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Abstract 22 

Porcine epidemic diarrhea virus (PEDV), a member of the group of 23 

alphacoronaviruses, is the pathogen of a highly contagious gastrointestinal swine 24 

disease. The elucidation of the events associated with the intestinal epithelial response 25 

to PEDV infection has been limited by the absence of good in vitro porcine intestinal 26 

models that recapitulate the multicellular complexity of the gastrointestinal tract. Here, 27 

we generated swine enteroids from the intestinal crypt stem cells of the duodenum, 28 

jejunum, or ileum, and found that the generated enteroids are able to satisfactorily 29 

recapitulate the complicated intestinal epithelium in vivo and are susceptible to 30 

infection by PEDV. PEDV infected multiple types of cells including enterocytes, stem 31 

cells, and goblet cells, and exhibited segmental infection discrepancies compared with 32 

ileal enteroids and colonoids, and this finding was verified in vivo. Moreover, the 33 

clinical isolate PEDV-JMS propagated better in ileal enteroids than the cell-adapted 34 

PEDV CV777, and PEDV infection suppressed IFN production early during the 35 

infection course. IFN-lambda elicited a potent antiviral response and inhibited PEDV 36 

in enteroids more efficiently than IFN- . Therefore, swine enteroids provide a novel 37 

in vitro model for exploring the pathogenesis of PEDV and for the in vitro study of 38 

the interplay between a host and a variety of swine enteric viruses. 39 

Keywords: porcine epidemic diarrhea virus (PEDV), coronavirus, enteroids, 40 

intestinal crypt cell, interferon 41 
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Importance 43 

PEDV is a highly contagious enteric coronavirus that causes significant 44 

economic losses, and the lack of a good in vitro model system is a major roadblock to 45 

an in-depth understanding of PEDV pathogenesis. Here, we generated a porcine 46 

intestinal enteroid model for PEDV infection. Utilizing porcine intestinal enteroids, 47 

we demonstrated that PEDV infects multiple lineages of the intestinal epithelium and 48 

preferably infects ileal enteroids over colonoids and that enteroids prefer to respond to 49 

IFN-lambda 1 over IFN-α. These events recapitulate the events that occur in vivo. 50 

This study constitutes the first use of a primary intestinal enteroid model to 51 

investigate the susceptibility of porcine enteroids to PEDV and to determine the 52 

antiviral response following infection. Our study provides important insights into the 53 

events associated with PEDV infection of the porcine intestine and provides a 54 

valuable in vitro model for studying not only PEDV but also other swine enteric 55 

viruses.  56 
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Introduction 57 

The complicated multicellular epithelial surfaces of the intestine contain the 58 

primary sites of infection for many gastrointestinal (GI) pathogens and the interfaces 59 

for interactions with microorganisms (1, 2). However, fundamental knowledge of the 60 

intestinal epithelial cell-pathogen interactions in pigs is limited due to the lack of a 61 

reliable in vitro model that recapitulates the complicated intestinal epithelium in vivo. 62 

The intestinal epithelium is composed of villi and crypts, and the self-renewing and 63 

undifferentiated stem cells in the crypt zone are responsible for the renewal of an 64 

entire unit (3, 4). Unlike the classical in vitro models of transformed cancer cell lines, 65 

enteroids derived from intestinal crypts contain a stem cell niche and diverse highly 66 

polarized intestinal epithelial cell types (enterocytes, goblets, enteroendocrine, and 67 

Paneth cells); thus, these enteroids well mimic the diverse cellular nature and 68 

physiological activity of the intestine in vivo and represent a new in vitro model of the 69 

infection of the intestinal epithelium by enteric pathogens (5-7). Intestinal enteroids 70 

maintain the unique characteristics of the tissue from which they are derived and 71 

recapitulate many of the biological and physiological properties of the small intestine 72 

in vivo (4, 6, 8). As a result, since rodent and human intestinal enteroids were first 73 

reported in 2009 and in 2010, respectively, intestinal enteroids have been applied in 74 

enteric infection research and have yielded exciting new insights into a variety of 75 

aspects of host-virus interactions in the GI tract (4, 7, 9-11). However, enteric 76 

infection in porcine intestinal enteroids has not yet been reported. 77 

Porcine epidemic diarrhea virus (PEDV), a member of the genus 78 
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alphacoronavirus in the family Coronaviridae, is the foremost causative agent of acute 79 

diarrhea, dehydration and high mortality in seronegative neonatal piglets, which result 80 

in substantial economic losses each year (12, 13). PEDV is highly enteropathogenic, 81 

primarily infects the villous epithelia of the small intestine, blunts the affected villi 82 

and disrupts the mucosal barrier integrity in vivo (14, 15). The identity of the specific 83 

cell types targeted (enterocytes, goblets, Paneth cells, microfold cells, tuft cells, or 84 

stem cells) by PEDV infection in vivo has remained elusive. However, most in vitro 85 

studies of PEDV have been performed in nonporcine cell lines such as Vero cells 86 

from an African green monkey kidney and HEK293 cells from a human embryonic 87 

kidney (16-18). Unlike normal mammalian cells, Vero cells are interferon-deficient 88 

cells that are incapable of producing type I interferons when infected by viruses (19). 89 

IPEC-J2 cells, a nontransformed porcine jejunum epithelial cell line from nonsuckling 90 

piglets (20), do not mimic the in vivo complicated epithelia, and PEDV clinical 91 

isolates generally do not replicate very well in porcine nontransformed epithelial cells 92 

such as IPEC-J2 (21, 22). The absence of a robust experimental in vitro system that 93 

can recapitulate the in vivo PEDV infection process is a bottleneck hampering the 94 

investigation of PEDV pathogenesis and the development of novel rational strategies 95 

against PEDV infection. Therefore, the development of in vitro models that can 96 

closely recapitulate the porcine intestine is crucial for expanding the current 97 

knowledge of PEDV pathogenesis and facilitating further biological investigations of 98 

host-PEDV interactions. 99 

In the present study, we generated crypt cell-derived enteroids and used this 100 
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model to study PEDV infection. The results revealed that porcine enteroids were 101 

susceptible to PEDV infection and recapitulated many of the events associated with 102 

PEDV infection in porcine intestines in vivo. Collectively, these data illustrate that 103 

porcine enteroids, which recapitulate the key properties of the in vivo intestinal 104 

epithelium, provide an invaluable resource for addressing fundamental aspects of 105 

enteric coronaviruses that cannot be modeled using traditional cell lines. 106 

 107 

Results 108 

Generation of porcine intestinal enteroids derived from intestinal crypt stem 109 

cells 110 

To closely mimic the events associated with enteric virus infection in the swine 111 

intestine, we generated primary porcine enteroid cultures derived from piglet 112 

intestinal crypts containing leucine-rich repeat-containing G-protein-coupled receptor 113 

5 (Lgr5)-positive stem cells. Crypts from the duodenum, jejunum, or ileum were 114 

freshly isolated as described previously with slight modification and were cultured in 115 

a semisolid, laminin/collagen-rich Matrigel in proliferation medium to allow their 116 

differentiation into three-dimensional (3D) enteroids in 7 to 15 days using previously 117 

developed methods (4, 11, 23). After a period of approximately 1 to 2 weeks in 118 

Matrigel culture, the intestinal crypt cells proliferated and differentiated into 3D 119 

enteroids with a central lumen surrounded by an epithelium containing villus-like 120 

structures and budding crypt-like domains, which indicated that the crypt cells from 121 

all three small intestine regions could grow into enteroids (Fig. 1A). Because most of 122 
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the reported enteroid studies have been performed using ileal enteroids, we used ileal 123 

enteroids as representative intestinal enteroids and performed most of the experiments 124 

of the current study using ileal enteroids. To evaluate whether the differentiated 125 

enteroids could be cryopreserved and thawed and whether the resulting thawed cells 126 

could differentiate into enteroids, as previously reported, differentiated ileal enteroids 127 

were subjected to a freeze-thaw cycle and then differentiated as if they were freshly 128 

isolated crypt stem cells. The thawed ileal enteroid single cells grew into enteroids in 129 

7 days (Fig. 1B), and thus, we developed a porcine crypt-derived 3D enteroid culture 130 

system. 131 

Because the apical membrane of the 3D enteroids for viral infection faces the 132 

inside of the enteroids, the infection of 3D enteroids is challenging. We thus sought to 133 

develop a porcine planar (2D) ileal enteroid culture in microplates, which would make 134 

them amenable for efficient infection and would allow deciphering of the complex 135 

interplay between viruses and epithelial cells. Previous studies demonstrated that 136 

dissociated 3D mouse enteroids can generate planar enteroid monolayers with proper 137 

apical and basal polarity that largely recapitulate the many features of 3D enteroids 138 

and the in vivo intestinal epithelium (23, 24). The 3D ileal enteroids that were 139 

expanded in Matrigel were harvested, mechanically dissociated and seeded on 140 

Matrigel-coated microplates to establish 2D enteroids as described previously (24). 141 

After expansion and differentiation, the seeded cells grew out as large, contiguous 142 

sheets of epithelium with heterogeneity in terms of cell morphology and densities (Fig. 143 

1C). A large number of villin-positive enterocytes were present on the apical surface 144 
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and throughout the 2D monolayer (Fig. 1D), indicating the presence of mature 145 

enterocytes in the enteroids. Proliferating cells stained with Ki-67 protein and stem 146 

cells (Lgr5+) were present throughout the 2D monolayers, which suggested that our 147 

2D enteroids maintain the features of stem cells and contain the transit-amplifying 148 

zone. We also identified Paneth (lysozyme-C (LYZ)+) cells, goblet (mucin2 (Muc2)+) 149 

cells, and enteroendocrine (chromogranin A (CHGA)+) cells in the 2D ileal enteroids 150 

(Fig. 1D). Thus, the planar intestinal enteroids generated from budding crypt-like 3D 151 

enteroids include multiple cell lineages and recapitulate the varied cellular phenotypes 152 

of the intestinal epithelium. Moreover, a lumen-like structure was identified in the 153 

differentiated planar 2D ileal enteroids (Fig. 1D). Altogether, these results 154 

demonstrate that a planar swine enteroid culture can be generated from intestinal crypt 155 

stem cells. 156 

Porcine intestinal enteroids are susceptible to PEDV infection 157 

To determine whether porcine intestinal enteroids are permissible to infection by 158 

PEDV, we inoculated porcine ileal enteroids with the clinical isolate PEDV-JMS at 159 

increasing multiplicities of infection (MOIs). At 48 h postinfection (hpi), the numbers 160 

of PEDV genomes were substantially increased from 34- to 754-fold greater than their 161 

levels at 2 hpi and were correlated with the MOI (Fig. 2A), indicating that PEDV can 162 

infect enteroids. It is well established that PEDV primarily infects the small intestine 163 

and can infect all three regions (duodenum, jejunum, and ileum) of the small intestine. 164 

To assess the potential existence of a disparity in the susceptibility to PEDV infection 165 

among duodenal, jejunal, and ileal enteroids, we infected the three enteroids with the 166 
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same MOI and monitored the viral replication kinetics. The duodenal, jejunal, and 167 

ileal enteroids were all infected by PEDV, and the results showed that PEDV 168 

genomes had increased up to 63-fold at 24 hpi compared with 2 hpi and peaked at 48 169 

hpi, indicating successful PEDV replication in all three enteroids. In addition, the 170 

enteroids derived from duodenum, jejunum, and ileum exhibited similar viral 171 

replication kinetic levels after PEDV infection (Fig. 2B). PEDV infection in ileal 172 

enteroids was further confirmed through an anti-PEDV nucleocapsid 173 

immunofluorescence assay (IFA) (Fig. 2C). Successful PEDV infection in ileal 174 

enteroids resulted in a significant cytopathic effect and disruption of the enteroid 175 

structure starting at 24 hpi, and this structure continued to deteriorate over time (Fig. 176 

2D). These results indicate that PEDV successfully infects enteroids and establishes a 177 

productive infection. 178 

Because intestinal enteroids contain multiple cell-type compositions, we then 179 

took advantage of the multiple cellular phenotypes of intestinal enteroids and sought 180 

to clarify whether PEDV targets specific cell types in the porcine intestinal enteroids 181 

through double immunofluorescent labeling (Fig. 3A). We detected PEDV infection 182 

in differentiated mature enterocyte cells that express villin, which serves as a surface 183 

marker for differentiated intestinal epithelial cells and is expressed in cells located in 184 

the brush border of the intestine (25, 26). Moreover, we observed PEDV infection 185 

(nucleocapsid-positive) in Lgr5+ stem cells, Ki-67-positive (proliferating) cells, and 186 

Muc2+ goblet cells, although the number of PEDV-positive cells in the latter two cell 187 

populations was limited (Fig. 3A). These results indicate that PEDV infects multiple 188 
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cell lineages, including stem cells and goblet cells. Thus, these data show that PEDV 189 

can infect enteroids, including enterocytes, stem cells, and goblet cells. 190 

To further verify whether PEDV infects multiple cell lineages in vivo, we 191 

subjected ileal tissues collected from PEDV-infected piglets to immunohistochemistry 192 

staining. Consistent with previous reports, PEDV infection caused severe atrophic 193 

enteritis, and PEDV antigen-positive cells were largely located along the sides of villi, 194 

suggesting that PEDV successfully infects ileal tissue (Fig. 3B) (27). We also 195 

performed double immunofluorescent staining of the same sample with anti-PEDV 196 

spike protein and anti-cell markers (villin, Lgr5, Ki-67, and Muc2) (Fig. 3C). As 197 

expected, villin, a marker of mature enterocytes, was present along the apical side of 198 

the intestinal villus, and PEDV infection was distributed throughout the villin+ villi. 199 

PEDV infection was primarily located on the tip and waist of villi, and Lgr5-positive 200 

cells were primarily concentrated at the bottom crypt area of intestinal villi. We easily 201 

identified significant PEDV infection in Lgr5+ cells in the crypt area (Fig. 3C), which 202 

indicates that PEDV infects Lgr5+ crypt stem cells, as observed in vitro in enteroids. 203 

Unlike Lgr5 staining, which was concentrated in the bottom crypt, Ki-67-positive 204 

cells were distributed widely in the proliferative zone of the crypt and reached the 205 

waist area of villi (Fig. 3C). PEDV protein was occasionally observed in Ki-67+ 206 

proliferating epithelial cells and to a lesser degree in Muc2+ goblet cells (Fig. 3C). 207 

These results demonstrate that PEDV is capable of infecting multiple cellular lineages, 208 

including enterocytes, stem cells, and goblet cells, as observed in vitro. Thus, 209 

intestinal enteroids provide a unique platform for studying the multiple cellular targets 210 
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of PEDV and the effect of PEDV infection on these various epithelial lineages. 211 

PEDV preferentially infects ileal enteroids compared with colonoids 212 

PEDV largely infects the villous epithelial cells of the small intestine in vivo, 213 

although restricted infection has also been observed in the colon (15). To recapitulate 214 

the segmental discrepancy of PEDV infection observed in vivo, we isolated crypt stem 215 

cells from ileal and colonic tissues from the same piglet. The stem cells from both 216 

ileal and colonic crypts expanded and differentiated into enteroids and colonoids, 217 

respectively (Fig. 1A and 4A), but the rates of intestinal organoid differentiation were 218 

not identical. Approximately 7 days were required for the ileal crypt stem cells to 219 

differentiate into enteroids, whereas the colonic crypt stem cells required a longer 220 

time (approximately two weeks) to differentiate into colonoids (Fig. 4A). Consistent 221 

with the segmental discrepancy of PEDV infection observed in vivo in the intestine, 222 

PEDV infected both ileal enteroids and colonoids but showed restricted infection in 223 

colonoids (Fig. 4B). The number of PEDV genome copies in colonoids at 72 hpi was 224 

increased only approximately 5-fold compared with that at 2 hpi, whereas the number 225 

of PEDV genome copies in ileal enteroids was substantially elevated from 24 to 72 226 

hpi to reach values at 72 h that were 1527-fold higher than those at 2 hpi. Consistent 227 

with the PEDV genome numbers, 24 to 72 hpi at the same MOIs, ileal enteroids 228 

produced up to 44-fold more infectious particles than colonic enteroids (Fig. 4C). The 229 

discrepancy in infection between ileal enteroids and colonoids was further confirmed 230 

by PEDV N protein IFA (Fig. 4D), and the results were consistent with the in vivo 231 

results: PEDV infection did not cause prominent pathological injury to colonic villi, 232 
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and only a limited number of PEDV antigen-positive cells were detected in the 233 

colonic villi (Fig. 4E). Our results suggest that enteroids retain the internal 234 

region-specific identity among intestine segments. These data demonstrate that 235 

enteroid systems well mimic the events that occur during PEDV infection in vivo. 236 

Clinical PEDV isolate showed better propagation in ileal enteroids than the 237 

cell-adapted strain CV777 238 

The growth of clinical isolates of PEDV in cell lineages such as Vero E6 cells is 239 

typically challenging. Often, cell-adapted PEDV grows well in continuous cell lines, 240 

such as Vero E6 cells, after being subjected to multiple rounds of blind passaging in 241 

the cell line. We subsequently compared the replication of the clinical isolate 242 

PEDV-JMS in porcine ileal enteroids with that of the cell-adapted PEDV CV777. 243 

After infection at the equivalent MOI, PEDV-JMS in ileal enteroids produced up to 244 

473-fold higher levels of viral genomes than those obtained with PEDV CV777 245 

throughout the study period (Fig. 5A). Consistent with the RNA results, PEDV-JMS 246 

produced more viral titers in enteroids, yielding values that were 49- to 140-fold than 247 

those obtained with PEDV-CV777 (Fig. 5B), which indicated that the clinical isolate 248 

PEDV-JMS exhibits better infection in ileal enteroids than the cell-adapted strain 249 

CV777. PEDV N protein IFA further confirmed that PEDV-JMS propagated better in 250 

enteroids than PEDV CV777, even though both viruses infected enteroids (Fig. 5C). 251 

These data indicate that enteroids can be a good culture system for isolating clinical 252 

PEDV isolates. 253 

PEDV infection suppresses the induction of innate IFN responses in enteroids 254 
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Recent studies have shown that PEDV infection inhibits the production of type I 255 

and III IFN in IEC cell lines such as IPEC-J2 (21). To verify whether PEDV infection 256 

inhibits the innate IFN responses in enteroids, we monitored the mRNA transcripts of 257 

type I IFN (IFN- ) and type III IFN-lambda 1 (IFN-L1) by RT-qPCR in enteroids at 258 

various time points after infection with PEDV-JMS. Compared with the mock 259 

uninfected control, PEDV-JMS caused a rapid and substantial reduction in the 260 

expression of IFN-  and IFN-L1 transcripts, as observed at 2 and 12 hpi, and this 261 

decrease was followed by the induction of IFN expression after 24 hpi, indicating that 262 

PEDV infection inhibits the induction of type I and III IFN at the early stage of 263 

infection. However, the IFN-α and IFN-L1 expression kinetics were not identical (Fig. 264 

6A and 6B): IFN-  peaked at 24 hpi, whereas IFN-L1 peaked at 48 hpi. To further 265 

verify that PEDV infection suppresses the induction of IFNs, we assessed IFN-L1 266 

production after stimulating PEDV-infected enteroids at 12 hpi with poly(I:C) for 12 267 

h. Stimulation with poly(I:C) substantially increased the expression of IFN-L1 in 268 

enteroids (Fig. 6C), which suggested that enteroids are capable of efficiently 269 

producing IFN-L1. In contrast, PEDV infection for 12 hpi significantly reduced the 270 

poly(I:C)-elicited production of IFN-L1 (Fig. 6C), which suggested that PEDV 271 

suppresses IFN production in enteroids. These findings indicate that intestinal 272 

enteroids are a suitable ex vivo model for the study of innate immunity in response to 273 

PEDV infection. 274 

IFN-L1 induces potent ISG expression and inhibits PEDV infection in ileal 275 

enteroids 276 
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We and others have shown that compared with IFN- , IFN-L1 selectively acts 277 

on IPEC-J2 cells and induces potent interferon-stimulated gene (ISG) expression (21, 278 

28). To gauge the antiviral activities of type III and I IFNs against virus infection in 279 

enteroids, we initially monitored ISG expression in enteroids that had been primed for 280 

24 h with either IFN-L1 or IFN- . Both IFN-L1 and IFN-  elicited potent expression 281 

of interferon-stimulated gene 15 (ISG15) (Fig. 7A), MxA (Fig. 7B), 282 

2'-5'-oligoadenylate synthetase-like protein (OASL) (Fig. 7C), and interferon-induced 283 

transmembrane protein 1 (IFITM1) (Fig. 7D) in a dose-dependent manner after 284 

stimulation. Consistent with the previous results in IPEC-J2 cells, IFN-L1 induced 285 

significantly higher levels of ISG15, OASL, MxA, and IFITM1 in enteroids than 286 

IFN-  regardless of the concentrations of IFNs (Fig. 7A-7D). In agreement with the 287 

ISG expression profiles elicited by IFN-L1 and IFN- , both IFN-L1 and IFN-  288 

inhibited PEDV infection in enteroids in a dose-dependent manner, although IFN-L1 289 

showed stronger antiviral activity against PEDV than IFN-α (Fig. 7E and 7F). These 290 

results demonstrate that IFN-L1 exhibits increased activity on enteroids than IFN- . 291 

In summary, intestinal enteroids present a good in vitro model for evaluating the 292 

innate response to PEDV infection. 293 

 294 

Discussion 295 

PEDV is primarily transmitted through the fecal-oral route and infects intestinal 296 

villous epithelial cells in vivo (12, 27). The current in vitro cell cultures of PEDV 297 

include Vero cells (29), MARC-145 cells (another monkey kidney cell line), HEK293 298 
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cells (30), and IPEC-J2 cells (21, 31), and most of these are nonporcine intestinal 299 

epithelial cells and thus not the ideal in vitro cellular models for studying the 300 

interaction between PEDV infection and the host response due to interspecific 301 

variation. Although IPEC-J2 cells are a nontransformed porcine intestinal epithelial 302 

cell line, these cells lack the complexity of the cell types found in and the architecture 303 

of the intestinal epithelium and thus do not satisfactorily mimic the natural infection 304 

process. Intestinal enteroids represent a significant advantage over traditional in vitro 305 

models and provide a unique opportunity to explore host-pathogen interactions in an 306 

in vitro system that recapitulates the complicated cellularity of the GI tract. Although 307 

great progress has been achieved in generating human and mouse intestinal enteroids 308 

and using ex vivo systems to better understand the intestinal physiology and 309 

pathophysiology of enteric infection, previous studies have not investigated enteric 310 

viral infection in enteroids derived from porcine crypt stem cells. Here, we established 311 

a porcine enteroid culture system from crypt cells that contains enterocytes, 312 

enteroendocrine cells, goblet cells, Paneth cells, and stem cells and found that the 313 

proposed system well recapitulates the complex intestinal epithelium in vivo (Fig. 1). 314 

The porcine crypt enteroids derived from all three small intestinal regions were found 315 

to be permissible to infection by PEDV and provide a unique platform for studying 316 

intestinal physiology and a variety of biological aspects of porcine enteric pathogens. 317 

The use of enteroids represents a significant advantage over traditional in vitro 318 

methods because they closely mimic the structure and function of the small intestine 319 

while maintaining the genetic identity of the host. Enteroids derived from crypt stem 320 
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cells from different intestinal segments of the same donor allow assessment of the 321 

contribution of different intestinal segments to PEDV infection. Previous studies and 322 

our results have shown that PEDV largely infects the epithelial cells of the small 323 

intestine and occasionally infects colon epithelial cells (Figs. 2, 3 and 4) (27, 32). In 324 

fact, we observed differential susceptibilities to PEDV infection between colonoids 325 

and ileal enteroids (Fig. 4B-4D), indicating that the segment-specific difference is 326 

maintained ex vivo in enteroid cultures. These data illustrate the utility of the enteroid 327 

system for addressing fundamental aspects of PEDV that cannot be modeled using 328 

standard cell lines. 329 

Due to their unique features, enteroids better mimic the multiple cell types of the 330 

intestinal epithelium in vivo than traditional cell line models. We observed that PEDV 331 

was capable of infecting goblet cells and stem cells in addition to the primary cellular 332 

target, villous mature enterocytes, in the enteroids, and this finding was confirmed in 333 

vivo in the PEDV-infected ileum (Fig. 3C). The intestinal epithelium is a rapidly 334 

self-renewing tissue, and the turnover rate for complete renewal is approximately 3–5 335 

days (33). The Lgr5+ stem cells in crypts are primarily responsible for replenishing 336 

the high turnover of the intestinal epithelium. PEDV infection is cytolytic and causes 337 

acute necrosis of the infected enterocytes, leading to marked intestinal villous atrophy 338 

(12, 14, 15). Elucidating the effect of PEDV infection on crypt proliferation and 339 

differentiation has been a critical challenge. Only two previous reports have shown 340 

that PEDV infection causes a substantial increase in Ki-67-positive cells and induces 341 

the localization of large numbers of Lgr5+ cells in the crypt niches of the intestine of 342 
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PEDV-infected pigs (13, 15). A previous study conducted by Jung et al. showed that 343 

the numbers of Lgr5+ cells and the proliferation of crypt cells are associated with 344 

piglet age, which is associated with susceptibility to PEDV infection (13). These 345 

results indicate that crypt stem cells are involved in the pathogenesis of PEDV 346 

infection. However, whether PEDV directly infects Lgr5+ stem cells is unknown. 347 

Madson et al. previously visualized PEDV protein at the villus-crypt interface of the 348 

distal jejunum and ileum early during the infection process (32)  Here, we directly 349 

observed PEDV proteins in Lgr5+ cells and Ki-67+ transit-amplifying cells in both 350 

ileal enteroids and infected ileal tissue. Enterocytes move forward luminal surfaces 351 

from the bottom crypt area as they differentiate and mature, but further studies are 352 

needed to clarify whether the location and maturity of enterocytes influence the 353 

susceptibility of PEDV infection in these cells. In contrast to the previous in vivo 354 

study (27), we did not observe a significant increase in Ki-67+ epithelial cells 355 

following PEDV infection in enteroids. Other factors might be involved in the 356 

increase in Ki-67+ epithelial cells during in vivo PEDV infection, and enteroids 357 

provide a good in vitro model to further address this question. 358 

Goblet cells are simple columnar epithelial cells that constitute the primary 359 

cellular source of Muc2 mucins (34, 35). Mucins form an intestinal inner mucus layer, 360 

which serves as a physical barrier that effectively separates the commensal microbiota 361 

from the single epithelial cell layer and plays crucial roles in the maintenance of 362 

microbial homeostasis and the protection of epithelial cells from infection (36, 37). 363 

Jung et al. previously detected a PEDV antigen in goblet cells and demonstrated that 364 
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PEDV infection caused a substantial reduction in goblet cells in the small intestine 365 

(27, 38). In agreement with the previous in vivo results, we observed that PEDV 366 

infected goblet cells of enteroids in vitro. Another porcine alphacoronavirus, 367 

transmissible gastroenteritis virus (TGEV), reportedly binds to mucin on the apical 368 

membrane of intestinal cells, which allows TGEV to stay longer in the intestine and 369 

facilitates intestinal infection (39). However, whether PEDV takes advantage of 370 

mucin to facilitate the infection of goblet cells and the effect of PEDV infection on 371 

the functions of goblet cells remain unclear. In addition to the secretion of mucins, 372 

goblet cells play crucial roles in the presentation of oral antigens to the immune 373 

system (34). In the future, it will be very interesting to further explore the effect of 374 

PEDV infection on the functions of goblet cells by taking advantage of the enteroid 375 

model. 376 

In summary, we show that porcine enteroids can be used to model the 377 

multicellular phenotype of the intestinal epithelium, which serves as the primary 378 

portal through which enteric viruses enter the hosts. Our findings provide important 379 

insights into events associated with PEDV infection and demonstrate that swine 380 

enteroids can be used as a unique model to define the complicated crosstalk that exists 381 

between PEDV and the intestinal epithelium, which would undoubtedly have 382 

profound impacts on the clarification of PEDV pathogenesis. Intestinal enteroids also 383 

provide a platform for exploring the role of additional host factors in cellular tropism 384 

and can be used to isolate and grow previously uncultivable enteric viruses. 385 

 386 
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Materials and Methods 387 

Cell cultures. African green monkey kidney cells (Vero E6) were grown and 388 

maintained in Modified Eagle's Medium (DMEM) supplemented with antibiotics (100 389 

units/mL penicillin and 100 μg/mL streptomycin) and 10% heat-inactivated fetal 390 

bovine serum (FBS) (Gibco). 391 

Virus stocks, titration, and infection of cells. The Vero cell-adapted PEDV CV777 392 

strain (GenBank Accession No KT323979) was propagated as previously described 393 

(40, 41). The PEDV-JMS strain (passage 6) was isolated and stocked by our 394 

laboratory, and the PEDV stock was prepared and titrated as described previously (22, 395 

40). To assess the anti-PEDV activity of IFN-  and IFN-L1, cells were infected with 396 

PEDV after being primed with the indicated concentrations of IFN for 24 h. Samples 397 

were collected at the indicated times postinfection for the quantification of PEDV 398 

infection. 399 

Porcine intestinal crypt isolation and 3D enteroid culture. Porcine intestinal crypts 400 

were prepared from specific pathogen-free 2-10-day-old piglets using previously 401 

described protocols with minor modifications (11, 23). Briefly, the intestine was 402 

opened lengthwise and cut into 2-mm segments. The intestinal pieces were washed 403 

several times until the supernatant was clear, and the washed intestinal pieces were 404 

hen suspended in Gentle Cell Dissociation Reagent (STEMCELL, Canada) to 405 

disassociate the crypts. The pellets of the intestinal pieces were suspended in 10 mL 406 

of cold PBS with 0.1% bovine serum albumin (BSA) and antibiotics pen-strep and 407 

passed through a 70-μm filter. The crypt pellets were harvested by centrifugation at 408 
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200×g and 4 °C for 5 min and resuspended in 10 mL of cold DMEM/F-12. After 409 

counting, the intestinal crypts were resuspended with IntestiCult Organoid Growth 410 

Medium (STEMCELL, Canada) and Matrigel (BD Biosciences, USA) and seeded 411 

into a 48-well plate at a density of 50 crypts per well. The plate was incubated at 412 

37 °C for 10 min until the Matrigel solidified, and 300 μL of IntestiCult Organoid 413 

Growth Medium was then added to each well. The plate was subsequently incubated 414 

at 37 °C in a 5% CO2 incubator, and the culture medium was exchanged every 3-4 415 

days. The Institutional Animal Care and Use Committee of the Harbin Veterinary 416 

Research Institute approved all the protocols used for animal experiments in this 417 

study. 418 

2D monolayer enteroid culture. Expanded 3D enteroids were recovered from 419 

Matrigel after 7-14 days of growth through the addition of ice-cold DMEM/F-12 420 

medium, transferred into 15-mL tubes, and centrifuged at 250 ×g and 4 °C for 5 min. 421 

The enteroid pellet was incubated in 0.25% Trypsin-EDTA 1X (Gibco) for 5 min at 422 

37 °C and dissociated by repeated pipetting to obtain a single-cell suspension. 423 

DMEM/F-12 with 10% (v/v) FBS was added to the single-cell suspension, and the 424 

mixture was centrifuged at 800 ×g for 5 min. The cell pellets were resuspended in 425 

complete IntestiCult Organoid Growth Medium at room temperature and seeded at 50 426 

enteroid cells per well in a Matrigel-precoated 96-well plate. After 3 days of 427 

differentiation, the planner monolayer 2D enteroids were ready for experiments. 428 

Experimental infection of piglets. Four 10-day-old specific pathogen-free (SPF) 429 

piglets were randomly divided into two groups. The SPF piglets in group one were 430 
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orally inoculated with 1.0 mL of 4.5×105 TCID50 PEDV-JMS strain, and the SPF 431 

piglets in group two were inoculated with 1.0 mL of DMEM and served as uninfected 432 

controls. All clinical signs were recorded on a daily basis after virus infection, and all 433 

the piglets were euthanized at 4 days postinfection. The Animal Ethics Committee 434 

approved the protocol under the following approval number: 435 

Heilongjiang-SYXK-2006-032. Intestinal samples from the piglets were collected for 436 

pathological evaluation and assessment of PEDV infection. 437 

RNA isolation and reverse transcriptase quantitative PCR (RT-qPCR). Total 438 

cellular mRNA was extracted using the Simply P Total RNA Extraction Kit (BioFlux, 439 

China) according to the manufacturer’s instructions. Total mRNA (1 g) was reverse 440 

transcribed to cDNA using the PrimeScript™ II 1st Strand cDNA Synthesis Kit 441 

(Takara, China), and relative gene expression levels were quantified by qPCR using 442 

SYBR green PCR mix (Life Technologies, USA) based on the cycle threshold (ΔΔCT) 443 

method (42). GAPDH served as the internal control. The primers were designed using 444 

Primer Premier 5 software and are listed in Table 1. 445 

Hematoxylin and eosin (H&E) staining. Formalin-fixed ileum sections were serially 446 

dehydrated with 70%, 95%, and 100% ethanol, cleared in xylene, embedded in 447 

paraffin wax, and sectioned at 4–6-μm thickness. After dewaxing in xylene and 448 

serially rehydrating with 100%, 95%, and 70% ethanol, the ileum sections were 449 

stained with hematoxylin and eosin (HE; Sigma-Aldrich) for histopathological 450 

evaluation and observed using a light microscope. 451 

Immunohistochemistry. Ileum or colon tissue sections were deparaffinized in xylene 452 
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and rehydrated with water containing descending concentrations (100%, 95%, and 453 

70%) of ethanol. The slide was immersed in a citric acid (pH 7.4)/sodium citrate 454 

buffer solution (pH 8.0) at 121 °C for 30 min for antigen retrieval. The tissues were 455 

rinsed with running tap water for 5 min and phosphate-buffered saline (PBS; Gibco) 456 

for 5 min, immersed in 3% (v/v) H2O2-methanol solution for 30 min to block 457 

endogenous peroxidase activity, rinsed with running tap water for 5 min, and then 458 

blocked with 5% skim milk (Sigma-Aldrich, USA) in PBS for 30 min at room 459 

temperature. Mouse anti-PEDV spike protein monoclonal antibody (mAb) 6E5 460 

(stocked in our laboratory) was diluted 1:200 in PBS. After overnight incubation at 461 

4 °C, the tissue sections were subjected to three 10-min washes with PBS. 462 

Subsequently, the slides were incubated with goat anti-rabbit secondary antibody in 463 

the dark for 30 min at room temperature, subjected to three 5-min washes with PBS, 464 

visualized rapidly using diaminobenzidine (DAB) (Sigma-Aldrich, USA), and 465 

counterstained with hematoxylin. The slides were then dehydrated with ascending 466 

concentrations (70%, 95%, and 100%) of ethanol, clarified in xylene, and mounted 467 

with Entellan mounting medium (Sigma-Aldrich, USA). The staining was observed 468 

using an optical microscope. 469 

Immunofluorescence assay (IFA). Porcine intestinal enteroids (PIE) monolayers 470 

were infected with PEDV-JMS at an MOI of 5. The level of PEDV infection at 48 h 471 

postinfection and the expression of differentiation markers were analyzed by IFA as 472 

described previously (22). Briefly, PIE monolayers were fixed with 4% 473 

paraformaldehyde (PFA) for 30 min at room temperature (RT). After permeabilization 474 
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with 0.2% Triton X-100, the cells were blocked with blocking buffer (PBS with 5% 475 

FBS and 5% skim milk), incubated with the primary antibodies for 2 h at 37 °C, and 476 

stained with the secondary antibodies for 1 h at 37 °C. The surface differentiation 477 

markers of intestinal epithelial cells were detected using primary anti-Ki-67 (1 μg/mL, 478 

Abcam, USA) for proliferative cells, anti-Lgr5 (1:50, Novus Biologicals, USA) for 479 

stem cells, anti-mucin 2 (1:50, Abcam, USA) for goblet cells, anti-villin (1:100, 480 

Abcam, USA) and anti-chromogranin A (1:100, Santa Cruz, USA) for 481 

enteroendocrine and anti-lysozyme (1:50, Santa Cruz, USA) for Paneth cells. Mouse 482 

anti-PEDV nucleocapsid monoclonal antibody (mAb) 2G3 was stocked in our 483 

laboratory (1:180 dilution). The cells were then labeled with secondary antibody 484 

conjugated to Alexa Fluor 488 donkey polyclonal antibody against rabbit IgG (1:1000, 485 

Thermo Fisher Scientific, USA) or Alexa Fluor 546 goat anti-mouse IgG antibody 486 

(1:500, Thermo Fisher Scientific, USA). DAPI (1:100, Sigma, USA) was used to stain 487 

cellular nuclei. The stained cells were visualized using an EVOS FL Auto2 488 

fluorescence microscope. 489 

Representative sections of ileum or colon tissues were deparaffinized, rehydrated, 490 

heated for antigen retrieval, and blocked with 5% skimmed milk. Mouse anti-PEDV 491 

spike protein mAb 6E5 (1:200 dilution) was stocked in our laboratory. The surface 492 

differentiation markers of intestinal epithelial cells were stained as described above. 493 

The tissue sections were then rapidly washed three times in PBS, incubated with 494 

DAPI for 10 min at room temperature, and mounted. The slides were imaged using a 495 

Carl Zeiss microscope (LSM700, Carl Zeiss, Heidenheim, Germany) with the 496 
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appropriate filter set. 497 

Statistical analysis. All the results in the figures are presented, wherever appropriate, 498 

as the means ± the standard errors of the mean (SEMs) from three independent 499 

experiments and were analyzed using GraphPad Prism (GraphPad Software, Inc.). 500 

Differences were considered significant if the P value was <0.05. The P values are 501 

indicated as follows: *P <0.05, **P <0.01, ***P <0.005, and ****P <0.001. 502 
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Table 1. Primers for qPCR 509 

Gene name  Primer sequence (5’-3’) 

MxA Forward CACTGCTTTGATACAAGGAGAGG 

 Reverse GCACTCCATCTGCAGAACTCAT 

ISG15 Forward AGCATGGTCCTGTTGATGGTG 

 Reverse CAGAAATGGTCAGCTTGCACG 

OASL Forward TCCCTGGGAAGAATGTGCAG 

 Reverse CCCTGGCAAGAGCATAGTGT 

IFITM1 Forward TGCCTCCACCGCCAAGT 

 Reverse GTGGCTCCGATGGTCAGAAT 

IFN-α Forward CTGCTGCCTGGAATGAGAGCC 

 Reverse TGACACAGGCTTCCAGGTCCC 

IFN-L1 Forward CCACGTCGAACTTCAGGCTT 

 Reverse ATGTGCAAGTCTCCACTGGT 

PEDV 

CV777 ORF3 

Forward 

Reverse 

GCACTTATTGGCAGGCTTTGT 

CCATTGAGAAAAGAAAGTGTCGTAG 

PEDV-JMS ORF3 Forward CACTTATTGGCAGGCTCTTT 

 Reverse CCATTGAGAAAAGAAAGTGTAGTAG 

GAPDH Forward CCTTCCGTGTCCCTACTGCCAAC 

 Reverse GACGCCTGCTTCACCACCTTCT 

 510 

 511 
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Figure legends 512 

Fig. 1. Generation of porcine enteroids derived from intestinal crypt stem cells. 513 

(A). Representative images of the time course of porcine enteroid differentiation from 514 

intestinal crypts. During culture in Matrigel, small spheroids formed on day 3 after 515 

crypt isolation, gradually matured over time and formed budding-like crypt structures 516 

on day 7. (B). Development of ileal enteroids from frozen-thawed enteroid cells. 517 

Enteroids from frozen-thawed enteroid cells were cultured and differentiated as 518 

described in panel A. (C). Representative images of the time course of ileal enteroid 519 

monolayers differentiated from enteroid cell plating. Crypt-derived 3D enteroids were 520 

enzymatically dissociated into single cells and seeded on precoated 96-well plates in 521 

IntestiCult Organoid Growth Medium to differentiate for 3 days. (D). Identification of 522 

different cell lineages in enteroid monolayers. Enteroid monolayer cultures were fixed 523 

and costained for specific cell lineages in the porcine intestine using DAPI (nuclear 524 

staining, blue) and surface marker antibodies: Lgr5 for stem cells (red), Ki-67 for 525 

proliferating cells (red), villin for enterocytes (red), lysozyme-C (LYZ) for Paneth 526 

cells (red), mucin2 (Muc) for goblet cells (red), and chromogranin A (CHGA) for 527 

enteroendocrine cells (red) (bar = 200 μm). 528 

Fig. 2. Detection of PEDV infection in porcine planar enteroids. (A). Detection of 529 

PEDV infection in planar ileal enteroids by RT-qPCR. Monolayers of porcine ileal 530 

enteroids were mock-inoculated or inoculated with PEDV-JMS at the indicated MOIs 531 

for 2 h at 37 °C. The inoculated enteroids were washed three times with PBS and 532 

harvested at 2 or 48 h postinfection. Total cellular RNA was extracted, and the 533 
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number of PEDV genome copies was determined by RT-qPCR. The data are presented 534 

as the means of three wells for each treatment and time point. The error bars denote 535 

the standard error deviations. (B). The kinetic curve of PEDV replication in enteroids 536 

derived from duodenal, jejunal, or ileal crypts. Monolayer enteroids were inoculated 537 

with PEDV at an MOI of 5, and the level of PEDV infection at different time points 538 

postinfection was quantified by RT-qPCR. (C). Detection of PEDV infection in 539 

enteroids by PEDV N protein IFA. Forty-eight hours after infection with PEDV at an 540 

MOI of 5, the enteroids were fixed with 4% paraformaldehyde, and the expression of 541 

PEDV N protein was detected with mouse anti-PEDV N mAb (red). DAPI was used 542 

to stain cellular nuclei (blue). (D). Brightfield images at various hours after 543 

PEDV-JMS infection (MOI=5). 544 

Fig. 3. Identification of the cell phenotypes infected by PEDV in vitro and in vivo. 545 

(A). Double immunofluorescent labeling of ileal enteroids infected with PEDV-JMS 546 

at 48 hpi. Villin, Lgr5, Ki-67, and mucin2 were used as enterocyte, intestinal stem cell, 547 

proliferating cell, and goblet cell markers (green), respectively. PEDV was labeled 548 

with anti-PEDV N protein antibody (red). DAPI was used for nuclear staining. Scale 549 

bar = 100 μm. (B). In vivo H&E staining and immunohistochemistry assay with an 550 

antibody to PEDV S protein. Samples (ileum) were collected from SPF piglets 551 

inoculated orally with mock DMEM or PEDV-JMS (black arrows). Scale bar = 200 552 

μm. (C). In vivo double-labeling histoimmunofluorescence assay with antibodies, as 553 

described in A. Samples (ileum) were collected from SPF piglets inoculated orally 554 

with PEDV. Specific cell marker (green) and PEDV S (red) double-labeling cells are 555 
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indicated by light blue arrows. DAPI (blue) was used for nuclear staining. Scale bar = 556 

50 μm. 557 

Fig. 4. PEDV preferably infects ileal enteroids compared with colonoids. (A). 558 

Representative images of the time course of porcine colonoid development. Colonic 559 

crypts were isolated and differentiated into colonoids using the process used for the 560 

differentiation of ileal enteroids described in Fig. 1A. (B and C). Kinetic curve of 561 

PEDV-JMS replication in ileal enteroids or colonoids. Planar ileal enteroids or 562 

colonoids derived from the same piglet were infected with PEDV-JMS at an MOI of 5. 563 

The kinetics of PEDV production were determined by RT-qPCR (B) or titration (C). 564 

The data are presented as the means ± SEMs of three wells for each treatment and 565 

represent the results obtained for enteroids from two SPF piglets. The P values 566 

indicate the significance of the difference between ileal enteroids and colonoids. (D). 567 

Detection of PEDV infection in ileal enteroids or colonoids by IFA. Planner ileal 568 

enteroids or colonoids were infected with PEDV at an MOI of 5, and the level of 569 

PEDV infection at 48 hpi was detected by staining with anti-PEDV N mAb. 570 

Representative IFA images were randomly selected from four fields per well, and the 571 

PEDV+ cells were counted. The results are presented in the right bar graph. (E). In 572 

vivo H&E staining and immunohistochemistry assay with an antibody to PEDV S 573 

protein. Samples (colon) were collected from SPF piglets inoculated orally with mock 574 

DMEM or PEDV-JMS. Scale bar = 200 μm. 575 

Fig. 5. PEDV-JMS exhibited better infection in ileal enteroids than PEDV CV777. 576 

(A and B). Viral replication kinetics of PEDV-JMS or CV777 in ileal enteroids. Ileal 577 
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enteroids were infected with PEDV-JMS or CV777 at an MOI of 5, and PEDV 578 

production was determined at 24, 48, or 72 hpi by RT-qPCR (A) or viral titration (B). 579 

(C). Representative images of ileal enteroids infected with PEDV-JMS or PEDV 580 

CV777. Ileal enteroids were infected with PEDV-JMS or PEDV CV777 at an MOI of 581 

5, and the level of PEDV infection was determined at 48 hpi by anti-PEDV N IFA. 582 

Fig. 6. PEDV infection suppresses the induction of innate IFN responses in ileal 583 

enteroids. (A and B). PEDV infection suppressed cellular IFN production at the early 584 

stage of infection in ileal enteroids. The expression of IFN-α (A) or IFN-L1 (B) after 585 

PEDV-JMS infection (MOI=5) was assessed by relative RT-qPCR. *, P<0.05, **, 586 

P<0.01, ***, P<0.005, ****, P<0.001 vs. mock. (C). Inhibition of poly(I:C) elicited 587 

IFN-L1 production by PEDV-JMS in enteroids. Ileal enteroids were infected with 588 

PEDV-JMS at an MOI of 5 for 12 h and then stimulated with poly(I:C) for 12 h. Total 589 

cellular RNA was purified, and the mRNA level of IFN-L1 was quantified by 590 

RT-qPCR. The results are presented as the means ± SEMs (n=3). 591 

Fig. 7. IFN-L1 selectively induces a substantial IFN antiviral response and 592 

inhibits PEDV infection in ileal enteroids compared with IFN-α. (A-D). ISG 593 

expression in ileal enteroids after IFN stimulation. Ileal enteroids were stimulated 594 

with IFN at the indicated concentrations for 24 h, and the mRNA levels of ISG15 (A), 595 

MxA (B), OASL (C), and IFITM1 (D) were quantified by RT-qPCR. (E-F). Inhibition 596 

of PEDV infection in ileal enteroids by IFN-L1 and IFN-α. Intestinal enteroids were 597 

primed with IFN for 24 h and infected with PEDV-JMS at an MOI of 1, and the 598 

PEDV viral genome numbers (E) and titers (F) at 48 hpi were determined by 599 
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RT-qPCR and titration, respectively. The results are presented as the means ± SEMs 600 

(n=3). 601 

 602 
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