

of known sizes such as mannitol and dextran can be added to the mucosal reservoir to 

document diffusion to the serosal surface. These measurements of Isc and changes in barrier 

function have been critical in elucidating ion transport mechanisms and the pathophysiology 

of infectious and inflammatory causes of diarrhea. 

PATHOPHYSIOLOGY OF CRYPTOSPORIDIUM PARVUM  

    Cryptosporidium parvum is one of the most commonly isolated gastrointestinal 

pathogens from dairy calves and immunosuppressed humans,
4
 a significant cause of 

waterborne diarrhea outbreaks,
5
 and a NIAID category B bio-warfare agent. At last 

assessment by the USDA, 90% of U.S. dairy farms were endemically infected with C. 

parvum, the infection was a leading cause of dairy calf diarrhea and the economic impact of 

the infection was inestimable. Considered a “neglected disease priority” by the World Health 

Organization, C. parvum was recently identified as the second leading cause of diarrhea in 

children of developing nations leading to significant mortality and developmental delays 

(Gates Foundation Global Enteric Multi-Center Study). From these findings, 

cryptosporidiosis is now considered an emerging or previously under-diagnosed pathogen of 
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children in developing nations necessitating significant research into pathophysiology and 

control of this infection.  

 Lifecycle 

 Infection occurs when cryptosporidial oocysts are ingested from the environment.  

Once in the host, the organism goes through a complicated life cycle that involves multiple 

stages. Exposure to gastric acid and bile salts leads to excystation of the oocyst and release of 

the first life stage, the sporozoite.  The sporozoites attach and invade the intestinal epithelial 

cells of the ileum where the infection is typically concentrated, but can infect the 

gastrointestinal tract anywhere from abomasum to the colon.  The sporozoites create an 

invagination of the luminal membrane, allowing it maintain an extracytoplasmic but 

intracellular location in a parasitophorous vacuole.  From this location, the sporozoites 

mature into trophozoites.  At this stage, asexual reproduction occurs, and Type I meronts are 

formed, which subsequently release merozoites into the lumen.  These organisms can form 

additional Type I meronts or Type II meronts which form micro and macrogamonts.  Micro 

and macrogamonts reproduce sexually to create thin and thick-walled oocysts.  The thin-

walled oocysts lead to autoinfection while the thick-walled oocysts pass out with feces to 

contaminant the environment.  These oocysts are infective immediately, and remain viable in 

the environment for extended periods of time.
6-8

  

 Malabsorptive diarrhea  

    Infection with C. parvum has been shown to induce severe villous atrophy in humans, 

calves and other food animal species.
9-11

  This atrophy is due to the loss of villous 

enterocytes and the subsequent retraction of the villi to maintain a continuous epithelial 
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barrier.  Crypt hyperplasia also occurs in an effort to replace the lost epithelial cells, but in 

severe infections, disruption of the epithelial barrier can occur in spite of these efforts.
10,12,13

  

Furthermore, both cell culture and animal models have shown an increase in epithelial 

permeability after C. parvum infection when the loss of epithelial surface area is taken into 

account.
12,14

  In spite of this well recognized consequence of C. parvum infection, the precise 

mechanism of cell loss remains elusive, and it is unknown if the cell loss is an effect of the 

pathogen or the host’s response in an effort to resolve the infection. 

   Irrespective of how or why the epithelial cell loss and villous atrophy occur, this leads 

to a malabsorptive diarrhea.  Under normal conditions, the net absorption of water is due to 

the movement of sodium coupled with either chloride or other nutrients by the villous 

epithelium versus the secretion of anions by the epithelial cells residing in the crypts.  In C. 

parvum infection, absorption is impaired due to the loss of the mature villous epithelial cells 

and their associated transporters and the total decreased surface area.
10,12,15,16

 Absorption of 

sodium and water can still occur to some degree in the crypts when coupled with glutamine 

due to an unexpected expression of amino acid transporters in the crypt epithelium,
17,18

 but 

overall absorption of carbohydrates, lipids, and amino acids is reduced.
19-22

  This 

malabsoption leads to diarrhea that can range from mild to life threatening depending on the 

dose of organisms and co-infection with other pathogens. From these findings, malabsorption 

due to epithelial cell loss is believed to be the predominant mechanism of diarrhea in C. 

parvum infections. 

 Prostaglandin-mediated diarrhea  
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    Epithelial cell loss, villous atrophy, and malabsorption do not appear to account for 

all the fluid loss in C. parvum infections, and studies have documented a prostaglandin-

mediated anion secretion (Cl
-
 or HCO3

-
) and inhibition of neutral NaCl absorption (Figure 

1).
16

  The prostaglandins PGE2 and PGI2 are found at higher concentrations in infected tissue, 

and blockade of prostaglandin synthesis reverses the anion secretion and inhibition of NaCl 

absorption.
12,15

  Yet in vivo, inhibition of prostaglandins exacerbated the villous atrophy, 

indicating that this is unlikely to be useful therapeutically.
23

  Further, prostaglandin 

production positively impacts the restoration of the epithelial barrier function in injured 

intestine by stimulating closure of the lateral intercellular space.
24

 The source of 

prostaglandins in the infected tissue is unknown, but may be leukocytes that infiltrate the 

lamina propria in the infection.  Macrophages appear to be the most likely source as they 

invade the lamina propria after infection and can induce prostaglandin secretion from 

mesenchymal cells,
10,12,23,25

 while inhibition of neutrophil migration into infected tissue had 

no effect on prostaglandin synthesis.
26

 Additionally, local prostaglandin production is 

stimulated by mucosal production of nitric oxide by the infected epithelium.
27,28

 

    The mechanism of action of the two prostaglandins differs as PGE2 acts on the 

enterocyte directly while PGI2 exerts its effect through the enteric nervous system.  PGI2 

causes 75% of the secretion in C. parvum infection by stimulating the nicotinic ganglia and 

the VIPergic (vasoactive intestinal peptide) and cholinergic motor neurons that innervate the 

intestinal mucosa.  Prostaglandin secretion ultimately leads to increases in intracellular 

calcium and cyclic adenosine monophosphate (cAMP) which increases anion secretion and 

decreases sodium absorption.
12,23,29

 Inhibiting the effects of prostaglandins on the enteric 
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nervous system is a potential method of decreasing the diarrhea associated with C. parvum 

without exacerbating the villous atrophy.  Specifically, peptide YY, which is naturally found 

in the intestinal epithelium, is a potent inhibitor of VIP, and can abolish the secretory 

response to PGI2.
30

  Furthermore if the inhibition caused by prostaglandins can be blocked, 

the intestine is capable of absorbing NaCl and water in spite of the villous atrophy indicating 

that the transporters are fully functional even in the immature enterocytes.
16,17,17,18

 Although 

secretion is not the predominant mechanism of fluid loss in C. parvum, continued efforts to 

control prostaglandin-mediated secretion may lead to improved outcomes of clinical 

cryptosporidial enteritis. 

HOST RESPONSE 

 The majority of research concerning the host’s response to C. parvum has been 

focused on the adaptive immune response with the goal of understanding clearance of the 

organism and an eye towards development of effective immunotherapy and 

immunoprophylaxis. Generally, the use of various immunodeficient mouse models have been 

used to demonstrate the importance of CD4+ T cells, IFN-γ, CD40, and IL-12 in clearance of 

the infection (reviewed by Gookin et al.
12

 and Riggs
31

). These findings demonstrate that the 

T-helper response is crucial to clearance of the infection, although the underlying 

mechanisms remain unclear. 

 As C. parvum is a minimally invasive infection, the innate host response must be 

initiated and potentially executed by the epithelium, yet far less investigation into the innate 

immune response to C. parvum infection has been undertaken. IFN- γ production by NK cells 

appears critical in the early innate response, as does the NK cell itself. In SCID mice that 
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lack either NK cells or IFN- γ there is a significant increase in early mortality which is not 

seen in other SCID mice.
32

 Further, invading neutrophils and macrophages have a beneficial 

effect on barrier function and significantly decrease mortality.
26,33

 Local dendritic cells 

produce IFN-α and β, and this response decreases the initial invasion of C. parvum into the 

epithelial cells.
34

 This innate immune response combined with a nonspecific CD 4+ 

lymphocyte activation is adequate to clear the infection.
35,36

 Additionally, the epithelial cell 

participates in the innate defense response by production of cytokines, chemokines, nitric 

oxide, β-defensins, and miRNA.
27,37,38

 Yet it is unknown if the intestinal epithelial cell loss 

that is consistently seen in cryptosporidial enteritis is a pathologic consequence or an 

additional mechanism of innate defense. 

 Intestinal epithelial cell loss 

 

   There are three potential mechanisms for the increased loss of epithelial cells in C. 

parvum infections—necrosis, apoptosis, and cell shedding.  The first is necrosis due to a 

direct cytotoxic effect of the organism on the intestinal epithelium, but this is not well 

supported by the current literature.  In a few cell culture models of C. parvum infection, the 

cytosolic enzyme, lactate dehydrogenase, has been shown to leak into the cell media,
39-41

 but 

this may be simply due to the deformation of the apical membrane by the organism as it is 

enveloped.
12

  Other attempts to identify necrosis in C. parvum infected monolayers have 

yielded inconsistent results. Electron microscopy did not demonstrate any evidence of cell 

damage,
39

 and changes in permeability were documented to be due to disrupted tight 

junctions as opposed to breaks in the monolayer associated with cell necrosis.
41

 Propidium 

iodide staining demonstrated increased uptake in infected cells
41

 though this is not specific to 
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necrosis as it is also seen with apoptosis.
42

 A study monitoring membrane integrity and 

mitochondrial function during egress of C. parvum demonstrates a defect in the cell 

membrane followed by failure of the mitochondria, which is interpreted as cell necrosis.
43

 

Yet, mitochondrial dysfunction is a well-recognized early step in apoptosis which can be 

induced by perturbation of the cell membrane.
44

 From these studies, one can conclude there 

is disruption of the cell membrane associated with C. parvum infection and egress, but 

whether this leads to necrosis is unclear.  

   The second and better supported mechanism for cell loss in C. parvum infection is 

apoptosis, a process of programmed cell death. Apoptosis can be initiated via a receptor-

mediated extrinsic pathway or a mitochondria-mediated intrinsic pathway. Both mechanisms 

involve activation of upstream caspases (caspase-8 in the extrinsic pathway and caspase-9 in 

the intrinsic pathway) that can activate executioner caspases (caspase-3, 6, and 7). Cleavage 

of these executioner caspases to their active form stimulates dismantling of the cell in a 

controlled manner.  

 In C. parvum infections, apoptotic cells are consistently found in both biliary and 

intestinal cell cultures.
45-50

 In vivo, on the other hand, incidence of apoptosis is quite variable. 

Even in severe cases of clinical cryptosporidiosis, observation of apoptotic cells within the 

intestinal epithelium is rare.
51

 Yet, histology of the bile duct from patients with biliary 

cryptosporidiosis can demonstrate at least occasional apoptosis.
14

 Potentially these 

differences are due to either the rapidity with which epithelial cells are lost in the intestinal 

lumen preventing their observation in histologic sections or distinct mechanisms of cell loss 

between the two tissues. Murine models of C. parvum infection more consistently 
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demonstrate apoptosis of intestinal epithelial cells.
52,53

 Yet the importance of these findings is 

questionable as mice do not develop any clinical signs of infection and must have some 

degree of immune suppression to become infected. Furthermore, the apoptotic epithelial cells 

were associated with C. parvum organisms in the crypts.
54

 In both human and bovine clinical 

cryptosporidiosis, the focus of infection is the villus, not the crypt, so it is difficult to 

translate these findings to humans. The neonatal pig has been demonstrated to be an ideal 

model for C. parvum infection that recapitulates the clinical signs and histopathologic 

changes seen in humans and calves.
10

 Using this model, we routinely observe apoptotic cells 

in the intestinal lumen, though they are rarely found within the attached epithelium, 

(unpublished observations) supporting the idea that these cells are rapidly lost from the 

epithelial surface. Based on these observations in both cell culture and animal models, 

apoptosis appears to be a significant mechanism of cell loss in C. parvum infection. 

In C. parvum infections, activation of apoptotic pathways appears to be due to 

binding of extracellular ligands to their respective death receptors and the subsequent 

activation of the extrinsic apoptosis pathway. The first evidence that extracellular apoptosis 

signaling may be important in control of C. parvum was the observation that boys with 

hyper-IgM syndrome and lack CD40 cannot clear cryptosporidial infections.
55

 Similarly in 

both cell culture and mouse models, lack of CD40 or its ligand CD154 prevents the normal 

clearance of C. parvum.
52,55

 As CD40 is critical to production of specific T-helper cells, this 

failure to clear the organism may be due to a failure of the adaptive immune response or a 

direct inability of eliminate infected cells through CD40-CD154 binding.  
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In both cell culture studies and mouse models, there is additional strong evidence for 

upregulation of the death receptor Fas, its ligand FasL, and the secretion of the ligand.
46,53,56

 

These conclusions are generally drawn from observations of the “bystander” cells, the 

uninfected cells residing on an infected monolayer. Apoptosis of these surrounding bystander 

cells in C. parvum infection is dependent on upregulation of Fas and FasL. Further, co-

culture experiments to mimic the effect of infected cells on bystander cells demonstrate that 

soluble FasL is released from infected monolayers, and induces caspase-dependent apoptosis 

in the uninfected monolayer. These findings demonstrate both  autocrine and paracrine 

effects of FasL.
46

 In HIV infection, the transcription activator protein Tat increases the 

expression of FasL, which subsequently exacerbates the apoptosis that is seen.
57

 These 

findings in biliary cell culture studies are supported by the observation that Fas expression is 

increased in C. parvum infected mice. Further, in mice with depletion of CD4+ T-cells, Fas 

knockout prevented weight loss indicating that apoptosis was important in the pathology of 

the infection.
53

 In addition to CD40 and Fas, TRAIL has been shown to increase apoptosis in 

C. parvum infections.
58

 Currently the relative clinical importance of each of the extracellular 

ligands is unclear. Each could play a role in the apoptosis that occurs or this variability could 

be due to any number of variables between the above studies including both infection models 

(cell culture versus mouse) and tissue type (biliary epithelium versus intestinal epithelium). 

Beyond these questions surrounding the cause of apoptosis in C. parvum infections, 

there is little agreement as to whether the infected cells or uninfected bystander cells are the 

focus of apoptosis. Intestinal cell culture models initially demonstrated that the apoptosis was 

primarily found in C. parvum-infected cells or all cells.
48-50,59

 Contrary to these findings are 
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the observations made in biliary epithelial cultures. In this model system, the predominant 

focus of apoptosis is the uninfected bystander cell.
46,47

 These differences again may be 

explained by differences in the cell types, as some of the intestinal epithelial cell lines do not 

express Fas.
49

 An additional explanation offered by Mele et al. is that this effect is mediated 

by the parasite and the apparently conflicting results are based on the time period post-

infection in which apoptosis was assessed. In HCT-8 cells, an intestinal cell line, they 

demonstrated an increase in apoptosis in the infected cells that was associated the attachment 

and invasion of the organism. By 24 hours post-infection, apoptosis was rare in infected cells 

and increased in bystander cells. Finally at 48 hours, apoptosis was increased in all cells.
60

 

One interpretation of these findings is that induction of apoptosis is driven by the host. Early 

in the infection, the goal is to eliminate parasitized cells, then the host attempts to control the 

spread of infection by eliminating surrounding cells, and finally the host attempts to clear the 

infection by activating apoptosis throughout the monolayer.  

The variability in the timing of apoptosis and the discrepancies in apoptosis between 

infected cells and bystander cells additionally suggests a role for C. parvum in moderating 

apoptosis after infection in order to maintain its privileged intracellular location. In spite of 

the previously cited work documenting cell loss due to apoptosis, there is evidence in both 

intestinal and biliary epithelial cell cultures of apoptosis repression after infection with C. 

parvum. Treatment of infected epithelial monolayers with pharmacologic inducers of 

apoptosis failed to increase apoptosis beyond that caused by the infection in multiple 

studies,
48,59,60

 indicating active repression of apoptosis in the infection. Additional studies 

subsequently demonstrated that this apoptosis repression was mediated by NFκB which was 
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upregulated only in the infected cells.
47,48

 NFκB activation secondary to C. parvum infection 

in the biliary epithelium requires activation of both TLR 2 and TLR 4. These TLRs activate 

MyD88 and IRAK to induce activation of NFκB in infected epithelial cells.
61

 NFκB is known 

to have anti-apoptotic effects, yet it is unclear in C. parvum infections the precise mechanism 

by which it prevents cell death.  

Microarray studies of gene expression have identified additional mechanisms by 

which the parasite may be abrogating host cell apoptosis. A series of studies using HCT-8 

cells, an ileocecal adenocarcinoma cell line, has demonstrated both up and down regulation 

of both pro- and anti-apoptotic genes
59,62,63

 which may reflect the inclusion of both infected 

and uninfected cells from the monolayer.
64

 The relative balance of these signals appears to 

change over time with predominantly antiapoptotic signaling early in the infection and 

proapoptotic mRNA increasing later.
59

 This supports the histologic findings of apoptosis 

repression within the first 24 hours postinfection, and subsequent increase in apoptosis later 

in the infection.
60

 Mediators of apoptosis repression identified in the microarray analysis 

included members of the inhibitor of apoptosis proteins (IAP). This family of proteins 

represses apoptosis by binding to active upstream or executioner caspases to prevent 

subsequent cleavage of target molecules. Specifically in C. parvum infection, cIAP1, cIAP2, 

XIAP, and survivin were found to be upregulated, but inhibition of only survivin increased 

observed apoptosis. Yet, interpretation of this finding is difficult as protein expression was 

not confirmed and the demonstrated increase in apoptosis with survivin inhibition occurred 

before the previously documented increase in survivin mRNA expression.
63

 These studies 

were performed in a neoplastic cell line so the ability to translate these findings to clinical 
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scenarios is unknown. Microarray analysis of gene expression from biopsy samples from C. 

parvum-infected human intestinal explants and a clinically infected patient demonstrated 

upregulation of osteoprotegerin. This protein was then shown to be secreted into the lumen 

from infected HCT-8 cells and prevented induction of apoptosis by TRAIL.
58

 Interpretation 

of each of these studies is clouded by the inclusion of both infected cells and uninfected 

bystanders in the analysis, as these two populations have clear differences in their response to 

C. parvum infection.
46,60

  

 The last, and likely most important, question surrounding apoptosis in C. parvum 

infections is who ultimately benefits from the induction and repression of apoptosis, the 

parasite or host? In spite of the previously cited controversies regarding apoptosis in C. 

parvum infections, most authors conclude that apoptosis benefits the host as a means to clear 

the organism. Further, the repression of apoptosis benefits the parasite by maintaining its 

privileged intracellular location. In multiple cell culture studies, pharmacologic inhibition of 

apoptosis increases the number of C. parvum organisms indicating that cell loss was to some 

degree controlling the infection.
49,58,59,63

 Similarly, siRNA knockdown of survivin was shown 

to increase apoptosis and decrease C. parvum organisms.
63

 To this point the only evidence 

contrary to the hypothesis that apoptosis benefits the host is the poorly understood finding in 

one study that caspase activity was critical for normal development of C. parvum to its 

mature life stages.
63

 From these findings it appears that apoptosis is driven by the host to 

clear the infection, while the parasite activates anti-apoptotic mechanisms to maintain its 

intracellular location. Yet all of these conclusions are drawn from cell culture models with no 

influence of the lamina propria, invading leukocytes, and luminal microbial populations. In 



 

15 

the intestine, there is the clear need to maintain an effective barrier against luminal pathogens 

which must be balanced with the drive to eliminate infected intestinal epithelial cells. 

Ultimately, these questions can only be answered in an in vivo model of infection to account 

for the potential consequences of intestinal epithelial cell loss. 

 A final and largely unexplored mechanism of cell loss and potential method of C. 

parvum clearance is increased enterocyte turnover. In the normal small intestine, the crypt 

epithelial cells continually divide and migrate up the villus while villus epithelial cells are 

shed from the villus tip. This state of balance maintains the crypt-villus architecture while 

completely replacing the epithelium every 4-5 days. Until recently, the mechanisms by which 

this massive turnover of epithelial cells occurred were poorly understood. Further, how does 

the intestine maintain an effective barrier during this process that clearly must disrupt the 

tight junctions? Using sophisticated imaging technology, attempts have been made to better 

understand this process of cell turnover. The reorganization of the tight junctions appears to 

be a first step in the shedding process, and precedes activation of apoptotic pathways 

indicating that shedding is an active process as opposed to a consequence of apoptosis.
65,66

 

When a cell is shed, a gap is created in the epithelium, but the barrier function is 

maintained.
67

 These gaps do not appear to be filled with lamellipodia of neighboring cells, 

but rather a patch created by redistribution of zonular occludens-1.
65

 Normal physiologic cell 

shedding appears to be an ordered, controlled process allowing the intestinal epithelium to 

remove mature cells while maintaining barrier function. 

 Compared to the process of physiologic cell shedding, there has been little study of 

pathologic cell shedding. When mice are treated with high doses of tumor necrosis factor-α, 
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intestinal epithelial cell shedding increases approximately 20 fold and may mirror what is 

seen in inflammatory conditions. This pathologic cell shedding appears to progress in a 

different manner that does not create temporary gaps. Redistribution of actin microfilaments 

and tight junction proteins creates a temporary junction between the shedding cell and its 

neighbors along the entire lateral surface of the cells. A funnel shape is formed as the cell 

loses contact with the basement membrane, and the neighboring cells fill the gap that is 

created as the cell leaves the epithelium. As with physiologic cell shedding, this 

pathophysiologic process maintains the intestinal barrier function.
68

  

It is unknown how these findings apply to infectious enteritis such as 

cryptosporidiosis or rotavirus which lead to significant cell loss. As of yet, the mechanisms 

of cell shedding and its effect on cell clearance in cryptosporidiosis are unexplored. There is 

precedent for clearance of a parasitic intestinal infection through cell shedding in studies of 

nematode infections. In Trichuris muris infection, the Th1-mediated increase in intestinal 

epithelial cell turnover expelled the organism in resistant strains of mice, and cell turnover 

alone was enough to clear the infection.
69-71

 In C. parvum infections, crypt hyperplasia is a 

well recognized finding.
10

 Hence, a similar mechanism of increased cell turnover could play 

a role in C. parvum clearance while maintaining intestinal barrier function. 

Conclusion 

 In C. parvum infections, the host activates the innate immune system to control the 

initial infection which is critical to preventing death from acute infection. Subsequently, the 

activation of the CD4+ T cells and the secretion of IFN-γ mediates the clearance of the 

infection. During both the innate and adaptive immune response, massive intestinal epithelial 
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cell loss occurs leading to the malabsorptive diarrhea that is characteristic of 

cryptosporidiosis. Cell necrosis upon C. parvum invasion may occur to a small degree, but 

cannot account for the significant villus atrophy that occurs. Apoptotic pathways are 

activated while a simultaneous upregulation of apoptosis inhibitors creates a balance in 

which apoptosis is repressed. From the rodent and cell culture models that have been used to 

date, we are unable to conclusively determine whether this balance of pro and anti-apoptotic 

signals favors the host or parasite. In a clinical infection, this apoptosis repression may serve 

as a mechanism by which the host tolerates the infection so that cells may be eliminated via 

accelerated cell shedding in order to maintain barrier function. Studies in a more clinically 

relevant model system are needed to understand this crucial pathophysiologic process of cell 

loss. 
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FIGURES 

 

Figure 1. Prostaglandin-mediated secretion in C. parvum infection. Infection of intestinal 

epithelial cells with C. parvum induces the epithelial cell to secrete PGE2 and leads to 

activation of macrophages (Mφ) in the lamina propria. This leads to secretion of PGE2 and 

PGI2 from the mesenchymal cells. PGI2 activates the enteric nervous system to secrete 

acetylcholine (Ach) and VIP. The secretion of Ach, VIP, and PGE2 leads to an increase in 

intracellular calcium and cAMP, which activates anion secretion (Cl and HCO3) and inhibits 

neutral sodium and chloride absorption (NaCl). (Foster DM and Smith GS. Pathophysiology 

of diarrhea in calves. Vet Clin N A Food Anim Med. 2009; 25(1):39.) 
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CHAPTER 1 

Characterization of Cryptosporidium parvum infection in a non-transformed porcine 

jejunal enterocyte (IPEC-J2) cell line. 

 

DEREK M. FOSTER, STEPHEN H. STAUFFER, and JODY L. GOOKIN  

 

Abbreviations used in this paper: Cp, Cryptosporidium spp.; DAB, 3,3-diaminobenzidine; 

DAPI, 4,6-diamidinophenyl-indole; DMEM, Dulbecco’s modified eagle medium; DMSO, 

dimethyl sulfoxide; EVOM, epithelial voltohmmeter; HBSS, Hank’s balanced salt solution; 

hpf, high-power field; hpi, hours postinfection; HRP, horseradish peroxidase; IAP, inhibitor 

of apoptosis; IHC, immunohistochemistry; IPEC-J2, intestinal porcine epithelial cells-

jejunum; MDBK, Madin-Darby bovine kidney; MDCK, Madin-Darby canine kidney; Muc2, 

mucin 2; NF B, nuclear factor kappa B; NIAID, National Institute of Allergy and Infectious 

Disease; RIPA, radio-immunoprecipitation assay; SEM, standard error of the mean; SGLT1, 

sodium/glucose cotransporter 1; SOX9, Sry box 9; TER, transepithelial electrical resistance; 

TNF-α, tumor necrosis factor α; TRAIL, TNF-α related apoptosis inducing ligand; XIAP, X-

linked inhibitor of apoptosis protein 

 

BACKGROUND AND AIMS:  Intestinal epithelial cell loss due to apoptosis is believed to 

be a hallmark of cryptosporidiosis based on cell culture studies. Unfortunately, these cell 

culture models may respond differently to Cp infection due to their neoplastic or transformed 

origins. This study aims to determine if IPEC-J2 cells, a non-transformed primary intestinal 

epithelial cell line from healthy neonatal pigs, can maintain Cp infection and responds in a 

similar manner to in vivo models. METHODS:  IPEC-J2 cells were infected with excysted 

Cp oocysts for various time periods. Immunohistochemistry was used to assess the infection, 

while immunofluorescence was performed to further characterize the cell line. 

Transepithelial electrical resistance, histologic changes, and electron microscopy were used 

to document changes to the epithelial monolayer. To demonstrate activation of apoptotoic 

pathways, western blotting for activated caspases, cleaved cytokeratin 18, and XIAP was 
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performed. RESULTS:  Cp progressed to the meront stage within 48 hours post infection, 

but could not infect more than 40% of the cells. Significant cell loss occurred by 16 hours 

post infection due to bystander cell apoptosis and was driven by paracrine signaling. 

Cleavage of cytokeratin 18 demonstrated apoptosis by 4 hours post infection, but the 

mechanism mediating this cleavage remains unknown. CONCLUSIONS:  Cp will infect 

IPEC-J2 cells, but the infection is limited. Moreover, the apoptotic signaling in Cp infected 

IPEC-J2 cells is distinctly different than that of in vivo infection offering an opportunity to 

isolate the effect of subepithelial signaling in Cp infection by comparing the IPEC-J2 cellular 

response to that of the piglet model.
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INTRODUCTION 

 Cryptosporidium parvum (Cp) is a significant cause of waterborne diarrhea, 

morbidity and mortality in children of developing nations, and economic losses in the dairy 

industry because of its small infectious dose and stability in the environment. Further these 

characteristics make it a potential biowarfare agent (NIAID category B priority pathogen). 

Currently, there is no consistently effective treatment for this infection. Upon ingestion of 

oocysts, Cp infects the ileum of calves and people leading to debilitating diarrhea. Intestinal 

epithelial cell loss and villus atrophy are a hallmark of cryptosproidial enteritis. As the villus 

epithelium is crucial for digestion and absorption of nutrients, a malabsorptive and 

maldigestive diarrhea occurs. This cell loss that is seen in Cp infection is the critical 

mechanism of disease causation, improved understanding of epithelial cell fate in Cp 

infection may lead to new therapeutic strategies for this currently untreatable pathogen. In 

addition, Cp is an obligate intracellular pathogen; therefore, evaluation of any pharmacologic 

inhibitors of Cp will require screening in a cell culture model that supports its development. 

Activation of apoptotic pathways is believed to be the predominant driving force for 

enterocyte loss in Cp infection.
1-7

 Yet assessment of apoptosis in Cp infection is difficult as 

apoptotic cells are rarely seen in clinical cases
8
 possibly because they are rapidly lost from 

the epithelium. Because of the challenges capturing apoptotic cells in vivo, cell culture 

models have been traditionally used to study cell loss in Cp infection. Cell lines used include 

H69 (transformed biliary duct cells),
1,2,9

 HCT-8 (ileocecal adenocarcinoma),
3,5-7,10,11

 Caco2 

(colorectal adenocarcinoma),
4,5,7,12

 SCBN (small intestinal cells of unknown genetic lineage, 

but most similar to canine),
4,13

 MDBK (bovine kidney epithelial cells),
7
 MDCK (canine 
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kidney epithelial cells),
14

 and T84 (colorectal carcinoma).
15

 Translation of findings regarding 

apoptosis from these cell culture studies to clinical Cp infection is difficult for several 

reasons. Transformed (H69) and neoplastic (HCT-8, Caco2, and T84) cells are able to be 

propagated in culture because of dysregulation of apoptotic pathways. The effect of a 

defective apoptotic mechanism on the cellular response to Cp infection seen in these models 

is unclear. Other cell lines are not directly applicable to clinical cryptosporidiosis due to 

species (MDCK and SCBN) or tissue (MDBK) sources that are not typically infected with 

Cp. Therefore, it is unknown if these models will respond in a similar manner to that of 

native ileal epithelial cells.  

IPEC-J2 cells were originally isolated from the jejunum of a neonatal pig that was 

less than 12 hours of age (described here
16

 for the related cell line, IPEC-1) and subsequently 

maintained in continuous culture. Characterization of the cells demonstrated that they form 

microvilli and tight junctions enabling them to polarize and maintain a transepithelial 

electrical resistance (TER) consistent with the small intestine.
17

 The cells respond similar to 

native tissue when exposed to lipopolysaccharide
18

 or infected with pathogens including 

Salmonella, enterotoxigenic E. coli, enterohemorrhagic E. coli, and rotavirus making them an 

appropriate system to study epithelial-pathogen interactions.
19

 As IPEC-J2 cells are non-

transformed, non-neoplastic cells derived from a species (pig) that recapitulates human 

infection, 
20

 we believe that they may be a suitable in vitro model in which to study apoptosis 

in Cp infection. The purpose of this study is to optimize the infection of IPEC-J2 cells with 

Cp, and characterize the changes in Cp-infected IPEC-J2 monolayers. 
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MATERIALS AND METHODS 

 Cell culture  

 For these studies, IPEC-J2 cells that were passage 35-45 were used, and cells were 

maintained at 37° C with 5% CO2 in 75mm
2
 flasks (Corning). Culture media consisted of 

DMEM/F12 (Media Tech) with 5% fetal bovine serum (Hyclone), 5 µg/ml of transferrin, 5 

ng/ml of selenium, 5 ng/ml of epidermal growth factor (ITS premix; Becton-Dickinson) and 

100 IU/ml of penicillin and 100 mg/ml of streptomycin (Media Tech). Media was changed 

every 3-4 days, and the cells were subcultured into 3 new flasks every 7-14 days. For 

histology and immunohistochemistry, cells were grown on 4 well chamber slides (Nunc).  

 Cp infection 

 Cp oocysts (Bunchgrass Farms) were excysted prior to infection. The oocysts were 

centrifuged at 13,000xg for 3 min to remove the shipping solution. To optimize excystation, 

four different protocols were compared. The pellets were reconstituted with either HBSS 

(Media Tech) or 10 mM HCl (Fisher Scientific) in HBSS and incubated for either 30 min or 

60 min at 37° C. The oocysts were then centrifuged to remove the HCl and reconstituted with 

either 0.2 mM sodium taurodeoxycholate (Sigma Chemicals) in HBSS or 0.2 mM sodium 

tauraodeoxycholate and 22 mM NaHCO3 (VWR) in HBSS and incubated for either 30 min or 

60 min at 37° C. Cp organisms were centrifuged again and reconstituted in IPEC-J2 media. 

The number of excysted oocysts was counted using a hemacytometer in order to determine 

the final concentration of excysted oocysts. Infection rates were then calculated based on the 

number of excysted oocysts. The ratios of excysted Cp to IPEC-J2 cells used for dose 
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response experiments included 1:1, 3:2, and 2:1. IPEC-J2 media with heat inactivated (65°C 

for 30 min) sporozoites was used for mock infection when appropriate. 

 Immunohistochemical examination of IPEC-J2 Cp infection 

  Cells were initially fixed with one of three methods: 4% formaldehyde, 95% ethanol 

with 5% acetic acid or acetone at -20°C. Ethanol fixation was superior and used for 

subsequent studies. Peroxidase was quenched with 1% hydrogen peroxide in PBS. For 

antigen retrieval, slides were treated with either boiling citrate buffer for 10 min, 0.5% 

Triton-X (Fisher Scientific) in PBS for 10 min, or proteinase K (Sigma) for 10 min. Triton-X 

treatment was most effective and used for additional staining. Rabbit anti-Cp antibodies 

(courtesy of X. Cai) diluted 1:100 in blocking serum were applied for 1 hr, and a biotinylated 

goat anti-rabbit IgG (Jackson Immunoresearch Labs) was applied for 30 min. After labeling 

with biotinylated-horseradish peroxidase and staining with DAB, the slides were 

counterstained with methyl green or geimsa, and dehydrated using ethanol and xylene. 

Coverslips were permanently mounted with mounting media. Based on previously published 

measurements,
21

 Cp lifestages were identified based on shape and size as measured using an 

ocular micrometer. 

 Immunofluorescence characterization of IPEC-J2 cellular diversity 

  Cells were fixed with 4% paraformaldehyde at 5 and 12 days post seeding on 

chamber slides to represent early and later states of differentiation. For smooth muscle actin 

antigen retrieval, the monolayer was treated with citrate buffer (pH 6) prior to staining. 

Blocking serum was applied for 30 min, and antibodies diluted in blocking serum were 

applied for 1 hr. Antibodies used include anti-rat substance P (1:500), anti-rabbit Muc2 
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(1:1000), anti-rabbit lysozyme (1:1000), anti-mouse pancytokeratin (1:500), anti-rabbit 

SOX9 (1:1000), anti-mouse smooth muscle actin (1:500), and anti-rabbit SGLT1 (1:100). 

Appropriate secondary antibodies were diluted in blocking serum and applied for 30 min. 

DAPI or bisbenzamide were used for nuclear counter-staining.  

 IPEC-J2 co-culture 

 IPEC-J2 cells were harvested seeded onto 12 mm polycarbonate inserts (Millipore), 

and grown to confluence (7-10 days). Inserts were then transferred to 6 well plates (Corning) 

with 4 inserts in each well and allowed 6 days to equilibrate. In one well, all four inserts were 

infected with Cp at a 5:1 ratio (excysted oocyst:IPEC-J2 cell), and in a second well, all 

inserts remained uninfected. In the remaining 4 wells, 3 inserts were infected in each and 1 

insert remained uninfected. The monolayers were monitored for 138 hours post infection 

(hpi) at which time the membranes were removed from each insert and processed for 

scanning and transmission electron microscopy.  

 Measurement of transepithelial electrical resistance 

 Transepithelial electrical resistance (TER) was measured 3 times a day for 5 days 

post infection in each insert. Measurements were performed using an EVOM with a 

chopsticks electrode (World Precision Instruments). 

Western blotting 

Soluble protein was extracted from IPEC-J2 cells in RIPA buffer (25mM Tris-HCl, 

150mM NaCl, 1.0% Nonidet P-40, 1.0% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 

pH=7.6) containing protease inhibitors (Halt ™ Protease Inhibitor, Thermo Scientific; 

Rockford, IL).   The cells were disrupted by homogenization and sonication on ice.  Cellular 
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debris was pelleted by centrifugation, and soluble protein concentration in each sample was 

quantified using a colorimetric bicinchoninic assay (Thermo Scientific).  Equal amounts of 

protein were electrophoretically separated on 5-12% gradient bis-tris gels (Invitrogen; 

Carlsbad, CA) and transferred to nitrocellulose using a mini-gel apparatus.  Primary 

antibodies included rabbit anti-caspase-3 (1:1000; Santa Cruz Biotechnology), mouse anti-

XIAP (1:1000; Santa Cruz Biotechnology), rabbit anti-caspase-6 (1:2000; Genway), mouse 

anti-caspse-8 (1:1000; Cell Signaling), rabbit anti-caspase-7 (1:1000; Cell Signaling), rabbit 

anti-caspase-9 (1:500; Assay Designs), and mouse anti-M30 (1:1000, Roche).  Membranes 

were incubated in HRP-conjugated secondary antibodies (1:10,000; Santa Cruz 

Biotechnology) followed by an enhanced chemiluminescent substrate (Pierce Biotechnology; 

Rockford, IL) and exposed to radiographic film.   

Data analysis 

 Data represent means ± SEM.  For all analyses, P  0.05 was considered significant. 

Data were tested for normal distribution and variance and analyzed using paired and unpaired 

t-tests. (SigmaStat, Jandel Scientific).  

RESULTS 

 Optimum excystation of Cp requires HCl and buffering of bile salts 

 To optimize excystation of Cp prior to infection of IPEC-J2 monolayers, eight 

different protocols were compared. Those samples that were not initially incubated in HCl 

had excystation rates of 41% or less irrespective of subsequent treatments. When HCl 

incubation was included, all samples had excystation rates of 86% or greater. Subjectively, 

inclusion of NaHCO3 with the bile salt solution and incubating for only 30 min in this 
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solution yielded more live sporozoites than those protocols that did not include NaHCO3 and 

incubated in the bile salt solution for 1 hr. Based on these findings, subsequent excystations 

were performed as follows: incubation in 10mM HCl for 1 hr at 37°C, followed by 

incubation in 0.2mM sodium taurodeoxycholate with 22 mM NaHCO3 for 30 min at 37°C. 

Cp preferentially infects a small subset of IPEC-J2 cells 

To ascertain the effect of dose on number of infected IPEC-J2 cells, increasing 

numbers of Cp sporozoites were added to IPEC-J2 monolayers and allowed to replicate for 

24 hours. As the inoculated dose of Cp was increased from 1 excysted oocyst per IPEC-J2 

cell to 2 excysted oocysts per IPEC-J2 cell, the number of infected cells did not change and 

ranged from 28.0 + 2.1 cells/hpf to 30.6 + 1.9 cells/hpf. However, the average number of Cp 

organisms per infected cell increased with Cp dose (range, 1.8 + 0.1 to 2.5 + 0.1), suggesting 

preferential infection of certain cells (Figure 1).  

Preferential infection of certain IPEC-J2 cells is not due to diversity of monolayer 

composition 

To further characterize the cellular composition of the IPEC-J2 monolayer and the 

superinfected cells in particular, immunofluorescence was performed. Cytokeratin staining 

confirmed that all cells were epithelial in origin (Figure 2A). Furthermore, there was no 

evidence for goblet cells, enteroendocrine cells or myofibroblasts within the monolayer to 

explain the predilection of Cp for particular enterocytes.  
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Preferential infection of certain IPEC-J2 cells is not due to variable differentiation 

of enterocytes 

Other cell culture models report a preference of Cp for dividing epithelial cells,
22

  yet 

in vivo, Cp preferentially infects the mature villus epithelial cells. Therefore, further 

immunostaining was used to ascertain if there was any variability in the state of 

differentiation of IPEC-J2 cells within the monolayer. Immunofluorescence for SGLT1 

demonstrated that the cells are predominantly positive for this transporter suggesting they are 

more like mature villus epithelial cells (Figure 2B). Yet when staining for SOX9 was 

performed, there were a significant number of positively stained cells indicating many cells 

retained markers of immature, dividing intestinal stem cells (Figure 2C).  

IPEC-J2 cells foster asexual reproduction of Cp 

 Cp must pass through multiple life stages in its complicated life cycle in order to 

produce a patent infection that culminates in oocyst production. Further, most of these 

developmental stages are dependent on attachment to intestinal epithelial cells.
23

 

Unfortunately, few cell lines will support the complete life cycle of the parasite.
21

 Therefore, 

we assessed of IPEC-J2 cells for their ability to sustain all stages of the Cp life cycle by 

fixing Cp-infected IPEC-J2 monolayers at 5 time points over 48 hours. At 4 hours 

postinfection (hpi), the majority of organisms seen were sporozoites. From 14 hpi to the end 

of the experiment at 48 hpi, trophozoites increased from 42% to 63% of observed organisms. 

Meronts and merozoites first appeared at 24 hpi and were approximate 25% and 15% of 

observed organisms, respectively, until 48 hpi (Figure 3). This indicates that Cp can complete 
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its asexual reproductive stages. During this time period, no microgametes, macrogamonts, or 

oocysts were observed. 

 Cp infection is associated with preferential loss of uninfected enterocytes and loss 

of TER 

 Epithelial cell loss is a well recognized effect of Cp infection in cell culture.
1-3

 To 

document cell loss in IPEC-J2 cells, immunohistochemistry was used to enumerate the total 

number of epithelial cells and Cp organism over the first 48 hpi. Cp infection resulted in a 

significant decrease in epithelial cell number beginning at 14 hpi and peaking at 24 hpi 

(Figure 4A). Overtly apoptotic cells residing within the monolayer were rarely seen. Of the 

observed apoptotic cells, uninfected cells were more often apoptotic than infected cells. 

Further, the majority of cell loss could be accounted for by a significant decrease in 

uninfected (bystander) cells (Figure 4B). To determine the impact of the cell loss on barrier 

function, TER was measured over 138 hpi. TER of infected monolayers decreased 

significantly compared to control starting at 20 hpi and continuing until the end of the 

experiment at 138 hpi. 

 Uninfected cell loss and decrease in TER in Cp infection are dependent on soluble 

factors 

 To specifically examine the apparently selective loss of uninfected cells, a coculture 

system was developed in which three infected monolayers were cultured in larger well with 

an uninfected (bystander) monolayer. This allowed secreted effector molecules from the 

basolateral surface of the infected monolayers to interact with the uninfected monolayer, but 

prevented infection with Cp organisms. These uninfected monolayers exhibited a decrease in 
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TER similar to that of the infected monolayers with which they were cocultured (Figure 5A). 

Ultrastructural examination of the monolayers using scanning and transmission electron 

microscopy demonstrated that epithelial cells comprising both the infected and the bystander 

monolayers were flattened and less dense (Figure 5B, C). These findings suggested cell loss 

with spreading of the remaining cells. 

 Cp infection leads to apoptosis in IPEC-J2 cells 

 To determine whether or not the cell loss in Cp-infected IPEC-J2 cells was due to 

apoptosis, control and infected monolayers were immunoblotted for the M30 epitope of 

cleaved of cytokeratin 18, which is characteristic of cellular apoptosis. Two cleavage 

products of cytokeratin 18 are produced which correspond to early and advanced apoptosis.
24

 

Early cleavage products of cytokeratin 18 peaked at 4 hpi, and progressed to produce the 

advanced cleavage products over the course of 48 hpi (Figure 6A). Western blotting for 

caspase activation was then used to characterize the upstream pathways mediating apoptosis 

in Cp infection. In spite of cytokeratin 18 cleavage, there was no activation of any 

executioner enzymes (caspase-3, 6, or 7) at any time point (Figure 6B). Further blotting to 

assess upstream activation of apoptotic pathways was inconclusive as caspase-8 could not be 

demonstrated, and immunoblotting for caspase-9 cleavage was non-specific. In the IPEC-J2 

cells, no change in XIAP, an inhibitor of apoptosis protein, expression was seen with Cp 

infection (Figure 6C).  

DISCUSSION 

The goal of this project was to determine if IPEC-J2 cells would be a suitable in vitro 

model for cryptosporidosis in calves and humans. The in vivo neonatal pig model 
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recapitulates the clinical signs and pathologic changes seen in natural human and bovine 

infections. Therefore, the expectation was that changes in IPEC-J2 cells would mirror those 

in the pig allowing the cell culture studies to be translated into humans and cattle. 

In IPEC-J2 cells, Cp has a distinct preference for infection of certain cells over others 

limiting the infection to approximately 40% of the monolayer. The IPEC-J2 cell line appears 

to be a monoculture of intestinal epithelial cells that contain markers of both stem cells and 

mature epithelial cells. Based on these findings, the predilection of infection for a subset of 

the monolayer does not appear to be due to contamination of the cell line or variability in the 

differentiation of the enterocytes. Preferential infection of certain cells may be due to 

changes in the luminal membrane by the initial infecting organism that subsequently attracts 

other parasites. Upregulation of luminal glycoproteins in Cp-infected cells has been 

documented 
25

 which could make a cell more hospitable to further infection.  

Cp can progress through most of its lifecycle to become a meront in 48 hours, but no 

gametes or oocysts were seen. It remains unclear if these stages would occur if the organism 

was allowed additional time in culture with IPEC-J2 cells as these stages were not observed 

until 72 hpi in HCT-8 cells.
3,21

 If Cp is unable to complete the sexual reproductive stages in 

IPEC-J2 cells, long term propagation of Cp will not be possible in this cell line. Nonetheless, 

IPEC-J2 cells support the initial infection making them a potentially useful model to study 

attachment and invasion.  

The effects of Cp infection in IPEC-J2 cells are similar to those seen in other 

intestinal epithelial cell lines as there is a characteristic drop in transepithelial electrical 

resistance associated with uninfected cell loss. A similar timecourse of cell loss was 
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demonstrated in HCT-8 cells in which bystander cells were predominantly lost at 24 hpi, and 

this was believed to be an effort by the host to restrict spread by eliminating neighboring 

cells.
3
  

In IPEC-J2 cells, a soluble inducer of apoptosis mediates uninfected cell loss in a 

paracrine manner, yet the precise mediator and mechanism of apoptosis remain unclear. 

Using biliary epithelial cells, others have demonstrated apoptosis of uninfected cells that is 

dependent on soluble Fas ligand
2
 providing a potential mechanism for the uninfected cell loss 

seen in IPEC-J2 cells. Other soluble mediators of apoptosis that could activate apoptosis in 

the uninfected cells include TNF-α, TRAIL, and CD154. 

Cp infection in pigs induces significant activation of caspase-3 with upregulation of 

XIAP.
26

 Neither of these changes was seen in the IPEC-J2 cells, nor was there any indication 

that the apoptosis was even caspase dependent. These fundamental differences in activation 

and regulation of apoptosis between the IPEC-J2 cells and the pig make these cells 

inappropriate for studying cell loss in Cp infection. As other cell lines used in Cp studies 

have questionable value in assessment of apoptosis, further in vivo work to understand this 

basic mechanism of disease in Cp must be undertaken.  

As a primary intestinal cell line that supports Cp infection, IPEC-J2 cells could be a 

valuable tool in screening antiprotozoal drugs as potential therapies for Cp infection. IPEC-

J2 cells support initial attachment and development of Cp, yet respond differently than in 

vivo intestinal epithelial cells. Future investigation comparing the mechanisms of cell loss in 

IPEC-J2 and in vivo may elucidate the role of subepithelial factors stimulating or repressing 

cell loss in vivo.  
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FIGURES 

FIGURE 1 

 

 

Figure 1. Increasing the dose of Cp does not increase the number or percentage of infected 

cells, but does increase the number of organisms per infected cell. (A) As the dose of Cp 

increased from 1 excysted oocyst to 2 excysted oocysts, there was no change in the number 

or percentage of cells infected, though more Cp organisms were seen. (B) The increase in 

dose of Cp did increase the number of organisms per infected cell. * p 0.05. 
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FIGURE 2 

 

Figure 2. Immunofluorescence demonstrates that IPEC-J2 form monolayers of uniform cell 

type. (A) Pancytokeratin staining at 12 days post-seeding documents that the monolayer is 

comprised of epithelial cells, while SGLT1 staining (B) suggests that the cells are similar to 

mature, absorptive enterocytes. Yet, SOX9 staining (C) demonstrates that most cells at 5 

days post-seeding retain a marker of intestinal stem cells.  
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FIGURE 3 

 

Figure 3. IPEC-J2 cells support both asexual life stages of Cp. By 24 hours post infection, 

both meronts and merozoites were observed, but neither gametes or new oocysts were seen.  
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FIGURE 4 

 

 

Figure 4. Over time epithelial cells are lost due to Cp infection, and uninfected (bystander) 

cells are preferentially lost. (A) By 14 hours post infection there are significantly fewer cells 

in an infected monolayer compared to control. (B) Within the infected monolayer, the 

uninfected (bystander) cells are preferentially lost with a significant decrease by 24 hours 

post infection. * p 0.05. 
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FIGURE 5 

 

 

Figure 5. TER and electron microscopy demonstrate loss of barrier function and a decrease 

in cells in both the infected and uninfected bystander monolayers. (A) TER in infected and 

uninfected bystander monolayers are similar, and electron microscopy demonstrates larger 

and thinner cells in these monolayers associated with cell loss.  
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FIGURE 6 

 

Figure 6. Cleavage of cytokeratin 18 is not associated with activation of caspase-3, 6, 7, or 

XIAP.  (A) Western blotting for M30 demonstrates early cleavage products transitioning to 

late cleavage products over the course of the experiment. Yet, no cleavage of any executioner 

enzyme is demonstrated (B). Further, there is no increase in expression of XIAP (C).
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BACKGROUND AND AIMS:  We have recently begun to understand where, when and 

how intestinal epithelial cells are physiologically shed. Less is understood about alterations 

in cell fate during a minimally invasive epithelial infection. Using a piglet model of 

Cryptosporidium parvum (Cp) infection, this study explores a hypothesis that the host 

balances signals compelling elimination of infected enterocytes with a necessity to maintain 

barrier function. METHODS:  Enterocyte shedding by Cp infected ileum and effect on 

barrier function were studied ex vivo in Ussing chambers. Location and activities of caspase-

3, NF B, and IAP were assayed by ELISA, immunoblots, tissue immunoreactivity and the 

effect of specific pharmacological inhibitors. Location, specificity, and magnitude of 

enterocyte shedding were quantified using special stains and light microscopy. RESULTS:  

Cp infection precipitated widespread activation of enterocyte apoptosis signaling culminating 

in cleavage of caspase-3. Despite caspase-3 cleavage, enterocyte shedding was confined to 

villus tips, coincident with apoptosis, and preferential to infected cells. Epithelial XIAP 

expression and NF B activation were critical for control of cell shedding and barrier function 

and dependent on proteasome activity. Proteasome-dependent repression of caspase-3 

activity was mediated by binding of XIAP to cleaved caspase-3.  CONCLUSIONS:  These 

studies identify a novel paradigm of epithelial defense in which loss of barrier function is 

ameliorated by active retention of infected enterocytes until they reach the villus tip. These 

findings provide important insight into rational strategies to promote clearance of minimally 

invasive enteropathogens, for example by increasing epithelial migration rate from crypt to 

villus tip rather than targeting the elimination of infected epithelial cells. 
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INTRODUCTION 

 

The gastrointestinal tract is lined by a single layer of epithelial cells that serve as a 

barrier to luminal antigens and pathogens while also absorbing the water and nutrients 

required for life. In the small intestine these epithelial cells arise from stem cells residing in 

the crypts whose progeny migrate up the villi and are individually shed into the intestinal 

lumen. Only recently have we begun to understand where, when and how intestinal epithelial 

cells are physiologically shed from the villi. By most accounts this shedding occurs 

coincident with apoptosis, is confined predominantly to the villus tip, and does not impair 

maintenance of epithelial barrier function.
1-4

 Far less is understood about how cell fate may 

be altered in response to a minimally invasive infection of the intestinal epithelium. For most 

tissues, the host will limit spread of infection by executing infected cells through apoptosis. 

However, in the intestinal epithelium, it is unclear whether the host balances signals 

compelling the elimination of infected cells with a necessity to prevent loss of barrier 

function. A clear understanding of host strategy in combating these infections is essential to 

the design of rational therapies to aid intestinal epithelial defense.  

In humans, replication of Cryptosporidium spp. (Cp) within villous enterocytes of the 

small intestine causes an accelerated loss of epithelial cells resulting in severe villous 

atrophy, nutrient malabsorption, and debilitating diarrhea.
5
  While epithelial cell loss is a key 

feature of Cp infection, the mechanisms arbitrating this cell death are unclear. This can be 

attributed in part to a failure of conventional models to recapitulate the clinical infection. For 

example, experimentally infected mice do not develop villous atrophy, crypt hyperplasia, 

mucosal inflammation, or diarrhea.
6,7
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A consistent response of epithelial cell cultures to Cp infection is the induction of 

caspase-dependent apoptosis.
8,9

  The clinical relevance of epithelial apoptosis in human 

cryptosporidiosis remains to be established. In fact, a noteworthy histological feature of 

severe infection is a conspicuous “lack of apoptotic cells even in cases of florid 

cryptosporidiosis.”
5
 It is possible that apoptotic cells are quickly shed from the small 

intestinal epithelium and therefore not visible in biopsy specimens. On the other hand, when 

faced with overwhelming infection, apoptosis of enterocytes may be actively repressed. Cell 

culture models lend support to the possibility that epithelial apoptosis is inhibited in Cp 

infection. While apoptosis of epithelial cells is unquestionably increased by Cp infection in 

these models, most of the infected epithelial cells do not undergo apoptosis, and infected 

monolayers are more resistant to pro-apoptotic chemotherapeutics.
10-12

  In some studies, 

protection from apoptosis was attributed to activation of the nuclear transcription factor 

NF B,
12,13

 however the mechanism by which NF B controls apoptosis in the infected 

monolayers is unknown. 

Apoptosis repression in cell culture models of Cp infection is largely attributed to the 

actions of Cp. From an in vivo perspective however, apoptosis repression could ostensibly 

benefit the host. In people and experimentally-infected piglets, massive early epithelial cell 

losses from Cp infection culminate in a highly attenuated epithelium that maintains its 

continuity despite an escalating burden of parasites. These observations suggest that 

apoptosis repression may be driven by the host to prevent loss of barrier function at the 

expense of retaining infected cells on the villi. 



 

53 

Using a neonatal piglet model of Cp infection that uniquely recapitulates human 

cryptosporidiosis, the present studies have identified a novel mechanism by which the 

intestinal epithelium attenuates apoptosis and cell shedding to preserve barrier function. Cp 

infection in vivo precipitated widespread activation of epithelial apoptosis signaling 

culminating in the cleavage of caspase-3. Despite caspase-3 cleavage, epithelial cell shedding 

remained largely confined to the villous tips, was coincident with apoptosis, and was 

preferential to infected cells. X-linked inhibitor of apoptosis protein (XIAP) expression and 

NF B activation in the epithelium were critical for both control of cell shedding and 

preservation of barrier function and dependent on proteasome activity. Proteasome-

dependent repression of epithelial caspase-3 activity could be specifically attributed to 

expression of XIAP, an IAP capable of inhibiting active caspase-3 and to which binding to 

cleaved caspase-3 was demonstrated by co-immunoprecipitation.   

 

MATERIALS AND METHODS  

Animals   

One-day-old piglets were infected by orogastric tube with 10
8
 C. parvum oocysts on 

day 3 of life and euthanized at peak infection 3-5 days later.  Sections of ileum were 

collected for histology and histomorphometry, epithelial cell isolation, and in vitro barrier 

function studies (Supplementary Materials and Methods).  All studies were approved by the 

Institutional Animal Care and Use Committee. 
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Immunofluorescence and immunohistochemistry 

Frozen sections of ileal mucosa were fluorescence immunolabeled using anti-active 

caspase-3, anti-M30, anti-C. parvum and isotype control antibodies. Formalin-fixed, paraffin-

embedded sections of ileal mucosa were immunostained for phospho-p65, cytokeratin, and 

by means of TUNEL (Supplementary Materials and Methods).  

Epithelial cell exfoliation, western blots, and co-immunoprecipitations   

 

The epithelium was exfoliated from fresh sections of control and infected ileum in an 

oxygenated chelation buffer containing 2.5mM glucose as previously described
14

 and frozen 

at -80°C. Protein extraction, quantification, electrophoretic separation, transfer and exposure 

were performed using standard approaches (Supplementary Materials and Methods). Primary 

antibodies included rabbit anti-caspase-3, mouse anti-XIAP, rabbit anti-survivin, goat anti-

cIAP1, and rabbit anti-cIAP2.  Positive controls included HeLa and Jurkat cell lysates.  Co-

immunoprecipitation experiments between XIAP, survivin and cleaved caspase-3 were 

performed (Supplementary Materials and Methods). 

Caspase-3 and NF B activity 

Protein extracts from control and infected ileal mucosa were assayed for caspase-3 and 

NF B activity by ELISA (Supplementary Materials and Methods).  

Barrier function studies   

Transepithelial electrical resistance (TER; cm
2
) and mucosal-to-serosal flux of 

3
[H]labeled mannitol were measured for control and infected ileal mucosa after mounting in 

1.13 cm
2
 aperture Ussing chambers using standard techniques (Supplementary Materials and 

Methods).  
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Ex vivo inhibition of proteasome activity, caspase-3, NFκB, and XIAP  

Inhibitors of proteasome activity, caspase-3, NF B, and XIAP were added alone and 

in combination to both the serosal and mucosal reservoir of the Ussing chamber for 285-300 

min (Supplementary Materials and Methods) after which time the mucosa was removed and 

flash frozen in liquid nitrogen or processed for light microscopic and immunohistochemical 

studies. 

Data analysis 

Data represent means ± SEM.  For all analyses, P  0.05 was considered significant. 

Data were tested for normal distribution and variance and analyzed using parametric or non-

parametric statistics as appropriate (SigmaStat, Jandel Scientific). Parametric data were 

analyzed using paired and unpaired t-tests and one-way or repeated measures ANOVA.  

Non-parametric data were analyzed using Mann Whitney rank sum test or Wilcoxon signed 

rank test. n = number of piglets. 

 

RESULTS 

Discordance of executioner caspase-3 cleavage and epithelial apoptosis in Cp 

infection   

To identify apoptosis of intestinal epithelial cells in Cp infection in vivo, we 

performed western analysis and immunohistochemistry to quantify and localize epithelial 

cleavage of a terminal arbiter of apoptosis, caspase-3.  In uninfected piglets, the intestinal 

epithelium was characterized by the presence of only procaspase-3.  In piglets infected with 

Cp however, procaspase-3 was entirely cleaved to the active subunits, which could be 
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demonstrated throughout the villus epithelium (Figures 1A, B).  Because the viable 

appearance and continuity of the infected epithelium did not suggest widespread apoptosis, 

we examined the epithelium for cytokeratin cleavage and nuclear DNA fragmentation by 

means of M30 antigen immunofluorescence and TUNEL respectively.  Both largely failed to 

demonstrate apoptotic cells residing amongst the infected epithelium, while apoptotic cells 

were observed to accumulate in the intestinal lumen of piglets infected with Cp (Figure 1C).   

Induced expression of X-linked inhibitor of apoptosis protein (XIAP) by Cp 

infected epithelium 

There are few mechanisms capable of arresting apoptosis downstream of caspase-3.  

Among these, the IAP are variably able to competitively inhibit the catalytic subunits of 

cleaved caspase-3. Although cIAP1, cIAP2, and survivin may play a direct role in control of 

caspase-3 activity, this effect is best documented for XIAP.
15

 To determine if IAP capable of 

inhibiting cleaved caspase-3 are expressed by Cp infected epithelium, western analysis for 

XIAP, survivin, cIAP1 and cIAP2 were performed on extracts of intestinal epithelium from 

Cp-infected and control piglets.  Increased expression of both XIAP and survivin in Cp 

infected piglets was demonstrated. cIAP1 and cIAP2 were either absent or scarcely expressed 

by infected intestinal epithelial cells, respectively (Figure 1D).  

Infected enterocytes are disproportionately shed from the villus tips of Cp infected 

epithelium 

 To characterize the prevalence, location, and specificity of cell shedding by Cp 

infected epithelium, we systematically assessed enterocyte shedding events by means of 

H&E, Geimsa, and TUNEL staining.  A significantly greater percentage of total villous 
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epithelial cells present were observed in the process of shedding from infected compared to 

control epithelium (Figure 2A).  Predominantly, these cells were shed along the tip of the 

villi (Figure 2B).  Villi from the infected piglets had an average of 16 ± 1.2% Cp infected 

enterocytes. A disproportionate number of these infected enterocytes (8.02 ± 2.12%) were 

observed to be shedding compared to the percentage of uninfected enterocytes being shed 

(0.61 ± 0.22%)(p 0.01). Furthermore, the majority of shedding enterocytes were apoptotic 

(80 ± 8.94%, Figure 2C).  Despite generalized caspase-3 cleavage by the epithelium, 

increased enterocyte shedding in Cp infection was confined to the villus tip, favored infected 

cells, and was coincident with apoptosis.   

Intestinal epithelial cells residing on the villi but not those in the act of shedding 

are characterized by NFκB activation in Cp infection 

We have previously shown that NFκB activity is increased in piglet Cp infection
14

 

and cell culture models of Cp suggest that its activity may repress epithelial apoptosis.
13

 To 

determine if NFκB mediates a similar function in vivo, epithelial NF B activity was assayed 

over the course of infection and cellular activation of NFκB was pinpointed in-situ by 

identifying intranuclear localization of phospho-p65. Epithelial NF B activity was 

significantly increased at peak Cp infection (Figure 3A) and a greater percentage of villous 

epithelial cells with NFκB activation were identified in infected (73.43 ± 2.37%) compared 

to control (29.79 ± 2.94%) piglets (p<0.001). Within the infected epithelium, there was no 

difference in NFκB activation between infected and uninfected enterocytes.  However, NFκB 

activation was significantly less prevalent among enterocytes in the process of shedding 

(Figures 3B, C).  
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Repressed shedding of epithelial cells in Cp infection is dependent on the 

proteasome.  

By promoting independent effects on the expression of apoptosis regulatory proteins 

(e.g. XIAP) and activation of NF B signaling, the proteasome has emerged as a key 

therapeutic target for circumvention of apoptosis resistance in cancer. Because Cp infection 

was associated with both expression of XIAP and activation of NF B, we examined the 

effect of proteasome activity on control of epithelial cell shedding. Accordingly, the effect of 

lactacystin on the prevalence and specificity of cell shedding by control and Cp infected ileal 

mucosa was examined ex vivo in Ussing chambers. In mucosa treated with lactacystin, there 

was a significant increase in epithelial cells shed into the lumen, and cytokeratin staining 

confirmed that these cells were enterocytes (Figure 4A). The approximately 3-fold increase 

in cells shed was substantiated by a similar fold change in number of cells in the process of 

being shed from the villi and significant decreases in the number of cells residing on the 

villus and height of villi (Figure 4B). Both infected and uninfected cell types were observed 

shedding at an equal rate and were significantly reduced in number on villi treated with 

lactacystin.  Furthermore, shedding events were no longer confined to the villus tips and were 

observed to shed in equivalent numbers from the villus side (Figure 4C). The majority of 

cells shed in response to lactacystin were observed to be apoptotic.  

Proteasome-dependent repression of cell shedding prevents loss of epithelial barrier 

function in Cp infection 

Because proteasome activity mediated retention of the infected as well as the 

uninfected enterocytes on the villi, we surmised that the proteasome represses cell shedding 
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in order to prevent loss of epithelial barrier function.  In support of this, the increase in cell 

shedding seen secondary to treatment with lactacystin was associated with a significant 

decrease in TER and increase in transepithelial flux of mannitol in infected but not control 

ileal mucosa (Figure 4D, E).  

NF B activity is required to repress epithelial cell shedding in defense of barrier 

function in Cp infection 

To determine if NF B was required for control of enterocyte shedding and  

barrier function in Cp infection, we examined the effects of a specific inhibitor of IkappaB 

kinase activity, Bay 11-7085. Selective inhibition of NF B activity similarly increased cell 

shedding, shedding of both infected and uninfected epithelial cells, failure to confine cell 

shedding events to the villus tips, and loss of epithelial barrier function of infected but not 

control ileal mucosa (Figures 5A-E). Specific inhibition of NF B had no effect on expression 

of either XIAP, survivin, or cIAP2 suggesting that the effect of NF B on barrier function 

was not mediated by these IAP.  

Expression of XIAP is dependent on proteasome activity  

The proteasome has been demonstrated in other studies to mediate apoptosis 

resistance by exerting direct effects on XIAP expression in addition to control of NF B 

activity. To determine if expression of XIAP, survivin or cIAP2 by the infected epithelium 

was dependent on proteasome activity within the time frame of our studies, we ascertained 

the effect of lactacystin on their expression. Lactacystin caused a dose dependent decrease in 

expression of XIAP, while having no effect on the expression of survivin or cIAP2 (Figure 

6A).  
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XIAP is sufficient for control of epithelial cell shedding and barrier function in Cp 

infection 

To determine if XIAP mediated direct effects on control of enterocyte shedding and barrier 

function of Cp infected epithelium, we treated control and infected ileal mucosa in Ussing 

chambers with a small molecule Smac-mimetic inhibitor of XIAP (LBW242). The XIAP 

inhibitor fully recapitulated the increase in cell shedding, failure to confine shedding to the 

villus tip, and loss of barrier function as was observed in response to proteasome inhibition 

(Figures 7B-E). Similar effects on cell shedding and barrier function were also observed 

using a second inhibitor of XIAP (JP1584) (Supplementary Figure 2).  

XIAP and not survivin interacts with cleaved caspase-3 in Cp infection  

XIAP has been demonstrated to directly inhibit caspase-3 activity by binding of the 

BIR2 domain to the active site of cleaved caspase-3. Given the extensive cleavage of 

caspase-3 by Cp infected epithelium and repression of cell shedding concurrent with and 

dependent on expression of XIAP, we tested the hypothesis that XIAP mediates control of 

epithelial cell shedding and barrier function by binding to cleaved caspase-3. Accordingly, 

we performed co-immunoprecipitation experiments between XIAP, survivin, and cleaved 

caspase-3. Binding of XIAP and not survivin to cleaved caspase-3 in intestinal epithelial cells 

from infected but not control piglets identified XIAP as the likely candidate for inhibition of 

caspase-3 in Cp infected epithelium (Figures 7A and B).   
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Proteasomal control of epithelial cell shedding and barrier function in Cp infection 

depends on inhibition of cleaved caspase-3 activity 

To ascertain if repression of caspase-3 activity is sufficient to account for the effects 

of the proteasome on control of epithelial cell shedding and barrier function in Cp infection, 

we examined the effect of lactacystin on caspase-3 activity and the ability of caspase-3 

inhibition to rescue these effects. We found that caspase-3 activity was greater in protein 

lysates of infected compared to control ileal mucosa.  However, a significant increase in 

caspase-3 activity after treatment of infected but not control mucosa with lactacystin 

supported a role for the proteasome in repression of caspase-3 activity in the infection 

(Figure 7C).  To determine if caspase-3 was sufficient to mediate cell shedding in the 

absence of proteasome activity, we attempted to rescue epithelial cell losses by treating the 

infected mucosa simultaneously with lactacystin and a cell-permeable, selective caspase-3 

inhibitor, Z-DEVD-FMK.  In infected mucosa treated with lactacystin, inhibition of caspase-

3 activity fully restored repression of cell shedding (Figure 7D), confinement of shedding to 

the villus tips (Figure 7E), and the specificity for shedding of infected (3.78 ± 1.55%) 

compared to uninfected (0.34 ± 0.24%) epithelial cells (p 0.05).  Further, the loss of TER 

resulting from proteasome inhibition was rescued by concurrent treatment of the infected 

mucosa with Z-DEVD-FMK indicating that inhibition of caspase-3 by XIAP is a key 

mechanism by which proteasome activity maintains barrier function in Cp infection (Figure 

7F). 
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DISCUSSION  

The present study has identified a new paradigm of host defense in which intestinal 

epithelial barrier function is preserved by repression of enterocyte shedding in response to 

infection by a minimally-invasive but aggressive epithelial pathogen. These studies were 

carried out using a large animal model of cryptosporidiosis that uniquely recapitulates the 

human disease including profound villous atrophy, crypt hyperplasia and cholera-like 

diarrhea.
5,16

 Cp is a coccidian parasite that completes a complex lifecycle within the small 

intestinal epithelial cells where repeated replication generates exponential numbers of 

directly re-infectious progeny making it an ideal infection model for disclosing intestinal 

epithelial defense strategies.  Further, Cp is one of the most significant causes of waterborne 

diarrhea outbreaks worldwide
17

 and causes unrelenting diarrhea in people with poorly 

controlled HIV-AIDS.
5
 Because there are no consistently effective antimicrobial treatments 

or a vaccine for Cp infections, comparative investigations of epithelial defense mechanisms 

are particularly pertinent to the design of rational therapies to mitigate this infection.  

A massive loss of villous epithelial cells is inarguably a critical pathologic 

consequence of Cp infection, and the piglet model confirms that villous epithelial cells are 

shed coincident with apoptosis in the acute infection. In both people and piglets these cell 

losses culminate in a highly attenuated villous surface area that paradoxically appears to 

retain enterocytes at the expense of an increasing burden of infection. The fact that this 

response is invariably associated with maintenance of barrier function and resolution of 

infection suggested to us the induction of novel mechanisms for control of epithelial cell fate. 

By focusing on peak infection in the piglet model, we determined that cell shedding remains 
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greater for the infected epithelium compared to the control. However, containment of cell 

shedding was supported by our observation that most cell shedding occurred at the villus tips, 

enterocytes harboring a Cp organism were more likely to be shed, and most cells were 

apoptotic at the time of shedding.   

While investigating which pathways mediate control of epithelial cell death and 

shedding at peak Cp infection, we discovered extensive activation of apoptosis signaling 

culminating in caspase-3 cleavage. Sophisticated imaging studies of normal villous 

epithelium describe cleavage of caspase-3 only within enterocytes in the act of shedding, and 

these shedding events are not associated with a loss of barrier function.
1,3

 In Cp infected 

epithelium however, cleavage of caspase-3 was observed within all villous epithelial cells 

while still attached to the basement membrane and was present in both the infected and 

uninfected enterocytes. Cell culture models of Cp infection provide some insight into 

probable mechanisms responsible for this indiscriminant activation of epithelial apoptosis 

signaling in vivo including an induced epithelial expression of cell death receptors and their 

extracellular ligands. In particular, release of soluble FasL by infected epithelial cells has 

been shown to induce apoptosis of uninfected cells co-cultured with Cp infected 

monolayers.
8,18

 Additionally, exogenous CD40L
6
 and TRAIL

19
 have been demonstrated to 

promote epithelial apoptosis in gallbladder and intestinal epithelial cells from Cp infected 

mice and people, respectively. What was less clear in the present study was why cleavage of 

caspase-3 was not accompanied by overt evidence of epithelial detachment or apoptosis as is 

observed during physiological shedding.
3,4

  Activation of caspase-3 is considered to be a 

point at which a cell becomes irrevocably committed to apoptosis. This discordance 
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suggested to us that a specific and potent mechanism lying downstream of caspase-3 

activation was delaying apoptosis, at least until enterocytes arrived at the villus tip.
 

Our hypothesis that epithelial caspase-3 activity is moderated by actions of the 

proteasome in Cp infection was supported by a significant increase in caspase-3 activity of 

the infected tissue after treatment with the proteasome inhibitor lactacystin. The fact that a 

selective caspase-3 inhibitor subsequently rescued the tissue from the full effects of 

proteasome inhibition supports that the proteasome represses cell shedding and apoptosis by 

inhibiting caspase-3 activity. There are limited cellular means to mitigate apoptosis 

downstream of caspase-3 activation. The IAP family of proteins largely inhibit apoptotic 

pathways residing upstream of caspase-3 and thereby prevent caspase-3 cleavage. Once 

caspase-3 is cleaved to its catalytic subunits, only XIAP is considered fully capable of 

blocking caspase-3 activity and does so by inducing a structural change that hides the active 

site of the enzyme.
15

 Because expression of XIAP has been shown to be directly
20

 or 

indirectly (via NF B)
21

 dependent on the proteasome, we considered XIAP to be a prime 

candidate for mediating proteasome-dependent inhibition of activated caspase-3 in Cp 

infection. Increased transcription of cIAP1, cIAP2, and survivin were additionally described 

in a study of Cp infection in human intestinal adenocarcinoma cells (HCT-8).
10

 Therefore we 

extended our investigations to include each of these IAP. In our in vivo studies, Cp induced 

significant increases in epithelial expression of both XIAP and survivin. However, only 

XIAP expression was dose-dependently inhibited by blockade of proteasome activity. 

Moreover, binding of XIAP to the active subunits of caspase-3, as demonstrated by co-

immunoprecipitation, provided further compelling evidence that XIAP is responsible for 
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mediating proteasome-dependent inhibition of epithelial caspase-3 activity.  Finally, selective 

inhibition of XIAP confirmed its key role in repression of cell shedding and maintenance of 

barrier function in Cp infection. 

Cell culture models provide a precedent for NFκB-mediated repression of apoptosis 

in Cp infected biliary epithelia, although the downstream targets responsible for this 

repression remain unknown.
13

 Toward investigation of NF B as a consequential mediator of 

proteasome activity, we demonstrated in Cp infected piglets that NFκB is active within 

nearly all of the attached villous epithelial cells but is conspicuously absent from those in the 

process of shedding. Further, selective inhibition of NFκB activity precipitated a significant 

increase in shedding of apoptotic enterocytes and failure of the epithelium to preferentially 

shed infected cells or to confine shedding events to the villus tip. Our finding that NFκB 

represses apoptosis of both infected and uninfected intestinal epithelial cells in vivo differs 

from studies performed in biliary epithelial cell cultures where NFκB was active only in 

infected cells and differentially protected them from apoptosis.
13,22

 Both TLR2 and 4 were 

identified as responsible for activation of NFκB in these studies. While the stimulus 

responsible for NFκB activation in our in vivo studies was not specifically investigated, 

differences in TLR expression between biliary and intestinal epithelial cells or other factors 

present in vivo and lacking in vitro are likely responsible for differences in specificity of 

NFκB activation observed between the model systems. In this study selective inhibition of 

NF B precipitated the same effects on cell shedding as direct XIAP inhibition yet had no 

effect on XIAP expression. These observations suggest that NF B and XIAP are 
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interdependent mediators of barrier function with the proteasome as a common source of 

regulation.   

Leading up to this study, most research on XIAP has focused primarily on over 

expression by neoplastic epithelial cells. In carcinoma cells, expression of XIAP promotes 

tumor survival, metastasis, and resistance to radiation and chemotherapy-induced cell 

death.
23

 In contrast, a physiological role for XIAP in normal epithelia remains unexplored. 

While XIAP mRNA is ubiquitously expressed by a variety of normal tissues including the 

intestine,
24

 studies of XIAP protein expression and function in the intestine are limited to 

models of detachment-induced apoptosis (anoikis) in non-malignant intestinal epithelial cell 

lines. In these so-called “anoikis-susceptible” cell lines (IEC-6, IEC-18, RIE-1, DKS-8) loss 

of cell adhesion activates NFκB and expression of XIAP that temporarily delays the onset of 

cell death.
25,26

 Our observations in Cp infected piglets differ from in vitro studies of anoikis 

in demonstrating that NF B activation and XIAP expression can be initiated while 

enterocytes still reside on the villi where they cooperatively repress apoptosis and shedding 

of epithelial cells. Further, apoptosis and shedding of enterocytes is associated with cessation 

of NFκB activity as cells reach the villus tip. The mechanism responsible for instigating 

NF B inactivation, apoptosis and shedding of enterocytes at the villus tip at peak Cp 

infection remains unknown. It is unclear whether shedding cells cease expression of XIAP or 

XIAP is degraded, inhibited or translocated to the nucleus, which are all well-described 

regulatory mechanisms of XIAP.
27-29

 A speculative trigger for instigation of enterocyte 

shedding as they reach the villus tip is the cessation of proteasome activity. While we 

identified several antibodies recognizing porcine XIAP in immunoblots performed on lysates 
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of the intestinal epithelium, none were found suitable for use in localizing enterocyte XIAP 

expression by means of immunohistochemistry or immunofluorescence microscopy.  

Based on cell culture models, apoptosis inhibition in Cp infection is generally 

interpreted as selectively benefitting survival of the parasite.
8,9,13,18

 In contrast, our unique in 

vivo observations of Cp infection suggest that apoptosis repression constitutes a key 

epithelial defense mechanism. Important differences between our in vivo studies and those 

performed using cell culture models
14,22

 are demonstration that NFκB is activated within both 

infected and uninfected enterocytes in vivo, infected epithelial cells are preferentially shed in 

association with cessation of NFκB activity at the villus tip, and pharmacological inhibition 

of NFκB ex vivo precipitates loss of both infected and uninfected epithelial cells, 

exacerbation of villus atrophy, and loss of barrier function.  

Our present studies provide strong evidence that the intestinal epithelium has evolved 

novel mechanisms to repress cell shedding and apoptosis when challenged by minimally 

invasive infection. Surprisingly, this inhibition ameliorates loss of barrier function at the 

expense of retaining infected epithelial cells on the villi until they reach the villus tip. These 

findings provide important insight into rational strategies to promote clearance of Cp 

infection, for example by increasing epithelial migration rate from crypt to villus tip rather 

than targeting the death of infected epithelial cells.  
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FIGURES 

 

FIGURE 1 

 

Figure 1. Caspase-3 is cleaved by Cp infected epithelium without overt apoptosis. (A) 

Immunoblot of full length (32kD) and cleaved subunits (17kD) of caspase-3 in control and 

infected piglet ileal epithelial cells (n=6 each). (B) Immunofluorescence demonstrates diffuse 

cleavage of caspase-3 in infected but not control epithelium. (C) TUNEL and cleaved 

cytokeratin (M30 antigen) staining in only shedding cells from control and infected ileum. 

(D) Immunoblot of control and infected ileal epithelial cells for XIAP, survivin, cIAP1 and 

cIAP2 (n=4 each). cIAP1 and cIAP2 antibodies were confirmed to react with at least one of 

four positive control porcine tissues:  liver, subcutaneous (SQ) fat, kidney and peripheral 

blood mononuclear cells (PBMCs). Tissues were harvested immediately after euthanasia at 

peak infection (A, B, D) or following incubation in Ussing chambers to enable direct 

visualization of shedding and shed epithelial cells (C). Bar=25µm.  
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FIGURE 2 

 
Figure 2. Shedding of enterocytes is more common in Cp infected versus control ileum. (A, 

B) Percent and location of villous enterocytes in the act of shedding in control (n=5) and Cp 

infected (n=9) ileum. (C) Enterocytes in the process of shedding categorized by the presence 

or absence of infection and apoptosis. A Cp infected, apoptotic enterocyte in process of 

shedding from a villus tip (arrow) and numerous Cp organisms (arrowheads) attached to the 

epithelium.  

* p 0.05, ** p 0.01, *** p 0.001-vs- tip, † p 0.05 -vs-control Mean ± SEM. Bar= 5µm.    
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FIGURE 3 

 
Figure 3.  NFκB is activated within enterocytes of Cp infected piglets. (A) Time course 

characterization of the light microscopic appearance, burden of epithelial parasitism, 

immunofluorescence localization of cleaved caspase-3 and NF B activity of villous 

epithelial cell lysates from control and Cp infected piglets on days 1, 3, 5, 8, and 11 post-

infection ( n=4 at each time point). (B) Immunostaining of control and infected ileum for 

intranuclear phospho-p65. Note absence of phospho-p65 in enterocytes undergoing shedding 

(arrow). (C) Percent distribution of phospho-p65 among infected and uninfected resident and 

shedding villous enterocytes (n=4). *p 0.05, **p 0.01, ***p 0.001 Mean ± SEM. 

Bar=5µm.   
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FIGURE 4 

 
Figure 4.  Proteasome activity represses enterocyte shedding in defense of barrier function in 

Cp infection. (A) H&E and cytokeratin staining of control and infected ileal mucosa before 

chambering and after treatment with vehicle alone (DMSO) or proteasome inhibitor 

(lactacystin 100 µM). (B,C) Quantitative morphometry of DMSO and lactacystin treated 

control (n=5) and Cp infected (n=6-9) ileal mucosa. Barrier function as measured by (D) 

transepithelial electrical resistance and (E) mucosal to serosal flux of 
3
[H]labeled mannitol.* 

p 0.05, ** p 0.01, *** p 0.001 Mean ± SEM. Bar=25µm.  
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FIGURE 5 

 
Figure 5.  Selective inhibition of NF B recapitulates effects of the proteasome on epithelial 

shedding and barrier function but not XIAP expression.  (A, B) Quantitative morphometry of 

control and infected ileal mucosa treated with vehicle alone (DMSO) or selective NF B 

inhibitor (Bay 11-7085; 35 M). Barrier function as measured by (C) transepithelial electrical 

resistance and (D) mucosal to serosal flux of 
3
[H]labeled mannitol. (E) Immunoblot of 

intestinal mucosa after 5 hours of treatment with Bay 11-7085 demonstrates no effects on 

IAP expression. * p 0.05, ** p 0.01, *** p 0.001 Mean ± SEM. 
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FIGURE 6 

 
Figure 6.  XIAP expression is dependent on proteasome activity and specific XIAP 

inhibition causes failure to contain enterocyte shedding and loss of barrier function. (A) 

Immunoblot of intestinal mucosa after 5 hours of treatment with lactacystin demonstrates that 

only XIAP is acutely dependent on proteosome activity (representative of blots from 3-6 

piglets). Quantitative morphometry (B, C), transepithelial electrical resistance (D) and 

mucosal to serosal flux of 
3
[H]labeled mannitol (E) of DMSO and XIAP inhibitor (LBW242) 

treated control and Cp infected ileum (n=6 each). * p 0.05, ** p 0.01, *** p 0.001 Mean ± 

SEM. 
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FIGURE 7 

 
Figure 7.  XIAP co-immunoprecipitates with caspase-3 and caspase-3 inhibition mediates 

effects of the proteasome on control of enterocyte shedding and barrier function. XIAP (A) 

and not survivin (B) from infected ileal epithelial cells co-immunoprecipitates with cleaved 

caspase-3. Negative controls for immunoprecipitation:  Immune mouse IgG (lane 3), XIAP 

or survivin antibody with non-A/G agarose resin (lane 4), XIAP or survivin antibody with no 

protein lysate (lane 5). Failure to co-immunoprecipitate XIAP or survivin with caspase-3 in 

control pig lysates is demonstrated in Supplementary Figure 3. Caspase-3 activity is 

attenuated by actions of the proteasome. (C) Caspase-3 activity in control (n=7) and infected 

(n=9) ileal mucosa treated with DMSO or lactacystin (100µM) for 5 hours. (D, E, F) Specific 

inhibition of caspase-3 (Z-DEVD-FMK; 50 µM, n=6) rescues control of cell shedding and 

barrier function after proteasome inhibition (data also shown in Fig 4B,C). * p 0.05, ** 

p 0.01, *** p 0.001. Mean ± SEM. 
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Supplementary Data 

MATERIALS AND METHODS 

Animals   

One-day-old piglets were removed from the sow, housed in dedicated isolation 

facilities and fed non-medicated milk replacer hourly using automatic feeders.  Infected 

piglets received 10
8
 C. parvum (Cp) oocysts (Bunch Grass Farms; Deary, ID) by orogastric 

tube on day 3 of life and were euthanized with pentobarbital at peak infection 3-5 days
1
 later.  

Immediately after euthanasia, the ileum was removed and flushed to remove content, opened 

longitudinally and the mucosa rinsed in oxygenated Ringer’s solution. Where visualization of 

shed cells was desired, specimens were mounted in Ussing chambers to retain shed cells 

within the histological specimen.   

Histology and histomorphometry   

Samples of ileum were formalin-fixed, paraffin-embedded, sectioned at 5 µm and 

stained with H&E and Giemsa. For each specimen, 5 well oriented villi were examined by 

light microscopy. Measurements included villus height, crypt depth, total number of villus 

epithelial cells, number of Cp organisms and number of shedding cells. Each epithelial cell 

was examined for Cp, apoptosis (as determined by apoptotic nuclear condensation, cell 

shrinkage, and formation of apoptotic bodies), and shedding.  Shedding cells were defined as 

those remaining contiguous with the epithelium but with nucleus and apical membrane 

shifted towards the lumen compared to neighboring cells.
2
 Regions of cell shedding from 

individual villi were defined as arising from the tip (terminus of the villus roughly parallel to 

the muscularis mucosa), both shoulders (regions of transition from edges of villus tip to 
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beginning of sides), or both sides (regions perpendicular to muscularis mucosa between crypt 

openings and onset of shoulders).  

Immunofluorescence and immunohistochemistry 

Frozen sections of ileal mucosa were immunolabeled using rabbit anti-active caspase-

3 (1:50; Promega), mouse anti-M30 (1:10; Roche) or isotype control antibodies using 

methods previously described.
3
 Formalin-fixed, paraffin-embedded sections of ileal mucosa 

were single- and double-stand DNA break nick-end labeled using terminal deoxynuceotidyl 

transferase (TdT) and digoxigenin-labeled nucleotides (TUNEL) (ApopTag Plus, Chemicon) 

and counterstained with methyl green. For NFκB immunostaining, sections were incubated 

for 1 hour with rabbit anti-phospho p65 (1:50; Cell Signaling) followed by HRP-conjugated 

streptavidin goat anti-rabbit IgG and counterstained with hematoxylin. Negative control 

sections were treated with isotype control goat IgG. Cytokeratin staining was performed by 

incubation for 30-min with mouse anti-AE1/AE3 cytokeratin antibodies (Dako) followed by 

10-min in goat anti-mouse IgG.  

Protein extraction and western blots 

Soluble protein was extracted from epithelial cells in RIPA buffer (25mM Tris-HCl, 

150mM NaCl, 1.0% Nonidet P-40, 1.0% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 

pH=7.6) containing protease inhibitors (Halt ™ Protease Inhibitor, Thermo Scientific; 

Rockford, IL).   The cells were disrupted by homogenization and sonication on ice.  Cellular 

debris was pelleted by centrifugation, and soluble protein concentration in each sample was 

quantified using a colorimetric bicinchoninic assay (Thermo Scientific).  Equal amounts of 

protein were electrophoretically separated on 5-12% gradient bis-tris gels (Invitrogen; 
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Carlsbad, CA) and transferred to nitrocellulose using a mini-gel apparatus.  Primary 

antibodies included rabbit anti-caspase-3 (1:1000; Santa Cruz Biotechnology), mouse anti-

XIAP (1:4000; BD Biosciences), rabbit anti-survivin (1:250, Lifespan Biosciences), goat 

anti-cIAP1 (1:2000; R&D Systems), and rabbit anti-cIAP2 (1:500, Abcam).  The expression 

of many common loading controls, including both actin and GAPDH, are modulated in Cp 

infection. Accordingly, cyclophilin was used to confirm equal protein loading. Membranes 

were incubated in HRP-conjugated secondary antibodies (1:10,000; Santa Cruz 

Biotechnology) followed by an enhanced chemiluminescent substrate (Pierce Biotechnology; 

Rockford, IL) and exposed to radiographic film.   

XIAP, survivin and cleaved caspase-3 co-immunoprecipitation 

 

Soluble protein was extracted from exfoliated control and infected piglet epithelial 

cells using a non-denaturing detergent (M-PER, Thermo Scientific). XIAP or survivin was 

immunoprecipitated using a mouse anti-XIAP antibody (BD Biosciences) or rabbit 

monoclonal anti-survivin antibody (Cell Signaling) and protein A/G agarose beads (Thermo 

Scientific). The resulting eluate was analyzed by Western blot for XIAP using a mouse anti-

XIAP antibody (1:4000, BD Biosciences) and a secondary HRP-labeled anti-mouse IgG 

antibody that only recognizes native IgG (1:1000, eBioscience). Cleaved caspase-3 was 

demonstrated using a rabbit anti-cleaved caspase-3 antibody (1:1000, Cell Signaling) and 

secondary HRP-labeled anti-rabbit IgG (1:10,000, Santa Cruz).   

Caspase-3 and NF B activity 

 Protein extracts from scrapings of control and infected ileal mucosa were assayed in 

duplicate for caspase-3 activity by immunocapture with an anti-caspase-3 antibody and 



 

81 

ability to cleave the caspase-3 substrate, 7-amido-4-trifluoromethyl-coumarin (Caspase-3 

Activity Assay, Roche).  Exfoliated ileal epithelial cells were obtained from four control and 

four infected piglets at days 0, 3, 5, 8, and 11 post-infection and frozen at -80°C. Whole cell 

protein was extracted from each sample (Nuclear Extraction Kit, Active Motif) and assayed 

for protein concentration using the bicinchoninic acid method (Pierce). Twenty micrograms 

of total protein from each sample were assayed in duplicate for the presence of activated p65 

by ELISA using antibodies specific for activated p65 after binding to NF- B consensus 

sequence (TransAM NF- B p65 ELISA, Active Motif). 

Barrier function studies 

Briefly, a 20-cm segment of ileum, obtained from control or infected piglets at the 

time of euthanasia, was opened along the anti-mesenteric border in an oxygenated Ringer’s 

solution and the seromuscular layers were removed. Mucosal sheets were mounted in 1.13 

cm
2
 aperture Ussing chambers and bathed on both surfaces with a Ringer’s solution 

containing glucose (10 mM serosal) and mannitol (10 mM mucosal) for a duration of 300-

315 min. Solutions were oxygenated and circulated by gas-lift (95% O2-5% CO2) and 

maintained at 37 C by water-jacketed reservoirs. The spontaneous potential difference (PD) 

was measured using Ringer-agar bridges connected to calomel electrodes, and the PD was 

short-circuited through Ag-AgCl electrodes using a voltage clamp that corrected for fluid 

resistance. If the spontaneous PD was between -1.0 and 1.0 mV, tissues were current 

clamped at  100 A for 5 s and the PD was recorded. Transepithelial electrical resistance 

(TER; cm
2
) was calculated from the spontaneous PD and short circuit current (Isc) which 

were recorded at 15 min intervals over a 300-315 min period (Supplementary Figure 1). 
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Isotopic flux assessment of transmucosal permeability was performed using 
3
H-labeled 

mannitol (2 Ci; 6.6mM; Dupont; Boston, MA). Isotope was added to the mucosal reservoir 

immediately after mounting on the chamber. A 60-min flux period (from 225 to 285-min) 

was performed by taking paired samples from the serosal reservoir. Samples were counted 

for 
3
H in a liquid scintillation counter (LKB Wallac; Turku, Finland). Flux of 

3
H-mannitol 

from mucosa to serosa was calculated using standard equations.  

 

Ex vivo inhibition of proteosome activity, caspase-3, NFκB, and XIAP  

Inhibitors of proteosome activity (lactacystin; 0, 20, 50, 100µM; Cayman Chemical), 

caspase-3 (cell permeable peptide Z-DEVD-FMK; 0, 50µM; BD Biosciences), NF B (Bay 

11-7085; 0, 35µM; Enzo) or XIAP (small-molecular weight Smac-mimetic LBW242; 0 and 

10µM; Novartis and JP1584; 0 and 1µM; Joyant) were added alone and in combination to 

both the serosal and mucosal reservoir following an initial 15-min equilibration period on the 

Ussing chamber. Vehicle (DMSO or normal Ringer’s) was used as a negative controls.  

1. Argenzio RA, Liacos JA, Levy ML, Meuten DJ, Lecce JG, Powell DW. Villous atrophy, 

crypt hyperplasia, cellular infiltration, and impaired glucose-Na absorption in enteric 

cryptosporidiosis of pigs. Gastroenterology 1990;98:1129-1140.  

2. Bullen TF, Forrest S, Campbell F, et al. Characterization of epithelial cell shedding from 

human small intestine. Lab Invest 2006;86:1052-1063.  

3. Gookin JL, Foster DM, Coccaro MR, Stauffer SH. Oral delivery of L-arginine stimulates 

prostaglandin-dependent secretory diarrhea in Cryptosporidium parvum-infected neonatal 

piglets. J Pediatr Gastroenterol Nutr 2008;46:139-146.  
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SUPPLEMENTARY FIGURES 

Supplementary Figure 1 

 
 

Supplementary Figure 1.  Transepithelial electrical resistance (TER), transepithelial flux of 
3
H-mannitol and light microscopic appearance of neonatal piglet ileum over time in Ussing 

chambers. TER was recorded at 30-min intervals after placement of mucosa in Ussing 

chambers at time=0 (n=18 piglets) and 60-min 
3
H mannitol fluxes were obtained at hours 2 

and 4 of chambering (n=4 piglets). Histological specimens were obtained from an individual 

piglet prior to (time 0) and after 1, 2, 3, 4 or 5 hours in Ussing chambers. Hematoxylin and 

eosin stain. Mean ± SEM.   
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Supplementary Figure 2 

 

 

Supplementary Figure 2.  XIAP inhibition causes enterocyte shedding, failure to contain 

shedding to the villous tips and loss of barrier function. Number (A) and location of cell 

shedding (B) and effect on transepithelial electrical resistance (C) after treatment of piglet 

ileal mucosa with normal Ringer’s (NR) versus the small molecule XIAP inhibitor JP1584 (1 

m; n=6 each). † p=0.01 –vs- control * p 0.05, ** p 0.01, *** p 0.001. Mean ± SEM. 
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Supplementary Figure 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 3.  Neither XIAP nor survivin co-immunoprecipitates with cleaved 

caspase-3 in epithelial cell lysates from control piglet ileum. Negative controls for 

immunoprecipitation included:  non-immune isotype IgG, XIAP or survivin 

immunoprecipitation of cell lysate using a non-A/G agarose resin, and XIAP or survivin 

immunoprecipitation in the absence of a cell lysate. Note that an excessive amount of control 

protein lysate was required to successfully IP XIAP from control piglets due to their low 

level of expression preventing direct comparisons to protein quantities demonstrated in 

Figure 7A. 
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CHAPTER 3 

The in vivo transcriptional response of intestinal epithelium to Cryptosporidium parvum 

infection is dominated by type I interferon signaling pathways 

 

DEREK M. FOSTER, DAHLIA M. NEILSEN, STEPHEN H. STAUFFER, JODY L. 

GOOKIN 

 

Abbreviations used in this paper: Cp, Cryptosporidium spp.; H&E, hematoxylin and eosin; 

HRP, horseradish peroxidase; IFN, interferon; ISG, interferon stimulated gene; NF B, 

nuclear factor kappa B; SEM, standard error of the mean; USDA, United States Department 

of Agriculture 

 

BACKGROUND AND AIMS: Cryptosporidium parvum, a cause of profound 

malabsorptive diarrhea, induces both innate and adaptive immune responses to limit the 

infection and clear the parasite.  As C. parvum infection is confined to the epithelium, the 

host response is dependent on signaling by the intestinal epithelial cells (IEC).  The current 

understanding of the IEC response to C. parvum is predominantly derived from reductionist 

cell culture studies or immunodeficient mouse models, neither of which recapitulates the 

clinical infection or the influence of the lamina propria. We hypothesized that the 

transcriptional response of C. parvum-infected IEC in vivo using an unparalleled animal 

model of human cryptosporidiosis will identify novel mechanisms of innate immunity 

activation and host defense against C. parvum infection.  METHODS:  Neonatal piglets 

were infected (n=8) or not (n=5) with 10
8
 C. parvum oocysts, and at peak infection, IEC were 

harvested by exfoliation from the ileum. RNA was extracted, processed, and hybridized to 

Affymetrix porcine genomic microarrays. The arrays were normalized using a Loess 

normalization technique, and differentially expressed genes were identified using an 

ANOVA with a false discovery rate set at 0.05. Differentially expressed genes with a two-
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fold change in expression were probed using Ingenuity Pathway Analysis. RESULTS:  

Compared to control IEC, C. parvum infection differentially altered the expression of 82 

genes (61 upregulated, 21 downregulated).  Upregulated genes were represented by 24 

targets of interferon-α/β (IFN-α/β) including the ubiquitin-like protein modifier ISG15 

(21.23-fold). Transcription of IFN-α/β was not increased by C. parvum suggesting a 

subepithelial origin that directs IEC innate immune response via paracrine effects.  

CONCLUSIONS:  These findings demonstrate a previously undiscovered mechanism of 

innate IEC defense in C. parvum infection dominated by IFN- /β-dependent signaling. 

Investigations of this select group of highly differentially expressed genes may disclose novel 

pharmacological targets for control of C. parvum infection. 
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INTRODUCTION 

 Only 5 infectious agents are responsible for roughly half of the 2.2 million children 

that die each year from diarrhea. Cryptosporidium parvum (Cp), an intestinal protozoan 

considered a “neglected disease priority” by the World Health Organization, was recently 

identified as the second leading cause of diarrhea in these children (Gates Foundation Global 

Enteric Multi-Center Study). At last assessment by the USDA, 90% of U.S. dairy farms were 

endemically infected with Cp, the infection was a leading cause of diary calf diarrhea and the 

economic impact of the infection was inestimable. There are no effective treatments for Cp 

and conventional animal models are unsuitable for the study of clinical disease.  

 Cp is a minimally invasive parasite of the intestinal epithelium that initiates a 

significant innate and adaptive immune response. Unfortunately, little is known concerning 

the mechanisms by which the intestinal epithelial cell mediates these responses. Using 

microarray analysis of gene expression in transformed and neoplastic cell lines, recent 

studies have attempted to elucidate these mechanisms of epithelial defense. These cell culture 

studies have demonstrated time-dependent activation of pro- and anti-apoptotic genes and 

genes related to cytoskeleton rearrangement.
1-4

 While interesting, the ability to translate these 

findings to a clinical infection is difficult as they cannot account for the role of the 

underlying lamina propria.  

 The present study used the neonatal piglet model of Cp infection to analyze changes 

in the transcriptome of infected intestinal epithelial cells in vivo. This the first study of 

changes in gene expression in a clinical infection with Cp. Across all of the upregulated gene 

groups, type I interferons appears to drive significant gene expression as almost half of the 

upregulated genes were targets of IFN-α/β. ISG15, the gene with the most significant 
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increase in this study and a type I interferon target, may mediate many of the innate immune 

effects of IFN-α/β. These novel mechanisms of epithelial defense provide exciting potential 

therapeutic targets in Cp infection. 

MATERIALS AND METHODS 

Animals   

One-day-old piglets were removed from the sow, housed in dedicated isolation 

facilities and fed non-medicated milk replacer hourly using automatic feeders.  Infected 

piglets received 10
8
 (Cp) oocysts (Bunch Grass Farms; Deary, ID) by orogastric tube on day 

3 of life and were euthanized with pentobarbital at peak infection 3-5 days later.
5
  

Immediately after euthanasia, the ileum was removed and flushed to remove content, opened 

longitudinally and the mucosa rinsed in oxygenated Ringer’s solution.  

Epithelial cell exfoliation  

 

 The epithelium was exfoliated from fresh sections of control (n=5 pigs) and infected 

(n=8 pigs) ileum in an oxygenated chelation buffer containing 2.5 mM glucose as previously 

described
6
 and frozen at -80°C.  

Histology and histomorphometry   

 Samples of ileum both before and after epithelial cell exfoliation were formalin-fixed, 

paraffin-embedded, sectioned at 5 µm and stained with H&E. For each specimen, 5 well 

oriented villi were examined by light microscopy. Measurements included villus height, 

crypt depth, total number of villus epithelial cells, number of Cp organisms, total villus 

surface and denuded villus surface area. 
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RNA extraction 

 Total RNA was isolated using the RNeasy Mini Kit (Qiagen) using the 

manufacturer’s recommended protocol including DNase treatment.  Following isolation, 

RNA quantity and quality was determined via capillary electrophoresis on the Agilent 2100 

Bioanalyzer (Agilent). 

Microarray hybridization 

 Target was prepared and hybridized according to the "Affymetrix Technical Manual".  

Total RNA (2 ug) was converted into cDNA using Reverse Transcriptase (Enzo Biosciences) 

and a modified oligo(dT)24 primer that contains T7 promoter sequences (GenSet).   After 

first strand synthesis, residual RNA was degraded by the addition of RNaseH and a double-

stranded cDNA molecule was generated using DNA Polymerase I and DNA Ligase. The 

cDNA was then purified and concentrated using a phenol:chloroform extraction followed by 

ethanol precipitation.  The cDNA products were incubated with T7 RNA Polymerase and 

biotinylated ribonucleotides using an In Vitro Transcription kit (Affymetrix). The resultant 

cRNA product was purified using an RNeasy column (Qiagen) and quantified with a 

spectrophotometer. The cRNA target (20ug) was incubated at 94ºC for 35 minutes in 

fragmentation buffer (Tris, MgOAc, KOAc).  The fragmented cRNA was diluted in 

hybridization buffer (MES, NaCl, EDTA, Tween 20, Herring Sperm DNA, Acetylated BSA) 

containing biotin-labeled OligoB2 and Eukaryotic Hybridization Controls (Affymetrix).  The 

hybridization cocktail was denatured at 99°C for 5 minutes, incubated at 45°C for 5 minutes 

and then injected into an Affymetrix Porcine GeneChip cartridge. The GeneChip array was 

incubated at 42°C for at least 16 hours in a rotating oven at 60 rpm.  GeneChips were washed 
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with a series of nonstringent (25°C) and stringent (50°C) solutions containing variable 

amounts of MES, Tween20 and SSPE. The microarrays were then stained with Streptavidin 

Phycoerythrin and the fluorescent signal was amplified using a biotinylated antibody 

solution.  Fluorescent images were detected in an GeneChip® Scanner 3000 and expression 

data was extracted using the GeneChip Command Console Software (AGCC) v 2.0 or later 

(Affymetrix).  All GeneChips were scaled to a median intensity setting of 500. 

Data analysis 

  The arrays were first normalized with a Loess normalization technique using 

JMP Genomics (SAS), and analysis of gene expression changes was performed via analysis 

of variance.  False discovery rates were calculated according to the methods of Storey
7
 and a 

false discovery threshold of 0.05 was adopted in order to identify differentially expressed 

genes. A two-fold change in gene expression from the control cells was the minimum change 

to be considered for further analysis. Lists of differentially expressed genes were further 

analyzed using Ingenuity Pathway Analysis (Ingenuity Systems). 

Data represent means ± SEM.  For all analyses, P  0.05 was considered significant. 

Data were tested for normal distribution and variance and analyzed using parametric statistics 

(SigmaStat, Jandel Scientific). Parametric data were analyzed using paired and unpaired t-

tests. 

RESULTS 

 Cp infection and exfoliation of intestinal epithelial cells 

 In the infected pigs, 56.8 + 8.0% of the villus epithelial cells were infected with Cp. 

Exfoliation harvested 16.1 + 10.5% of the villus epithelial cells, and only 42.4 + 8.6% of the 
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remaining cells were infected. From this we conclude that the exfoliation process enriched 

the sample for infected cells. This is not surprising as Cp preferentially infects the villus tip, 

and exfoliation predominantly collects cells from the tips (Figure 1). It appears that intestinal 

epithelial cells more readily exfoliate from uninfected pigs as a higher percentage of cells 

were collected (75.2 + 13.7%, p<0.01) from these pigs. 

 Differentially expressed genes 

 Microarray analysis of gene expression from these cell populations demonstrated 61 

genes were significantly up regulated in the infection compared to control. Using Ingenuity 

Pathway Analysis, the genes were grouped in functional categories (Table 1). Of the 

upregulated genes, the apoptosis category had the most with 22 genes that were a mixture of 

pro- and anti-apoptosis genes. Twelve genes associated with inflammation were increased 

and expression of 11 genes related to cellular metabolism was significantly higher than 

control. Other categories represented include cell structure (4 genes), cell regulation (3 

genes), and cell signaling (2 genes). In addition, 25 genes were found to be significantly 

downregulated (Table 2) in Cp infection. Of these, the categories of apoptosis (7 genes), cell 

proliferation (6 genes), and metabolism (4 genes) included the most differentially expressed 

genes.  

 Targets of type I interferons are upregulated 

  Across the group of upregulated genes, the influence of Type I interferons was quite 

prominent as 24 different genes were targets of IFN-α/β. Using Ingenuity Pathway Analysis, 

NFκB, IFN-α, and ISG15 were shown to be central to the regulation of this group of genes 
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(Figure 2). ISG15, an interferon stimulated ubiquitin-like protein tag, had the most 

significant increase in expression of any gene at over 21-fold.  

DISCUSSION 

 This is the first large scale analysis of gene expression in a relevant in vivo model of 

Cp infection. Other studies have been confounded by the use of neoplastic cell culture 

models 
1-4,8

 or mucosal explants
9
 that by design eliminate the milieu of cytokines produced 

by resident dendritic cells and invading leukocytes in Cp infection. As the gene expression 

results of this study are significantly different, the lamina propria and/or other in vivo factors 

appear to play a key role in driving the type I interferon-dependent gene expression that is 

seen in Cp infected intestinal epithelium.  

 Cell culture studies of Cp have repeatedly documented both activation
10-14

 and 

inhibition
2,3,12

 of apoptosis. Explanations for these apparently conflicting results include 

variation in apoptosis at different times post infection
3,12

 and differences in response of 

infected cells and neighboring, uninfected cells.
13

 In this analysis of gene expression, pro-

apoptotic genes were both up and down regulated and anti-apoptotic genes were upregulated. 

These seemingly confounding findings could be due to similar problems with cell culture 

studies as the samples were not devoid of uninfected, neighboring enterocytes. Further at 

peak infection, Cp will have undergone multiple rounds of replication and epithelial cells will 

be infected with a wide variety of lifestages of Cp which may impact the activation or 

repression of apoptosis.
12

 On the other hand, there is clear precedent for inhibition with 

simultaneous activation of apoptotic pathways in the piglet model of Cp. Throughout the 

epithelium irrespective of infection status of individual cells, there was cleavage of the 
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executioner caspase-3 and increased expression of the inhibitor of apoptosis protein, XIAP.
15

 

This balance of pro and anti-apoptotic factors that is seen in vivo would be expected to be 

reflected in the gene expression of the epithelial cells. 

 Type I interferon targets predominated in the group of upregulated genes. Yet in spite 

of this evidence of type I interferon activation, IFN-α/β were not found to be differentially 

expressed in the epithelial cells. This suggests a subepithelial origin for its production, which 

could include either invading leukocytes or resident dendritic cells, which have been 

previously shown to produce IFN-α/β in response to Cp.
16

  ISG15, a small protein tag similar 

to ubiquitin that is stimulated by IFN-α, can modify the function of potentially hundreds of 

proteins, affecting many cellular pathways.
17

 As the most abundantly upregulated gene in the 

infected epithelial cells, ISG15 appears to be a likely mechanism by which subepithelial IFN-

α/β directs the innate response in intestinal epithelial cells. 

 NFκB was found to be central to the increase in Type I interferon associated genes, 

but expression of NFκB was not shown to have increased in our microarray. Activation of 

NFκB is not necessarily due to de novo transcription, as its activity is regulated by the 

phosphorylation and degradation of its inhibitor IκB. Dissassociation of IκB allows the active 

subunit to move to the nucleus and initiate gene transcription. We have previously 

demonstrated activation of NFκB via intranuclear localization of phospho-p65 and binding to 

its consensus sequence,
15

 which eliminates the need of any increase in transcription of NFκB. 

 Cp is a minimally invasive parasite yet elicits a significant innate and adaptive 

immune response.
18-20

 Better understanding the signaling mechanisms by which the epithelial 

cell drives this response may provide critical insight towards development of rational 
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therapeutic strategies. From these findings, type I interferons may be a key mediator of the 

innate response to Cp. Yet IFN-α/β is typically associated with an antiviral response, so the 

role of these cytokines and their transcriptional targets in a protozoal infection such as Cp is 

unclear. A previous study suggested that IFN-α/β is produced by dendritic cells in response 

to Cp infection, and may inhibit Cp invasion into the epithelial cells.
16

 Future in vivo studies 

to identify the source of IFN-α/β and the role of ISG15 in Cp infections are critical to better 

understanding their role in the innate response to Cp infection. 



 

96 

TABLES 

TABLE 1. Upregulated genes in Cp infected intestinal epithelial cells. When compared to 

control pigs, there was significant upregulation of 61 genes in intestinal epithelial cells from 

Cp infected pigs. 

 

Gene Name 
Fold 

Change 
Function 

Apoptosis 
  

 ubiquitin D  11.700 Binds protein to signal degradation 

 placenta-specific 8  11.332 Marker of neoplasia 

 matrix Gla protein  9.777 
Calcium binder, may inhibit or promote 

apoptosis 

 interferon, alpha-inducible 

protein 27 
 8.060 Activates apoptosis 

 guanylate binding protein 1, 

interferon-inducible, 67kDa 
 7.814 

INF inducible GTPase, marker of 

intestinal inflammation, and inhibits 

apoptosis 

 S100 calcium binding protein 

A6 
 4.923 

Calcium binding protein; controls cell 

division and differentiation 

 proline rich 13  4.829 Regulates transcription 

 creatine kinase, mitochondrial 

1B 
 3.448 Carries phosphate in mitochondria 

 interferon stimulated 

exonuclease gene 20kDa 
 3.418 Interferon induced DNAse 

 cysteine-rich protein 1 

(intestinal) 
 3.311 

Zinc transport, suppresses cell 

proliferation; antiapoptotic 

 calpain 1, (mu/I) large subunit  3.305 Large subunit of calpain 1 

 PERP, TP53 apoptosis 

effector 
 2.600 p53 dependent effector of apoptosis 

 thioredoxin  2.506 Maintains proteins in their reduced state 

 optineurin  2.492 
Mediates apoptosis and inflammation, 

vesicle trafficking 

 poly (ADP-ribose) 

polymerase family, member 3 
 2.469 DNA repair, inhibits apoptosis 

 heat shock 70kDa protein 4  2.358 
Prevents protein damage, inhibits 

apoptosis 

 chromosome 15 open reading 

frame 63 
 2.228 Protein binding 
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TABLE 1, CONTINUED 

 tyrosine 3-

monooxygenase/tryptophan 5-

monooxygenase activation 

protein, zeta polypeptide 

 2.203 
Signal transduction in phosphoserine 

proteins; antiapoptotic 

 serine/threonine kinase 24  2.171 Upstream in MAPK cascade 

 casein kinase 2, beta 

polypeptide 
 2.089 

Regulates signal transduction, metabolic 

pathways, replication, transcription, and 

translation 

 eukaryotic translation 

initiation factor 6 
2.026 

Translation initiation, apoptosis 

inhibitor upstream of Bcl-2 

 ADP-ribosylation factor 6  2.018 Vesicle trafficking and actin remodeling 

 

Inflammation   

 ISG15 ubiquitin-like modifier  21.339 
stimulated by interferon; modulates 

protein function 

 regenerating islet-derived 3 

alpha 
 17.172 

Pancreas associated protein; associated 

with inflammation; stimulates cell 

division 

 guanylate binding protein 2, 

interferon-inducible 
 11.952 GTPase stimulated by interferon 

 complement component 1, s 

subcomponent 
 7.175 First component of complement cascade 

 chemokine (C-X-C motif) 

ligand 16 
 4.737 Mediates cell growth and chemotaxis 

 tripartite motif-containing 34  3.973 
Upregulated by interferon, anti-

retroviral 

 interferon-induced protein 44-

like 
 3.693 Upregulated by interferon 

 farnesyl diphosphate synthase  3.670 Cholesterol synthesis 

 isopentenyl-diphosphate delta 

isomerase 1 
 3.591 Cholesterol synthesis 

 HIG1 hypoxia inducible 

domain family, member 1A 
 3.504 Stress response 

 hematological and 

neurological expressed 1 
 3.339 

Suppresses differentiation in tissue 

repair 

 proteasome (prosome, 

macropain) subunit, beta type, 

8 (large multifunctional 

peptidase 7) 

 2.922 
Interferon induced protease involved in 

ubiquitination 
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TABLE 1, CONTINUED 

 

Cell Metabolism 
  

 glucosaminyl (N-acetyl) 

transferase 3, mucin type 
 5.222 Mucus formation in goblet cells 

 glutathione S-transferase 

omega 1 
 4.980 

Metabolizes foreign compounds and 

carcinogens 

 pyrophosphatase (inorganic) 1  4.836 
Hydrolyzes pyrophosphate to inorganic 

phospate 

 sterol-C4-methyl oxidase-like  4.367 Cholesterol synthesis 

 chloride intracellular channel 

1 
 3.488 Nuclear membrane chloride channel 

stearoyl-CoA desaturase 5  2.718 
Forms monounsaturated fatty acid, 

regulates energy metabolism 

 calcium binding protein 39  2.271 Regulates fatty acid oxidation 

 UDP-N-acteylglucosamine 

pyrophosphorylase 1 
 2.270 Metabolism of aminosugars 

 cytochrome c oxidase subunit 

VIIIA (ubiquitous) 
 2.250 

Enzyme in the mitochondrial electron 

transfer chain 

 isocitrate dehydrogenase 2 

(NADP+), mitochondrial 
 2.239 

Enzyme that transfers electrons from 

NAD+ 

 acyl-CoA thioesterase 7  2.159 Hydrolyzes long chain fatty acids 

Cell Regulation 
  

 ribonuclease, RNase A 

family, 4 
 5.430 Cleavage of mRNA 

 membrane-spanning 4-

domains, subfamily A, 

member 12 

 4.703 Calcium channel found in enterocytes 

 OTU domain, ubiquitin 

aldehyde binding 1 
 2.772 

Ubiquitin protease that prevents protein 

degradation 

 DnaJ (Hsp40) homolog, 

subfamily B, member 11 
 2.273 

Hsp 40 homolog, stimulates ATPase, 

regulates Hsp70 

 ubiquitin A-52 residue 

ribosomal protein fusion 

product 1 

 2.193 Marks proteins for degradation 

Cell Structure 
  

 annexin A2  5.164 
Actin regulation, controls cell migration 

and division 

 tropomyosin 4  4.077 Actin binding to allow contraction 

 tropomyosin 3  3.457 Actin binding and stabilization 
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TABLE 1, CONTINUED 

 

 actin related protein 2/3 

complex, subunit 1A, 41kDa 
 2.650 Actin binding and elongation 

 calcium binding and coiled-

coil domain 2 
 2.451 Nuclear matrix protein 

Cell Signaling 
  

 calmodulin 3 (phosphorylase 

kinase, delta) 
 2.759 Calcium binding protein 

 phosphatidylinositol transfer 

protein, cytoplasmic 1 
 2.722 

Transfers PI-3, regulates G proteins and 

cell proliferation 

 DAZ associated protein 2  2.322 
Regulates transcription and cell 

signaling 

 archain 1  2.116 Vesicle trafficking 

coatomer protein complex, 

subunit epsilon 
 2.058 Vesicle trafficking 

Cancer 
  

 chromosome 10 open reading 

frame 116 
 8.273 Marker of neoplasia 
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TABLE 2. Downregulated genes in Cp infected intestinal epithelial cells. When compared to 

control pigs, there was significant downregulation of 21 genes in intestinal epithelial cells 

from Cp infected pigs. 

 

Gene Name 
Fold 

Change 
Function 

Apoptosis 
  

 calpain, small subunit 1  -12.786 
Half of caspase-1 and 2, 

regulatory subunit 

 peroxisome proliferator-activated 

receptor delta 
 -3.370 

Inhibits PPARa and PPARg, 

found in tumors, impt for cell 

proliferation 

 solute carrier family 25 (mitochondrial 

carrier; adenine nucleotide translocator), 

member 4 

 -3.048 

ATP transport across 

mitochondrial membrane, 

intrinsic apoptosis signal 

 G protein-coupled receptor 19  -2.387 G-coupled protein receptor 

 dopachrome tautomerase (dopachrome 

delta-isomerase, tyrosine-related protein 

2) 

 -2.132 
 

 intercellular adhesion molecule 3  -2.059 Leukocyte adhesion 

 activin A receptor, type IIB  -2.015 TGF-beta receptor 

Cell Proliferation 
  

 brain expressed, X-linked 4  -12.341 
Regulates cell cycle, inhibits 

NF-kB 

 myostatin  -4.868 Regulates cell growth 

 serine carboxypeptidase 1  -3.590 

Lysosomal enzyme important 

for cell 

proliferation/migration 

 BRF2, subunit of RNA polymerase III 

transcription initiation factor, BRF1-like 
 -2.247 

Participates in gene 

transcription 

 uroplakin 3A  -2.073 
Creates apical surface barrier 

on epithelia 

 PDS5, regulator of cohesion 

maintenance, homolog B (S. cerevisiae) 
 -2.068 

Holds together sister 

chromatids.  Regulates cell 

cycle,  inhibits cancer. 

 

Metabolism   

 apolipoprotein C-II  -28.481 

Activation of lipoprotein 

lipase. Catabolizes VLDL and 

chylomicrons.  Aids in lipid 

absorption 
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TABLE 2, CONTINUED 

 N-acetylgalactosaminidase, alpha- -6.092 Lysosomal enzyme 

 N-terminal EF-hand calcium binding 

protein 1 

 -2.666 

 
Calcium binding protein 

 methylenetetrahydrofolate reductase 

(NAD(P)H) 
 -2.276 

Reduces folate for further 

processing 

 

 

Cell Signaling 
  

 chemokine (C-C motif) receptor 3  -2.263 
G-protein coupled receptor, 

Impt in inflammation 

Inflammation 
  

 disabled homolog 2, mitogen-responsive 

phosphoprotein (Drosophila) 
 -14.148 

mediates cell growth and 

spread.  Released in inflamed 

tissue via macrophages, impt 

in ovarian cancer 

Digestion 
  

 chymotrypsinogen B1  -2.162 Zymogen for trypsin 
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FIGURES 

FIGURE 1 

 

Figure 1. Exfoliation preferentially harvests villus epithelial cells over crypt cells. Gentle 

shaking and incubation in a chelation solution predominantly collects intestinal epithelial 

cells from villus tips rather than the crypts.  
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FIGURE 2 

 
 

Figure 2. Type I interferon response dominates the upregulated genes in Cp infected 

epithelia. IFN-α and NFκB direct much of the change in gene expression that is seen with Cp 

infection. Colored genes indicate those that were upregulated with the intensity of the color 

representative of the fold change. 
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