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Abstract 12 

There is a rapidly growing interest in how the avian intestine is affected by dietary components and 13 

probiotic microorganisms as well as its role in the spread of infectious diseases in both the developing 14 

and developed world. A paucity of physiologically relevant models has limited research in this essential 15 

field of poultry gut health and led to an over reliance on the use of live birds for experiments. The 16 

intestine is characterised by a complex cellular composition with numerous functions, unique dynamic 17 

locations and interdependencies making this organ challenging to recreate in vitro. This review 18 

illustrates the in vitro tools which aim to recapitulate this intestinal environment; from the simplest 19 

cell lines which mimic select features of the intestine but lack anatomical and physiological 20 

complexity, to the more recently developed complex 3D enteroids which recreate more of the 21 

intestine’s intricate microanatomy, heterogeneous cell populations and signalling gradients. We 22 

highlight the benefits and limitations of in vitro intestinal models and describe their current 23 

applications and future prospective utilisations in intestinal biology and pathology research. We 24 

also describe the scope to improve on the current systems to include for example microbiota and a 25 

dynamic mechanical environment, vital components which enable the intestine to develop and 26 

maintain homeostasis in vivo. As this review explains, no one model is perfect but the key to choosing 27 

a model or combination of models is to carefully consider the purpose or scientific question.  28 
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Introduction 29 

The global movement to reduce animal trials has resulted in an urgent need to develop alternative 30 

comprehensive non-animal lab models whose results closely resemble that of a living animal. 31 

Intestinal models are of particular interest for livestock studies since the gut is essential for nutrition 32 

and immunity as well as the target for many important pathogens, therapeutics and feed additives. 33 

However, models commonly used to study the livestock intestinal surface present major limitations. 34 

Avian gastrointestinal studies also have long been hampered by a lack of representative cell culture 35 

tools. This review describes the features of in vitro and ex vivo culture systems that can be employed 36 

as a model for the avian intestine and future prospective uses of in vitro intestinal models. 37 

 38 

In vitro models of the intestine 39 

Cell lines 40 

Intestinal in vitro studies have historically used established cancer-derived or immortalised 41 

mammalian cell lines such as human Caco-2 and human HT29 colorectal adenocarcinoma cells. These 42 

cell lines have been in use for a comparatively long time, are cheap, easy to access and grow, and can 43 

be analysed using currently available technologies. However, immortalised intestinal epithelial cell 44 

(IEC) lines lack cellular heterogeneity, do not reproduce full tissue functionality, and typically evolve 45 

chromosomal aberrations and mutations during continuous passage which can affect growth, 46 

metabolism, physiology and reproducibility (Ben-David et al., 2018). In addition, since they are not 47 

species-specific for livestock studies, they are not suitable for the study of species physiology or the 48 

interaction of species-specific intestinal pathogens. Several porcine and bovine small intestinal cell 49 

lines have been established (Chiba et al., 2012; Miyazawa et al., 2010; Schierack et al., 2006; 50 

Zakrzewski et al., 2013), but most avian epithelial cell lines are patented and not available for research 51 

purposes (patent WO/2020/157076). The only established easily-accessible epithelial cell line in the 52 

chicken is the lung epithelial cell line (CLEC)-213 (Esnault et al., 2011). 53 

Primary intestinal epithelial cell cultures 54 

Primary isolated IECs are closer in phenotype and function to in vivo tissues than immortalised cell 55 

lines and are therefore more capable of recapitulating key features of animal physiology and host-56 

pathogen interactions. A standard optimised isolation protocol for chicken primary small intestinal 57 

cultures does not exist but several groups have published methods to culture primary IECs. This 58 

includes an embryonic day (ED)18 chicken IEC culture which was used to investigate E. tenella 59 

infections and contained cells positive for epithelial-marker cytokeratin and epithelial adhesion 60 
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marker cadherin-1 (Dimier-Poisson et al., 2004). Monolayers with improved morphology have since 61 

been obtained from embryonic and adult intestines, however, these degenerate after 7 - 10 days in 62 

culture (Bai et al., 2019; Kaiser et al., 2017). Although adult IEC chicken cultures were maintained for 63 

6 - 7 passages by Rath et al. (2018), they were shown to have an atypical intercellular junction 64 

morphology which affects their applicability (Rath et al., 2018). A more recent primary IEC culture 65 

showed survivability for 12 days when growing the monolayers on a Matrigel (an Engelbreth-Holm-66 

Swarm mouse tumour extract)-coated surface and using medium supplemented with sodium butyrate 67 

(a histone deacetylase inhibitor which supports stem cell self-renewal and promotes differentiation), 68 

R-Spondin 1 (RSPO1), Noggin and CHIR99021 (all canonical β-catenin/Wnt pathway inducers), and 69 

epidermal growth factor (EGF, which maintains proliferation). The epithelial nature of the cells was 70 

confirmed by staining for villin and cytokeratin, and intercellular tight junctions were identified using 71 

zonula occludens 1 (ZO1) and occludin (OCLN) markers (Ghiselli et al., 2021). IEC cultures derived from 72 

ED17 chicks, also seeded on Matrigel-coated wells but without the addition of exogenous recombinant 73 

growth factors, have been also been used in innate immunity studies to investigate inflammatory 74 

responses to bacterial products (Bar Shira & Friedman, 2018). More recently another IEC culture 75 

model was published derived from late embryonic chicks, that recapitulates all major differentiated 76 

cell lineages, including enterocytes, Paneth cells, Goblet cells, enteroendocrine cells and intra-77 

epithelial leukocytes, and self-organises into an epithelial and mesenchymal sub-layer (Orr et al., 78 

2021). Functional studies using this model in transwell inserts demonstrated a robust epithelial 79 

integrity and inflammatory responses upon exposure to bacterial endotoxins. 80 

Mammalian intestinal organoids and enteroids  81 

Organoids are self-organising 3D tissue-like structures with biological functions similar to the living 82 

organ. These long-term self-renewing culture systems are proving to be more physiologically relevant 83 

than traditional monolayer culture techniques lines and are reducing the number of in vivo studies. 84 

Over the past decade methods for generating organoid culture systems have been published for most 85 

human and mouse organs including intestine, lung, liver, kidney, and brain (reviewed in Hofer & Lutolf, 86 

2021). Intestinal organoids and enteroids, also known as ‘mini-guts’, mirror in vivo 3D intestinal 87 

epithelial morphology and are already facilitating research into basic biology, disease modelling, and 88 

drug development. Enteroids are typically epithelial only and are developed from intestinal tissue 89 

biopsies containing adult intestinal stem cells (ISC) (Stelzner et al., 2012). These adult ISCs can 90 

originate from the tissue of juveniles and late stage embryos and are intrinsically programmed with 91 

their location specific functions (Lancaster & Knoblich, 2014; Middendorp et al., 2014), reviewed in 92 

(Fatehullah et al., 2016). In contrast, intestinal organoids often contain epithelial and mesenchymal 93 

cells and are typically developed from induced pluripotent or early embryonic stem cells. Embryonic 94 



5 
 

stem cells are obtained from the inner mass of pre-implantation embryos whereas induced 95 

pluripotent stem cells are generated by reprogramming differentiated somatic cells e.g. skin 96 

fibroblasts, to regain pluripotency (Takahashi & Yamanaka, 2006).  97 

Propagation of primary adult intestinal crypt cultures was initially achieved in 1992 when Evans et al. 98 

(1992) cultivated murine crypt epithelial cells on collagen in the presence of contaminating 99 

mesenchymal fibroblasts (Evans et al., 1992). The expertise to grow self-organising continuously 100 

expanding enteroids in a mesenchymal-free environment was first developed in the mouse in 2009 ( 101 

Sato et al., 2009). By isolating intestinal crypts or single multipotent adult ISC, embedding the cells in 102 

a Matrigel matrix and adding external growth factors, 3D epithelial enteroids and organoids can be 103 

generated with organised crypt and villus domains, a polarised epithelium, a functional lumen and 104 

comprising most differentiated cell types at normal ratios (Figure 1). Since then enteroids have been 105 

developed in various livestock species using the same concepts as the murine culture system 106 

(reviewed in Beaumont et al., 2021). 107 

Avian enterospheres  108 

Although most advances in 3D enteroids are limited to mammalian species, the development of 109 

chicken enteroid models has been ongoing for almost 10 years. However, attempting to grow chicken 110 

enteroids in the microenvironments successful for most mammals has so far yielded limited results. 111 

As with other livestock species, the induction cues needed to differentiate avian intestinal organoids 112 

from pluripotent stem cells have not yet been determined so currently their 3D cultures are all derived 113 

from adult ISC. Pierzchalska et al. (2012) first published evidence of chicken in vitro 3D intestinal 114 

cultures grown using the classical murine method from ED18 – 20 small intestine (Pierzchalska et al., 115 

2012). They were cultured in Matrigel domes with comparable morphology obtained when using 116 

prostaglandin E2 (PGE2) as a cost-effective alternative to RSPO1 and Noggin. The isolated epithelial 117 

fragments were observed to close into spheres with an expanding lumen enclosed by a thin intact 118 

layer of cells. These structures remained viable for several weeks but did not form crypt-like buds. In 119 

current organoid nomenclature these non-budding thin-walled spherical structures are closest in 120 

description to enterospheres so shall be described as such going forwards (Stelzner et al., 2012). This 121 

group has subsequently published variations on this model including a hanging drop culture system 122 

where enterospheres were suspended in media containing 5% Matrigel (Panek et al., 2018).  123 

Although the majority of chicken 3D cultures are small intestinal in origin, Powell & Behnke (2017) 124 

demonstrated the ability to passage Matrigel-embedded caecal enterospheres, created from adult 125 

bird caecal tissue, over 30 times (Powell & Behnke, 2017). Despite the chicken’s body temperature 126 

being 41°C, all cultures are incubated at 37 - 38°C. This is similar finding in porcine enteroid cultures, 127 
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which express higher levels of LGR5 (an intestinal stem cell marker) at 37°C despite the pigs body 128 

temperature being 39°C (Khalil et al., 2016). All Matrigel-based culture methods for poultry have so 129 

far resulted in thin-walled cystic structures with few if any defined crypt- and villus-like domains. These 130 

therefore do not resemble the 3D architecture of the in vivo intestine nor the classical enteroid 131 

morphology of other species. Typically these enterospheres have only been evidenced to contain 132 

enterocytes, by identifying villin and sucrase isomaltase markers and proliferating cells (Li et al., 2018; 133 

Panek et al., 2018; Pierzchalska et al., 2012; Powell & Behnke, 2017). However, a more recent 134 

publication reported the identification of stem cells, Paneth cells, enteroendocrine cells, epithelial 135 

cells, and goblet cells in their enterosphere cultures, although this was predominantly by using RT-PCR 136 

on a limited gene set (Zhao et al., 2021). Pierzchalska et al. (2012) also identified myofibroblasts 137 

strongly attached to the enterosphere surfaces when they were seeded in Matrigel domes 138 

(Pierzchalska et al., 2012). These were assumed to originate from epithelial-mesenchymal transition 139 

however low expression of both the myofibroblast marker α-smooth muscle actin (αSMA) in the 140 

hanging drop cultures, and mesenchymal marker vimentin in Matrigel dome cultures from other 141 

groups indicates the presence of this cell type is variable and could be caused by isolation or other 142 

culture related factors (Powell & Behnke, 2017; Zhao et al., 2021).  143 

Chicken enterospheres grown in microenvironments successful for other species are a positive 144 

advancement in species-specific 3D cultures, but as yet fail to recapitulate the morphology of their 145 

organ of origin and are as such limited in vitro models.  On a molecular level there is a complex 146 

interplay of growth factors and signalling pathways that positively regulate self-renewal and 147 

differentiation of LGR5+ ISCs (de Lau et al., 2011; Lahar et al., 2011; Sato et al., 2011). For example, 148 

basolateral cell receptors need to interact with specific combinations of extracellular matrix (ECM) 149 

proteins for the development of enteroids from isolated crypts (Gjorevski et al., 2016; Vogel et al., 150 

2006). Ongoing investigations of chicken enteroid growth within different ECM analogues with 151 

variable mechanical (elasticity or stiffness) and chemical compositions are required to determine the 152 

physical niche that is beneficial for chicken enteroid ISCs. In addition, trialling a greater variety of small 153 

molecules at differing concentrations and/or producing chicken-specific recombinant growth factors 154 

could contribute to successful differentiation and longevity of chicken enteroids. 155 

Avian enteroids 156 

In 2020, Acharya et al. demonstrated the growth of compact spheroids from isolated day old chick villi 157 

when they were floated in suspension instead of embedded in extracellular matrix. The resultant 158 

floating enteroid structures displayed an external epithelial layer and a solid core of tissue. They shed 159 

large numbers of cells from the surface, as would be expected along the villus in intestinal 160 
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homeostasis, but only displayed very limited budding from the main spheroid structure after 161 

stimulation with EGF and human insulin-like growth factor (IGF)-1 (Acharya et al., 2020; Figure 3).  162 

More recently Nash et al. (2021) developed a floating enteroid model but, in contrast to other chicken 163 

enterosphere and enteroid cultures, without the requirement for most commonly used exogenous 164 

growth factors (Nash et al., 2021). This resulted in an enteroid model with multiple villus-like budding 165 

structures that lasted in culture for 1 – 2 weeks. The enteroid structures were demonstrated to contain 166 

representative gut epithelial populations of ISCs, Paneth cells, enteroendocrine cells, goblet cells, and 167 

enterocytes using a combination of transcriptional analysis, transmission electron microscopy and 168 

immunohistochemistry. Interestingly the floating chicken enteroid morphology developed rapidly 169 

with multiple small buds present by 24 hours and mature villus-like structures evident by 2 - 3 days 170 

(Figure 3). In contrast, newly established mouse enteroids take 7 - 10 days to become fully mature 171 

structures (Sato et al., 2009). This ED18 model was also shown to mature to post-hatch functions in 172 

culture, showing transcriptional changes related to development of digestive function and organ 173 

development. To expand the potential applications of the floating avian 3D enteroid culture system, 174 

Nash et al. (2021) developed cultures from different regions of the small and large intestine and from 175 

several poultry species (Nash et al., 2021). 176 

Typically, gel-embedded enteroid crypts feed into a central functional lumen and are lined by highly 177 

polarised epithelial cells whose apical brush borders face internally and basolateral surfaces lie in 178 

contact with the ECM scaffold (Sato et al., 2009). A practical limitation of the ‘basal-out’ 3D geometry 179 

and internal lumen of these classical enteroids is that they prevent easy access to the apical 180 

epithelium. The most striking discovery with the floating cultures was the ‘apical-out’ orientation of 181 

the floating poultry enteroids, with the apical brush border of the epithelial cells facing the media, and 182 

the basal epithelial cell surface abutting a dense central cellular core (Nash et al., 2021). 183 

Transcriptional and histological analyses by Nash et al. (2021) showed this enteroid core is 184 

representative of the lamina propria and contains functional leukocytes, glial and mesenchymal cell 185 

populations (publication in prep) making this a distinctive model from their mammalian counterparts 186 

(Nash et al., 2021).  The externally accessible epithelial surface of the floating chicken enteroids 187 

allowed for the uncomplicated replication of the natural infection process by simply adding viral, 188 

bacterial and protozoal pathogens to the media (Nash et al., 2021). The enteroids immune-epithelial 189 

component was also demonstrated to trigger appropriate immune responses to each pathogen, as 190 

described in vivo, using a custom highly multiplexed qPCR array (Borowska et al., 2019). However, the 191 

complexity of this 3D model does not allow for the characterisation of immune responses originating 192 

solely from the epithelium only, in contrast to the 2D model (Orr et al., 2021), nor the full array of in 193 

vivo adaptive immune responses.  194 
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Another drawback of floating enteroids is that they do not allow for long-term self-renewing 195 

propagation. Since human and murine apical-out enteroids also do not demonstrate passage 196 

capabilities, this is could be an issue of floating culture conditions on ISC survival (Co et al., 2019). 197 

Either through prohibiting contact of media-supplemented growth factors ligands with the reverse 198 

polarised epithelial basolateral epithelial receptors, and/or through the change in complex two-way 199 

interactions between ISCs and ECM scaffold (Playford et al., 1996).  This reduced longevity has been 200 

partly addressed with the development of methods to cryopreserve enteroids and villi at the point of 201 

isolation (Nash et al., 2021). Biobanking of frozen culture material means the enteroids can be 202 

reproducibly used across many studies and material can be shared between labs, opening up research 203 

into indigenous breeds from other countries. This also removes the need to use fresh tissue, 204 

predominantly that of embryos rather than post-hatch birds, for each experiment.  205 

Tissue explants  206 

Ex vivo cultures of intestinal tissue explants are closer in phenotype and function of in vivo tissues than 207 

immortalised cell lines and are therefore more capable of recapitulating key features of animal 208 

physiology and host-pathogen interactions. However, explants in contrast to enteroids maintain and 209 

undergo senescence, cell death and necrosis over relatively short timespans (some after only 24 – 48 210 

h) introducing concerns over the accuracy and reproducibility of biological experiments. Therefore, 211 

intestinal tissue explant models are generally used to investigate short term inflammatory and 212 

secretory responses of the entire gut mucosa to external challenge. These tissue culture systems have 213 

been described for the pig (Girard et al., 2005; Kolf-Clauw et al., 2009) and bovine (Girard et al., 2007) 214 

small intestine, mainly for studies exploring enteropathogen infections. Few groups have published 215 

explants of gastrointestinal tissue for poultry. Chicken ileal explant models have been used to measure 216 

nitric oxide (NO) production, epithelial inflammatory markers (TLR4, IL-1β, IL-8) and epithelial 217 

secretory responses (mucin (MUC)2, IgA and polymeric immunoglobulin receptor) after stimulation 218 

with LPS (Kallapura et al., 2015; Zhang et al., 2017). However these cultures were reported to only be 219 

viable for 2 h which is not sufficient to evaluate tight junction responsiveness (Zhang et al., 2017). 220 

Ligated intestinal loop models  221 

Although not an in vitro model sensu stricto, ligated intestinal loop models are tools in which gut loop 222 

segments in a single anaesthetised animal are ligated to form independent and hermetic 223 

compartments whilst the animal is under terminal general anaesthesia. Experiments are performed 224 

within each loop e.g. injection of pathogens or toxins into the lumen, and samples for further analysis 225 

are collected a few hours of continuous general anaesthesia later. These models allow the use of 226 

multiple treatment and control groups in the same animal thereby reducing the number of hosts 227 
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required to obtain significant results. In addition, any pain is controlled by general anaesthesia thus 228 

reducing ethical concerns when conducting pathogenesis experiments on live animals. These 229 

techniques are not commonly employed, but they have been described in both calves and chickens 230 

(Menge et al., 2004; Parent et al., 2018). 231 

 232 

Applications and limitations of avian enteroids 233 

The remainder of the review will focus on chicken 3D enteroid models since this relatively new and 234 

rapidly developing field has more promising future applications for intestinal studies than the other 235 

described in vitro systems. As demonstrated by the mammalian organoid field, there is marked 236 

potential to improve on these current cultures creating more physiologically accurate and/or more 237 

high-throughput applicable systems which will further enhance their utility in the basic research and 238 

industry setting.   239 

Host-pathogen studies 240 

Early mechanisms of host-pathogen interactions at the mucosal interface can be difficult to elucidate 241 

and manipulations of experimental conditions difficult to orchestrate in live animal studies therefore 242 

complementary in vitro studies are needed. Current 2D models of the chicken intestine have limited 243 

cell-types and/or intestinal architecture so cannot reproduce certain hallmarks of natural infections. 244 

Since 3D enteroids more closely mimic the morphology and physiology of the intestine they are 245 

emerging as viable alternatives for many established infection models. However, with basal-out gel-246 

embedded enteroids, in order to replicate the physiological route of entry of enteric pathogens, 247 

microinjection (Heo et al., 2018), transition to 2D enteroid cultures (Luu et al., 2019) or enteroid 248 

fragmentation (Derricott et al., 2019) are required to gain access to the apical epithelial surface. These 249 

techniques are costly and time consuming and, for the mechanical disruption technique, both apical 250 

and basolateral sides of the enteroid cells are exposed. In addition, investigating intestinal immunity 251 

in vitro remains challenging since most currently available intestinal organoid cultures are epithelial-252 

only models. Access to species-specific intestinal epithelial-immune cell models are a necessary to 253 

study coordinated enteric immune responses in health and disease. 254 

Features demonstrated in the floating avian enteroids, which make them highly applicable for host-255 

pathogen studies, are not only their apical-out conformation with an easily accessible brush border, 256 

but also an intact epithelial barrier, the innate presence of lamina propria and intraepithelial 257 

leukocytes, and the development of poultry species- and digestive site-specific models (Nash et al., 258 

2021). These cultures have already provided a useful platform for interrogating the invasion and 259 
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replication efficiency and innate immune interactions of different species and strains of enteric 260 

bacteria, virus and protozoa in the post-hatch chick intestine (Nash et al. 2021). The assessment of 261 

floating chicken enteroid infections with wild type and Type 3 Secretion System 1 mutant Salmonella 262 

Typhimurium strains showed both were highly immunogenic, but the mutant bacteria showed limited 263 

invasion and replication and a differential innate immune gene expression (publication in prep). These 264 

studies indicate the model should be useful to explore the questions relating to intestinal colonisation, 265 

host genetics and innate immunity in laying hen breeds, as well as measuring the level of attenuation 266 

of live vaccine candidates. In addition, since floating enteroids can be developed from various bird 267 

species, they could be used alongside mammalian and avian respiratory and enteroid models to model 268 

Avian Influenza Virus species crossover events in vitro, including the viruses potential for mutation to 269 

virulence (Bryson et al., 2020). 270 

Growth of micro-organisms that do not grow in cell lines 271 

Cultivation of previously unculturable viruses e.g. human norovirus, is now possible in enteroid models 272 

(Ettayebi et al., 2016). This indicates that the differentiated cellular environment present in organoids 273 

can provide essential factors for the infection and expansion of microorganisms. This attribute could 274 

make the floating chicken enteroid system particularly useful for the culture of certain important 275 

chicken enteric viruses. These include astroviruses, rotaviruses and adenoviruses which are currently 276 

difficult to study as they do not grow in available cell lines but their effective control would have 277 

significant economic implications to the global poultry industry (Adebiyi et al., 2019; Mettifogo et al., 278 

2014) (reviewed in Day & Zsak, 2013). 279 

Studying host-protozoal interactions in vitro is challenging due to the universal difficulties culturing 280 

these parasites. Enteroid cultures in other species have recently been exploited to model protozoal 281 

infection such as Cryptosporidium and Toxoplasma, showing these parasites are able to replicate in 282 

vitro and induce enteroid innate immune responses (Cardenas et al., 2020; Derricott et al., 2019; Heo 283 

et al., 2018; Luu et al., 2019; Zhang et al., 2016). In poultry, assessment of disease manifestations and 284 

vaccine efficacy caused by the economically important protozoa Eimeria is predominantly achieved 285 

using live chicken challenge experiments with highly variable study designs (Soutter et al., 2020). This 286 

is in part because immortalised mammalian cell lines can only support the early part of the Eimeria 287 

life-cycle (Tierney & Mulcahy, 2003). So far the full life-cycle of E. tenella (one of the most globally 288 

prevalent Eimeria species) has only been replicated in vitro in primary embryonic chick kidney cells. 289 

Unfortunately this infection produced very small numbers of unsporulated oocysts which sporulated 290 

very poorly (Hofmann & Raether, 1990). The chicken lung cell line (CLEC-213) also allows sporozoite 291 

infection but only replicates up to the gamete stage (Bussière et al., 2018). Since these chicken models 292 
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are not intestinal in origin, they cannot fully recapitulate in vivo interactions of E. tenella with its host. 293 

Multivalent vaccines that do not require the use of chickens in their production and will induce cross 294 

protection against a combination of Eimeria spp. are required. In addition, although natural Eimeria 295 

infections induce strong cell mediated immune responses, there are no assays which predict how 296 

protective a coccidiosis vaccine might be. The ability to study interactions of different Eimeria spp. 297 

with the host intestinal mucosa in vitro could help to identify solutions to these problems and improve 298 

the safety and success of vaccines (Blake et al., 2011; Liu et al., 2018).  Early work with digestive-site 299 

specific floating chicken enteroids is proving promising for the study of these protozoal pathogens in 300 

poultry (Nash et al., 2021).  301 

Genetic lines 302 

Organoids derived from biopsies from individual humans or animals can be used for personalised 303 

medicine applications including patient-specific drug testing and autologous-grafting to repair 304 

damaged tissues (Kondo & Inoue, 2019; Sugimoto et al., 2021). Although these applications may be 305 

relevant for pets they are not indicated for livestock species, however development of chicken-breed 306 

specific enteroids would allow the study of genetic diversity between breeds in vitro. Traits of interest 307 

that could be analysed include how phenotypes influence disease resistance, resilience, microbiota 308 

compositions and differences in nutrient absorption (Clark et al., 2020; Giuffra et al., 2019). Genome 309 

editing has been used in human and mouse intestinal organoids to introduce specific genetic 310 

mutations to study intestinal disease phenotypes (reviewed in Roper & Yilmaz, 2019)). CRISPR Cas9 311 

technology has not yet been utilised in livestock species enteroids, however enteroid cultures 312 

developed from pigs genetically edited to express a mutated myosin 5B gene displayed physiologically 313 

appropriate consequences of the gene mutation (Engevik et al., 2020). Creating enteroids from 314 

individuals already harbouring or prone to disease can also allow modelling of disease processes 315 

without prior knowledge of the causative genes or conditions (Chandra et al., 2019; Dekkers et al., 316 

2013).  317 

Nutrition  318 

The intestinal epithelial layer has many essential functions in protection and digestion therefore a 319 

representative in vitro model of the gut must also demonstrate the full cellular repertoire, polarity 320 

and barrier functions present in vivo (reviewed in Odenwald & Turner, 2017)). Differentiated cell types 321 

with prominent roles in digestion, e.g. absorptive enterocytes and digestive hormone secreting 322 

enteroendocrine cells, have been identified in both chicken enteroids and enterospheres (Nash et al., 323 

2021; Zhao et al., 2021). In addition, the identification of surface microvilli, and upregulation of 324 

digestive enzyme and ion/nutrient transporter genes e.g. SLC13A1, FABP2, SCP2, LCT, ARG2 indicates 325 
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floating enteroids could be used to assess food digestion, nutrient absorption and gut hormone 326 

regulation. Studies in pig enteroids have already demonstrated functional apical to basolateral 327 

transport of nutrients and increased epithelial proliferation after supplementation with dietary 328 

glutamine (van der Hee et al., 2020; Zhu et al., 2020). In addition these models have been used to 329 

show the impact of feed-associated vitamin A, L-glutamine and mycotoxins on ISC homeostasis, as 330 

well as insights into host-pathogen interactions in relation to feed efficiency in pigs (Li et al., 2019; 331 

Wang et al., 2020; Zhu et al., 2020). 332 

Screening feed additives and heat stress 333 

Feed costs make up to 70% of the costs of broiler production and feed efficiency is a major variable to 334 

determine the cost of meat. Therefore the availability of enteroid-based tools to study and screen 335 

food compounds would prove useful for the poultry industry. The innermost layer of the intestinal 336 

luminal surface consists of a single cell thick epithelial lining which acts as a barrier, preventing the 337 

entry of microbiota and harmful pathogens while still allowing the selective passage of dietary 338 

nutrients, ions, and water (Russell et al., 2015). Increased intestinal permeability is a sign of perturbed 339 

intestinal barrier function so assessing the integrity of the epithelial barrier in vitro can be useful in 340 

the study of intestinal inflammation following pathogen infection as well as the effect of feed additives 341 

or probiotics. TEER measurements have been used to measure epithelial integrity in 2D chicken 342 

enteroid monolayers, however these methods are not applicable to the 3D structure of enteroids (Orr 343 

et al., 2021). Analytic dye analysis has been used to measure the passage of permeability solutes over 344 

the epithelial layer via paracellular routes for both 2D and 3D enteroids. For example in porcine 2D 345 

intestinal cell-line studies it has been used to shown changes in gut barrier integrity on exposure to 346 

heat-stress (Zhou et al., 2020). However for gel-embedded basal-out intestinal organoids/enteroids 347 

these intestinal permeability studies are either technically challenging e.g. requiring micro-injection 348 

of dye in the enteroid lumen, or only allow analysis of stimulants applied to the basal epithelial surface 349 

(Bardenbacher et al., 2019; Hill et al., 2017; Pearce et al., 2018). Due to the apical-out nature of 350 

floating chicken enteroids, a much more simplified protocol of immersing them in FITC-dextran has 351 

enabled the quantitative measurement of epithelial permeability after various external challenges 352 

(Nash et al., 2021). 353 

Defined consortia – microbiome 354 

In order that enteroids mimic the differentiated form and function of parental tissues, the introduction 355 

of monocultures or more complex microbiota cultures is being investigated. So far, cell lines in 356 

anaerobic transwells can only sustain microbiota co-cultures for under 24 h (Ulluwishewa et al., 2015). 357 

However more complex anaerobic microfluidic-based systems such as Gut-Chips allow 5 day co-358 
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cultures, and microbial communities have persisted in 3D basal-out human colon organoids for over 359 

4 days after a high-throughput microinjection technique (Tottey et al., 2013; Williamson et al., 2018). 360 

Murine enteroid-microbiota studies have demonstrated a positive correlation between microbial 361 

stimulation of the gut and epithelial regeneration, and identified how host lipid metabolism genes are 362 

modulated by commensal gut bacteria (Lukovac et al., 2014; Nigro et al., 2014; Park et al., 2016). In 363 

ED18 chicken enterosphere cultures, the probiotic bacteria Lactobacillus acidophilus, a TLR4 ligand, 364 

and Pam3CSK4, a TLR2 ligand, promoted enterosphere growth and increased PGE2 production 365 

(Pierzchalska et al., 2017).  Developing a host-microbiota system for apical-out enteroid cultures with 366 

an aerobe-anaerobe interface seems highly feasible and would allow for the controlled exploration of 367 

the microbiotas role in e.g. epithelial barrier integrity, nutrient absorption and ISC function, as well as 368 

how IECs regulate the composition of the microbiota and distinguish between tolerance of and 369 

defense. 370 

Bioprinting and upscaling 371 

The advent of 3D organoid bioprinting, which has already been demonstrated for the bovine, may 372 

eventually enable co-culturing of livestock enteroids with defined spatial positioning of different cell 373 

populations (Töpfer et al., 2019). In addition, the application of microfluidic organ-on-chip technology, 374 

where mechanical complexity such as oxygen gradients and peristalsis motions are introduced, could 375 

further improve the physiological relevance of organoid models and even introduce inter-organ 376 

communication (Nikolaev et al., 2020; Sidar et al., 2019; Skardal et al., 2020).  377 

Bioprinting techniques could also overcome many of the scalability limitations of standard enteroid 378 

cultures (Töpfer et al., 2019; Velasco et al., 2020).  High throughput screening is indicated for many 379 

commercial applications in poultry enteroids therefore ongoing work is required to decrease 380 

variability in the cultures and characterise reproducible responses to challenge. Organoids are a 381 

relatively new technology and they belong to a rapidly developing field. Therefore the correct 382 

concentration and combination of growth factors for each species, digestive site and age are still being 383 

optimised. Individual reports describe a variety of methods to generate and maintain enteroid 384 

cultures, possibly resulting in variability in the enteroid phenotypes. This is particularly evident in the 385 

chicken enteroid field, where no two ISC isolation techniques are the same and an array of growth 386 

factors are in use (Acharya et al., 2020; Pierzchalska et al., 2012; Powell & Behnke, 2017). The floating 387 

cultures do not use Matrigel or supplemental growth factors which significantly reduces potential 388 

effects of raw culture material variability on culture reproducibility as well as the financial impact of 389 

this model. 390 



14 
 

Large-scale analytic techniques for apical-out enteroids have not been established, with most 391 

technologies aimed at 2D cultures e.g. TEER measurements for epithelial barrier integrity studies 392 

(Roodsant et al., 2020). Therefore, alongside the development of novel in vitro models, the creation 393 

or adaption of analytical tools addressing the model’s particular idiosyncrasies also needs to be 394 

considered. One such tool already in use are customised qPCR arrays for assessment of chicken 395 

enteroid immune gene expression (Borowska et al., 2019). These have already shown great potential 396 

to measure enteroid responses to pathogen infection, but could also be utilised in host-microbiota 397 

and other enteroid challenge screening studies (Nash et al. 2021).  398 

 399 

Future prospectives of in vitro intestinal models 400 

Research in the essential field of poultry gut health has been compromised for a long time by a 401 

shortage of physiologically relevant in vitro models, leading to an over reliance on the use of live birds 402 

for experiments. No one model system is perfect, but the key to choosing a model is to carefully 403 

consider the purpose or scientific question. Indeed, the extrapolation of results from unsuitable cell 404 

culture systems is a major bottleneck in the drug discovery process across the species. Transformed 405 

cell lines are useful for high throughput screening, for example to measure the toxicity of compounds. 406 

However they may be less translatable if used in host-pathogen interaction studies, especially if the 407 

pathogen replicates in that particular cell type in vitro but not in vivo. Models with increased cellular 408 

heterogeneity are more representative of the in vivo organ, however, typically these more complex 409 

culture systems are more labour intensive and costly. Although of utmost importance, the reliability 410 

of many models is unknown and to ensure translatability of the system, direct comparisons of 411 

compounds and pathogens tested in vivo and in vitro is needed. On the other hand, in vivo 412 

experiments are not the model system Holy Grail as trials using SPF chickens or commercial birds 413 

under experimental conditions do not encompass the full environmental effect the birds experience 414 

in a commercial setting.  415 

Prior to the development of organoids, the fundamental analysis of certain species-specific biological 416 

processes such as host-pathogen interactions and metabolism were severely hampered by the lack of 417 

appropriate in vitro model options. The introduction of enteroids has provided species- and organ-418 

specific models which create more reliable intestinal responses than current in vitro options whilst 419 

also contributing to the 3Rs (reviewed in Beaumont et al., 2021; Kar et al., 2021). Experiments using 420 

2D and 3D enteroids or enterospheres can allow the study of early infection events e.g. pathogen 421 

adhesion and entry, in far more detail and synchrony than the oral inoculation of birds. Major 422 

advantages of the newly developed floating chicken enteroids is that they combine a complex cell 423 
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system with an easy accessible apical-out orientation and grow in a simple culture medium without 424 

an ECM (Nash et al. 2021). The future hopefully holds even more complex microphysiological models 425 

of the poultry gut with gut-on-chip technologies starting to emerge in the human field which allow the 426 

study of biology beyond conventional cell models, including shear stress, nutrient circulation, and 427 

peristalsis (reviewed in Marrero et al., 2021). We hope that this review of the current and potential 428 

types and applications of chicken in vitro models will fuel interest in those associated with the field 429 

and help to drive new approaches in these promising tools. In doing so we can continue to create 430 

models which better mimic tissue- and organ-level physiology and function, addressing the 3Rs and 431 

facilitating much needed advancements in poultry gastrointestinal research and product 432 

development. 433 

 434 

Acknowledgments 435 

We extend our grateful thanks to Prof N Mabbott, Dr A. de Groof and Dr P. Vermeij (MSD Animal 436 

Health, The Netherlands) for their support and fruitful discussions. 437 

 438 

Disclosure statement 439 

No potential conflict of interest was reported by the authors. 440 

 441 

Funding 442 

The authors gratefully acknowledge funding from the Biotechnology and Biological Sciences Research 443 

Council (BBSRC) Institute Strategic Programme, grant numbers BBS/E/D/10002071, 444 

BBS/E/D/20002174, BBS/E/D/30002276. Dr Nash was supported by an iCase studentship from the 445 

BBSRC in collaboration with MSD Animal Health (BB/MO14819). 446 

 447 

References 448 

Acharya, M., Arsi, K., Donoghue, A. M., Liyanage, R., & Rath, N. C. (2020). Production and 449 
characterization of avian crypt-villus enteroids and the effect of chemicals. BMC Veterinary 450 
Research, 16, 179. 451 

Adebiyi, A. I., Tregaskis, P. L., Oluwayelu, D. O., & Smyth, V. J. (2019). Investigation of Enteric Viruses 452 
Associated With Runting and Stunting in Day-Old Chicks and Older Broilers in Southwest 453 
Nigeria. Frontiers in Veterinary Science, 6, 239.  454 



16 
 

Bai, S., Zhang, K., Ding, X., Wang, J., Zeng, Q., Peng, H., Bai, J., Xuan, Y., Su, Z. & Wu, B. (2019). Uptake 455 
of manganese from the manganese-lysine complex in primary chicken intestinal epithelial 456 
cells. Animals, 9, 559.  457 

Bar Shira, E., & Friedman, A. (2018). Innate immune functions of avian intestinal epithelial cells: 458 
Response to bacterial stimuli and localization of responding cells in the developing avian 459 
digestive tract. PloS One, 13, e0200393.  460 

Bardenbacher, M., Ruder, B., Britzen-Laurent, N., Schmid, B., Waldner, M., Naschberger, E., Scharl, 461 
M., Muller, W., Gunther, C., Becker, C., Sturzl, M. & Tripal, P. (2019). Permeability analyses 462 
and three dimensional imaging of interferon gamma-induced barrier disintegration in 463 
intestinal organoids. Stem Cell Research, 35, 101383. 464 

Beaumont, M., Blanc, F., Cherbuy, C., Egidy, G., Giuffra, E., Lacroix-Lamandé, S., & Wiedemann, A. 465 
(2021). Intestinal organoids in farm animals. Veterinary Research, 52, 33. 466 

Ben-David, U., Siranosian, B., Ha, G., Tang, H., Oren, Y., Hinohara, K., Strathdee, C. A., Dempster, J., 467 
Lyons, N. J., Burns, R., Nag, A., Kugener, G., Cimini, B., Tsvetkov, P., Maruvka, Y. E., O'Rourke, 468 
R., Garrity, A., Tubelli, A. A., Bandopadhayay, P., Tsherniak, A., Vazquez, F., Wong, B., Birger, 469 
C., Ghandi, M., Thorner, A. R., Bittker, J. A., Meyerson, M., Getz, G., Beroukhim, R. & Golub, 470 
T. R. (2018). Genetic and transcriptional evolution alters cancer cell line drug response. 471 
Nature, 560, 325-330.  472 

Blake, D. P., Billington, K. J., Copestake, S. L., Oakes, R. D., Quail, M. A., Wan, K. L., Shirley, M. W. & 473 
Smith, A. L. (2011). Genetic mapping identifies novel highly protective antigens for an 474 
apicomplexan parasite. PLoS Pathogens, 7, e1001279. 475 

Borowska, D., Kuo, R., Bailey, R. A., Watson, K. A., Kaiser, P. Vervelde, L. & Stevens, M. P. (2019) 476 
Highly multiplexed quantitative PCR-based platform for evaluation of chicken immune 477 
responses. PloS One, 14, e0225658-e0225658. 478 

Bryson, K. J., Garrido, D., Esposito, M., McLachlan, G., Digard, P., Schouler, C., Guabiraba, R., Trapp, 479 
S. & Vervelde, L. (2020). Precision cut lung slices: a novel versatile tool to examine host-480 
pathogen interaction in the chicken lung. Veterinary Research, 51, 2.  481 

Bussière, F. I., Niepceron, A., Sausset, A., Esnault, E., Silvestre, A., Walker, R. A., Smith, N. C, Quere, P. 482 
& Laurent, F. (2018). Establishment of an in vitro chicken epithelial cell line model to 483 
investigate Eimeria tenella gamete development. Parasites & Vectors, 11, 44. 484 

Cardenas, D., Bhalchandra, S., Lamisere, H., Chen, Y., Zeng, X.-L., Ramani, S., Karandikar, U. C., 485 
Kaplan, D. L., Estes, M. K. & Ward, H. D. (2020). Two-and three-dimensional bioengineered 486 
human intestinal tissue models for Cryptosporidium. Methods Molecular Biology, 2052, 373-487 
402. 488 

Chandra, L., Borcherding, D. C., Kingsbury, D., Atherly, T., Ambrosini, Y. M., Bourgois-Mochel, A., 489 
Yuan, W., Kimber, M., Qi, Y., Wang, Q., Wannemuehler, M., Ellinwood, N. M., Snella, E., 490 
Martin, M., Skala, M., Meyerholz, D., Estes, M., Fernandez-Zapico, M. E., Jergens, A. E., 491 
Mochel, J. P. & Allenspach, K. (2019). Derivation of adult canine intestinal organoids for 492 
translational research in gastroenterology. BMC Biology, 17, 33.  493 

Chiba, E., Villena, J., Hosoya, S., Takanashi, N., Shimazu, T., Aso, H., Tohno, M., Suda, Y., Kawai, Y., 494 
Saito, T., Miyazawa, K., He, F. & Kitazawa, H. (2012). A newly established bovine intestinal 495 
epithelial cell line is effective for in vitro screening of potential antiviral immunobiotic 496 
microorganisms for cattle. Research Veterinary Science, 93, 688-694.  497 

Chusilp, S., Li, B., Lee, D., Lee, C., Vejchapipat, P., & Pierro, A. (2020). Intestinal organoids in infants 498 
and children. Pediatric Surgery International, 36. 499 

Clark, E. L., Archibald, A. L., Daetwyler, H. D., Groenen, M. A. M., Harrison, P. W., Houston, R. D., 500 
Kuhn, C., Lien, S., Macqueen, D. J., Reecy, J. M., Robledo, D., Watson, M., Tuggle, C. K. & 501 
Giuffra, E. (2020). From FAANG to fork: application of highly annotated genomes to improve 502 
farmed animal production. Genome Biology, 21, 285. 503 



17 
 

Co, J. Y., Margalef-Catala, M., Li, X., Mah, A., Kuo, C., Monack, D. & Amieva, M. (2019). Controlling 504 
epithelial polarity: A human enteroid model for host-pathogen interactions. Cell Reports, 26, 505 
2509-2520.  506 

Day, J. M. & Zsak, L. (2013). Recent Progress in the Characterization of Avian Enteric Viruses. Avian 507 
Diseases, 57, 573-580. 508 

de Lau, W., Barker, N., Low, T. Y., Koo, B. K., Li, V. S., Teunissen, H., Kujala, P., Haegebarth, A., Peters, 509 
P. J., Van De Wetering, M., Stange, D. E., Van Es, J., Guardavaccaro, D., Schasfoort, R. B. M., 510 
Mohri, Y., Nishimori, K., Mohammed, S., Heck, A. J. R. & Clevers, H. (2011). Lgr5 homologues 511 
associate with Wnt receptors and mediate R-spondin signalling. Nature, 476, 293-297.  512 

Dekkers, J. F., Wiegerinck, C. L., de Jonge, H. R., Bronsveld, I., Janssens, H. M., de Winter-de Groot, K. 513 
M., Brandsma, A. M., de Jong, N. W. M., Bijvelds, M. J. C., Scholte, B. J., Nieuwenhuis, E. E. S., 514 
van den Brink, S., Clevers, H., van der Ent, C. K., Middendorp, S. & Beekman, J. M. (2013). A 515 
functional CFTR assay using primary cystic fibrosis intestinal organoids. Nature Medicine, 19, 516 
939-945. 517 

Derricott, H., Luu, L., Fong, W. Y., Hartley, C. S., Johnston, L. J., Armstrong, S. D., Randle, N., 518 
Duckworth, C. A., Campbell, B. J., Wastling, J. M. & Coombes, J. L. (2019). Developing a 3D 519 
intestinal epithelium model for livestock species. Cell Tissue Research, 375, 409-424.  520 

Dimier-Poisson, I., Bout, D. & Quéré, P. (2004). Chicken primary enterocytes: inhibition of Eimeria 521 
tenella replication after activation with crude interferon-γ supernatants. Avian Diseases, 48, 522 
617-624.  523 

Engevik, A. C., Coutts, A. W., Kaji, I., Rodriguez, P., Ongaratto, F., Saqui-Salces, M., Medida, R. L., 524 
Meyer, A. R., Kolobova, E., Engevik, M. A., Williams, J. A., Shub, M. D., Carlson, D. F., 525 
Melkamu, T. & Goldenring, J. R. (2020). Editing myosin VB gene to create porcine model of 526 
microvillus inclusion disease, with microvillus-lined inclusions and alterations in sodium 527 
transporters. Gastroenterology, 158, 2236-2249. e2239.  528 

Esnault, E., Bonsergent, C., Larcher, T., Bed'hom, B., Vautherot, J. F., Delaleu, B., Guigand, L., 529 
Soubieux, D., Marc, D. & Quéré, P. (2011). A novel chicken lung epithelial cell line: 530 
characterization and response to low pathogenicity avian influenza virus. Virus Research, 531 
159, 32-42.  532 

Ettayebi, K., Crawford, S. E., Murakami, K., Broughman, J. R., Karandikar, U., Tenge, V. R., Neill, F. H., 533 
Blutt, S. E., Zeng, X., Qu, L., Kou, B., Opekun, A. R., Burrin, D., Graham, D. Y., Ramani, S., 534 
Atmar, R. L. & Estes, M. K. (2016). Replication of human noroviruses in stem cell–derived 535 
human enteroids. Science, 353, 1387-1393. 536 

Evans, G. S., Flint, N., Somers, A. S., Eyden, B., & Potten, C. S. (1992). The development of a method 537 
for the preparation of rat intestinal epithelial cell primary cultures. Journl Cell Science, 101, 538 
219-231.  539 

Fatehullah, A., Tan, S. H., & Barker, N. (2016). Organoids as an in vitro model of human development 540 
and disease. Nature Cell Biology, 18, 246-254. 541 

Ghiselli, F., Rossi, B., Felici, M., Parigi, M., Tosi, G., Fiorentini, L., .Massi, P., Piva, A. & Grilli, E. (2021). 542 
Isolation, culture, and characterization of chicken intestinal epithelial cells. BMC Molecular 543 
and Cell Biology, 22, 12.  544 

Girard, F., Batisson, I., Frankel, G. M., Harel, J., & Fairbrother, J. M. (2005). Interaction of 545 
enteropathogenic and Shiga toxin-producing Escherichia coli and porcine intestinal mucosa: 546 
role of intimin and Tir in adherence. Infection and Immunity, 73, 6005-6016.  547 

Girard, F., Dziva, F., van Diemen, P., Phillips, A. D., Stevens, M. P., & Frankel, G. (2007). Adherence of 548 
enterohemorrhagic Escherichia coli O157, O26, and O111 strains to bovine intestinal 549 
explants ex vivo. Applied and Environmental Microbiology, 73, 3084-3090.  550 

Giuffra, E., Tuggle, C. K., & Consortium, F. (2019). Functional Annotation of Animal Genomes 551 
(FAANG): current achievements and roadmap. Annual Review of Animal Biosciences, 7, 65-552 
88.  553 



18 
 

Gjorevski, N., Sachs, N., Manfrin, A., Giger, S., Bragina, M. E., Ordonez-Moran, P., Clevers, H. & Lutolf, 554 
M. P. (2016). Designer matrices for intestinal stem cell and organoid culture. Nature, 539, 555 
560-564. 556 

Heo, I., Dutta, D., Schaefer, D. A., Iakobachvili, N., Artegiani, B., Sachs, N., Boonekamp, K. E., Bowden, 557 
G., Hendrickx, A. P. A., Willems, R. J. L., Peters, P. J., Riggs, M. W., O'Connor, R. & Clevers, H. 558 
(2018). Modelling Cryptosporidium infection in human small intestinal and lung organoids. 559 
Nature Microbiology, 3, 814-823. 560 

Hill, D. R., Huang, S., Nagy, M. S., Yadagiri, V. K., Fields, C., Mukherjee, D., Bons, B., Dedhia, P. H., 561 
Chin, A. M., Tsai, Y.-H., Thodla, S., Schmidt, T. M., Walk, S., Young, V. B. & Spence, J. R. 562 
(2017). Bacterial colonization stimulates a complex physiological response in the immature 563 
human intestinal epithelium. eLife, 6, e29132.  564 

Hofer, M. & Lutolf, M. P. (2021). Engineering organoids. Nature Reviews Materials, 6, 402-420. 565 
Hofmann, J. & Raether, W. (1990). Improved techniques for the in vitro cultivation of Eimeria tenella 566 

in primary chick kidney cells. Parasitol Research, 76, 479-486.  567 
Kaiser, A., Willer, T., Steinberg, P. & Rautenschlein, S. (2017). Establishment of an in Vitro Intestinal 568 

Epithelial Cell Culture Model of Avian Origin. Avian Diseases, 61, 229-236. 569 
Kallapura, G., Hernandez-Velasco, X., Piekarski, A., Lassiter, K., Pumford, N., Tellez, G., Bottje, W. G., 570 

Hargis, B. M. & Faulkner, O. B. (2015). Development of an ex vivo ileal explant culture 571 
method for amplified production and differential measurement of nitrite. International 572 
Journal of Poultry Science, 14, 245.  573 

Kar, S. K., Wells, J. M., Ellen, E. D., te Pas, M. F. W., Madsen, O., Groenen, M. A. M. & Woelders, H. 574 
(2021). Organoids: a promising new in vitro platform in livestock and veterinary research. 575 
Veterinary Research, 52, 43. 576 

Khalil H. A., Lei, N. Y., Brinkley, G., Scott, A., Wang, J., Kar, U. K., Jabaji, Z. B., Lewis, M., Martin, M. G., 577 
Dunn, J. C. Y. & Stelzner, M. G. (2016) A novel culture system for adult porcine intestinal 578 
crypts. Cell and Tissue Research 365, 123-134 . 579 

Kolf-Clauw, M., Castellote, J., Joly, B., Bourges-Abella, N., Raymond-Letron, I., Pinton, P. & Oswald, I. 580 
P. (2009). Development of a pig jejunal explant culture for studying the gastrointestinal 581 
toxicity of the mycotoxin deoxynivalenol: Histopathological analysis. Toxicology in vitro, 23, 582 
1580-1584.  583 

Kondo, J. & Inoue, M. (2019). Application of Cancer Organoid Model for Drug Screening and 584 
Personalized Therapy. Cells, 8, 470.  585 

Lahar, N., Lei, N. Y., Wang, J., Jabaji, Z., Tung, S. C., Joshi, V., Lewis, M., Stelzner, M., Martin, M. G. & 586 
Dunn, J. C. (2011). Intestinal subepithelial myofibroblasts support in vitro and in vivo growth 587 
of human small intestinal epithelium. PLOS ONE, 6, e26898. 588 

Lancaster, M. A. & Knoblich, J. A. (2014). Organogenesis in a dish: Modeling development and 589 
disease using organoid technologies. Science, 345, 1247125. 590 

Li, J., Li, J., Zhang, S. Y., Li, R. X., Lin, X., Mi, Y. L. & Zhang, C. Q. (2018). Culture and characterization of 591 
chicken small intestinal crypts. Poultry Science, 97, 1536-1543. 592 

Li, L., Fu, F., Guo, S., Wang, H., He, X., Xue, M., Yin, L., Feng, L. & Liu, P. (2019). Porcine Intestinal 593 
Enteroids: a New Model for Studying Enteric Coronavirus Porcine Epidemic Diarrhea Virus 594 
Infection and the Host Innate Response. Journal Virology, 93. 595 

Liu, T., Huang, J., Ehsan, M., Wang, S., Fei, H., Zhou, Z., Song, X., Yan, R., Xu, L. & Li, X. (2018). 596 
Protective immunity against Eimeria maxima induced by vaccines of Em14-3-3 antigen. 597 
Veterinary Parasitology, 253, 79-86. 598 

Lukovac, S., Belzer, C., Pellis, L., Keijser, B. J., Vos, W. M. d., Montijn, R. C. & Roeselers, G. (2014). 599 
Differential Modulation by Akkermansia muciniphila and Faecalibacterium prausnitzii of Host 600 
Peripheral Lipid Metabolism and Histone Acetylation in Mouse Gut Organoids. mBio, 5, 601 
e01438-01414. 602 

Luu, L., Johnston, L. J., Derricott, H., Armstrong, S. D., Randle, N., Hartley, C. S., Duckworth, C. A., 603 
Campbell, B. J., Wastling, J. W. & Coombes, J. L. (2019). An Open-Format Enteroid Culture 604 



19 
 

System for Interrogation of Interactions Between Toxoplasma gondii and the Intestinal 605 
Epithelium. Frontiers in Cellular and Infection Microbiology, 9. 606 

Marrero, D., Pujol-Vila, F., Vera, D., Gabriel, G., Illa, X., Elizalde-Torrent, A., Alvarez, M. & Villa, R. 607 
(2021). Gut-on-a-chip: Mimicking and monitoring the human intestine. Biosensors and 608 
Bioelectronics, 181, 113156. 609 

Menge, C., Stamm, I., van Diemen, P. M., Sopp, P., Baljer, G., Wallis, T. S. & Stevens, M. P. (2004). 610 
Phenotypic and functional characterization of intraepithelial lymphocytes in a bovine ligated 611 
intestinal loop model of enterohaemorrhagic Escherichia coli infection. Journal of Medical 612 
Microbiology, 53, 573-579.  613 

Mettifogo, E., Nuñez, L. F., Chacón, J. L., Santander Parra, S. H., Astolfi-Ferreira, C. S., Jerez, J. A., 614 
Jerez, J. A., Jones, R. C. & Piantino Ferreira, A. J. (2014). Emergence of enteric viruses in 615 
production chickens is a concern for avian health. Scientific World Journal, 450423. 616 

Middendorp, S., Schneeberger, K., Wiegerinck, C. L., Mokry, M., Akkerman, R. D., van Wijngaarden, 617 
S., Clevers, H. & Nieuwenhuis, E. E. (2014). Adult stem cells in the small intestine are 618 
intrinsically programmed with their location-specific function. Stem Cells, 32, 1083-1091. 619 

Miyazawa, K., Hondo, T., Kanaya, T., Tanaka, S., Takakura, I., Itani, W., Rose, M. T., Kitazawa, H., 620 
Yamaguchi, T. & Aso, H. (2010). Characterization of newly established bovine intestinal 621 
epithelial cell line. Histochemistry and Cell Biology, 133, 125-134.  622 

Nash, T. J., Morris, K. M., Mabbott, N. A., & Vervelde, L. (2021). Inside-out chicken enteroids with 623 
leukocyte component as a model to study host–pathogen interactions. Communications 624 
Biology, 4, 377. 625 

Nigro, G., Rossi, R., Commere, P.-H., Jay, P., & Sansonetti, Philippe J. (2014). The Cytosolic Bacterial 626 
Peptidoglycan Sensor Nod2 Affords Stem Cell Protection and Links Microbes to Gut Epithelial 627 
Regeneration. Cell Host & Microbe, 15, 792-798. 628 

Nikolaev, M., Mitrofanova, O., Broguiere, N., Geraldo, S., Dutta, D., Tabata, Y., Elci, B., Brandenberg, 629 
N., Kolotuev, I., Gjorevski, N., Clevers, H. & Lutolf, M. P. (2020). Homeostatic mini-intestines 630 
through scaffold-guided organoid morphogenesis. Nature, 585, 574-578. 631 

Odenwald, M. A. & Turner, J. R. (2017). The intestinal epithelial barrier: a therapeutic target? Nature 632 
Review Gastroenterology Hepatology, 14, 9-21. 633 

Orr, B., Sutton, K., Christian, S., Nash, T., Niemann, H., Hansen, L. L., McGrew, M. J., Jensen, S. R. & 634 
Vervelde, L. (2021). Novel chicken two-dimensional intestinal model comprising all key 635 
epithelial cell types and a mesenchymal sub-layer. Veterinary Research, 52, 142-142. 636 

Panek, M., Grabacka, M. & Pierzchalska, M. (2018). The formation of intestinal organoids in a 637 
hanging drop culture. Cytotechnology, 70, 1085-1095. 638 

Parent, E., Burns, P., Desrochers, A. & Boulianne, M. (2018). A Ligated Intestinal Loop Model in 639 
Anesthetized Specific Pathogen Free Chickens to Study Clostridium Perfringens Virulence. 640 
Journal of Visualised Experiments, 140.  641 

Park, J.-H., Kotani, T., Konno, T., Setiawan, J., Kitamura, Y., Imada, S., Usui, Y., Hatano, N., Shinohara, 642 
M., Saito, Y., Murata, Y. & Matozaki, T. (2016). Promotion of Intestinal Epithelial Cell 643 
Turnover by Commensal Bacteria: Role of Short-Chain Fatty Acids. PLoS One, 11, e0156334-644 
e0156334. 645 

Pearce, S. C., Ferguson, N. J., Karl, J. P., Arcidiacono, S. M., Soares, J. W., Breault, D. T. & Racicot, K. 646 
(2018). An organoid model to study the effect of bacterial metabolites on the intestinal 647 
epithelium. The FASEB Journal, 32, lb358-lb358.  648 

Pierzchalska, M., Grabacka, M., Michalik, M., Zyla, K. & Pierzchalski, P. (2012). Prostaglandin E2 649 
supports growth of chicken embryo intestinal organoids in Matrigel matrix. Biotechniques, 650 
52, 307-315. 651 

Pierzchalska, M., Panek, M., Czyrnek, M., Gielicz, A., Mickowska, B. & Grabacka, M. (2017). Probiotic 652 
Lactobacillus acidophilus bacteria or synthetic TLR2 agonist boost the growth of chicken 653 
embryo intestinal organoids in cultures comprising epithelial cells and myofibroblasts. 654 
Comparative Immunology, Microbiology and Infectious Diseases, 53, 7-18. 655 



20 
 

Playford RJ, Hanby AM, Gschmeissner S, Peiffer LP, Wright NA, McGarrity T. (1996). The epidermal 656 
growth factor receptor (EGF-R) is present on the basolateral, but not the apical, surface of 657 
enterocytes in the human gastrointestinal tract. Gut, 39, 262-266. 658 

Powell, R. H. & Behnke, M. S. (2017). WRN conditioned media is sufficient for in vitro propagation of 659 
intestinal organoids from large farm and small companion animals. Biology Open, 6, 698-660 
705.  661 

Rath, N. C., Liyanage, R., Gupta, A., Packialakshmi, B., & Lay Jr, J. O. (2018). A method to culture 662 
chicken enterocytes and their characterization. Poultry Science, 97, 4040-4047.  663 

Roodsant, T., Navis, M., Aknouch, I., Renes, I. B., van Elburg, R. M., Pajkrt, D., Wolthers, K. C., 664 
Schultsz, C., van der Ark, K. C. H., Sridhar, A. & Muncan, V. (2020). A Human 2D Primary 665 
Organoid-Derived Epithelial Monolayer Model to Study Host-Pathogen Interaction in the 666 
Small Intestine. Frontiers in Cellular and Infection Microbiology, 10. 667 

Roper, J. & Yilmaz, Ö. H. (2019). Breakthrough Moments: Genome Editing and Organoids. Cell Stem 668 
Cell, 24, 841-842.  669 

Russell, M. W., Mestecky, J., Strober, W., Lambrecht, B. N., Kelsall, B. L. & Cheroutre, H. (2015). 670 
Chapter 1 - Overview: The Mucosal Immune System. In J. Mestecky, W. Strober, M. W. 671 
Russell, B. L. Kelsall, H. Cheroutre, & B. N. Lambrecht (Eds.), Mucosal Immunology 4th edn 672 
(pp.3-8). Boston: Academic Press. 673 

Sato, T., Vries, R. G., Snippert, H. J., van de Wetering, M., Barker, N., Stange, D. E., van Es, J. H., Abo, 674 
A., Kujala, P., Peters, P. J. & Clevers, H. (2009). Single Lgr5 stem cells build crypt-villus 675 
structures in vitro without a mesenchymal niche. Nature, 459, 262-265. 676 

Schierack, P., Nordhoff, M., Pollmann, M., Weyrauch, K. D., Amasheh, S., Lodemann, U., Jores, J., 677 
Tachu, B., Kleta, S., Blikslager, A., Tedin, K. & Wieler, L. H. (2006). Characterization of a 678 
porcine intestinal epithelial cell line for in vitro studies of microbial pathogenesis in swine. 679 
Histochemistry and Cell Biology, 125, 293-305.  680 

Sidar, B., Jenkins, B. R., Huang, S., Spence, J. R., Walk, S. T. & Wilking, J. N. (2019). Long-term flow 681 
through human intestinal organoids with the gut organoid flow chip (GOFlowChip). Lab Chip, 682 
19, 3552-3562. 683 

Skardal, A., Aleman, J., Forsythe, S., Rajan, S., Murphy, S., Devarasetty, M., Zarandi, N. P., Goodwell, 684 
N., Wicks, R., Sadri-Ardekani, H., Bishop, C., Soker, S., Hall, A., Shupe, T. & Atala, A. (2020). 685 
Drug compound screening in single and integrated multi-organoid body-on-a-chip systems. 686 
Biofabrication, 12, 025017. 687 

Soutter, F., Werling, D., Tomley, F. M. & Blake, D. P. (2020). Poultry Coccidiosis: Design and 688 
Interpretation of Vaccine Studies. Frontiers Veterinary Science, 7, 101. 689 

Stelzner, M., Helmrath, M., Dunn, J. C., Henning, S. J., Houchen, C. W., Kuo, C., Lynch, J., Li, L., 690 
Magness, S. T., Martin, M. G., Wong, M. H. & Yu, J. (2012). A nomenclature for intestinal in 691 
vitro cultures. American Journal Physiology-Gastrointestinal and Liver Physiology, 302, 692 
G1359-63 693 

Sugimoto, S., Kobayashi, E., Fujii, M., Ohta, Y., Arai, K., Matano, M., Ishikawa, K., Miyamoto, K., 694 
Toshimitsu, K., Takahashi, S., Nanki, K., Hakamata, Y., Kanai, T. & Sato, T. (2021). An 695 
organoid-based organ-repurposing approach to treat short bowel syndrome. Nature, 592, 696 
99-104.  697 

Takahashi, K. & Yamanaka, S. (2006). Induction of pluripotent stem cells from mouse embryonic and 698 
adult fibroblast cultures by defined factors. Cell, 126, 663-676. 699 

Tierney, J. & Mulcahy, G. (2003). Comparative development of Eimeria tenella (Apicomplexa) in host 700 
cells in vitro. Parasitology Research, 90, 301-304.  701 

Töpfer, E., Pasotti, A., Telopoulou, A., Italiani, P., Boraschi, D., Ewart, M. A. & Wilde, C. (2019). Bovine 702 
colon organoids: From 3D bioprinting to cryopreserved multi-well screening platforms. 703 
Toxicology In Vitro, 61, 104606. 704 

Tottey, W., Denonfoux, J., Jaziri, F., Parisot, N., Missaoui, M., Hill, D., Borrel, G., Peyretaillade, E., 705 
Alric, M., Harris, H. M. B., Jeffery, I. B., Claesson, M. J., O'Toole, P. W., Peyret, P. & Brugère, J. 706 



21 
 

F. (2013). The human gut chip "HuGChip", an explorative phylogenetic microarray for 707 
determining gut microbiome diversity at family level. PLoS One, 8, e62544. 708 

Ulluwishewa, D., Anderson, R. C., Young, W., McNabb, W. C., van Baarlen, P., Moughan, P. J., Wells, 709 
J. M. & Roy, N. C. (2015). Live Faecalibacterium prausnitzii in an apical anaerobic model of 710 
the intestinal epithelial barrier. Cell Microbiology, 17, 226-240. 711 

van der Hee, B., Madsen, O., Vervoort, J., Smidt, H. & Wells, J. M. (2020). Congruence of 712 
Transcription Programs in Adult Stem Cell-Derived Jejunum Organoids and Original Tissue 713 
During Long-Term Culture. Frontiers in Cell Developmental Biology, 8, 375. 714 

Velasco, V., Shariati, S. A. & Esfandyarpour, R. (2020). Microtechnology-based methods for organoid 715 
models. Microsystems & Nanoengineering, 6, 1-13.  716 

Vogel V, Sheetz M. (2006). Local force and geometry sensing regulate cell functions. Nature Reviews 717 
Molecular Cell Biology, 7, 265-275. 718 

Wang, Z., Li, J., Wang, Y., Wang, L., Yin, Y., Yin, L., Yang, H. & Yin, Y. (2020). Dietary vitamin A affects 719 
growth performance, intestinal development, and functions in weaned piglets by affecting 720 
intestinal stem cells. Journal of Animal Science, 98.  721 

Williamson, I. A., Arnold, J. W., Samsa, L. A., Gaynor, L., DiSalvo, M., Cocchiaro, J. L., Carroll, I., 722 
Andrea Azcarate-Peril, M., Rawls, J. F., Allbritton, N. L. & Magness, S. T. (2018). A High-723 
Throughput Organoid Microinjection Platform to Study Gastrointestinal Microbiota and 724 
Luminal Physiology. Cellular and Molecular Gastroenterolgy and Hepatology, 6, 301-319. 725 

Zakrzewski, S. S., Richter, J. F., Krug, S. M., Jebautzke, B., Lee, I.-F. M., Rieger, J., Sachtleben, M., 726 
Bondzio, A., Schulzke, J. D., Fromm, M. & Günzel, D. (2013). Improved Cell Line IPEC-J2, 727 
Characterized as a Model for Porcine Jejunal Epithelium. PLoS One, 8, e79643. 728 

Zhang, Q., Eicher, S. D., Ajuwon, K. M. & Applegate, T. J. (2017). Development of a chicken ileal 729 
explant culture model for measurement of gut inflammation induced by lipopolysaccharide. 730 
Poultry Science, 96, 3096-3103.  731 

Zhang, X. T., Gong, A. Y., Wang, Y., Chen, X., Lim, S. S., Dolata, C. E. & Chen, X. M. (2016). 732 
Cryptosporidium parvum infection attenuates the ex vivo propagation of murine intestinal 733 
enteroids. Physiology Reports, 4. 734 

Zhao, D., Farnell, M. B., Kogut, M. H., Genovese, K. J., Chapkin, R. S., Davidson, L. A., Berghman, L. R. 735 
& Farnell, Y. Z. (2021). From Crypts to Enteroids: Establishment and Characterization of 736 
Avian Intestinal Organoids. Poultry Science, 101, 101642. 737 

Zhou, J., Li, C., Sachs, N., Chiu, M. C., Wong, B. H., Chu, H., Poon, V. K., Wang, D., Zhao, X., Wen, L., 738 
Song, W., Yuan, S., Wong, K. K., Chan, J. F., To, K. K., Chen, H., Clevers, H. & Yuen, K. Y. 739 
(2018). Differentiated human airway organoids to assess infectivity of emerging influenza 740 
virus. Proceedings of the National Academy of Science U S A, 115, 6822-6827. 741 

Zhou, J. Y., Huang, D. G., Zhu, M., Gao, C. Q., Yan, H. C., Li, X. G. & Wang, X. Q. (2020). Wnt/β-742 
catenin-mediated heat exposure inhibits intestinal epithelial cell proliferation and stem cell 743 
expansion through endoplasmic reticulum stress. Journal of Cellular Physiology, 235, 5613-744 
5627. 745 

Zhu, M., Qin, Y. C., Gao, C. Q., Yan, H. C. & Wang, X. Q. (2020). l-Glutamate drives porcine intestinal 746 
epithelial renewal by increasing stem cell activity via upregulation of the EGFR-ERK-mTORC1 747 
pathway. Food & Function Journal, 11, 2714-2724. 748 

 749 

  750 



22 
 

Table 1 Differences between avian and murine enteroid cultures 751 

Publication Species Animal 
age 

Crypt/villi 
isolation 

ECM Culture media 

Sato et al., 
2009 

Mouse mature EDTA 
(Gentle Cell 
Dissociation 
Reagent) 

Matrigel 
(Engelbreth-Holm-
Swarm mouse 
sarcoma extract) 

Intesticult (EGF, 
Noggin, RSPO1) 

Pierzchalska 
et al., 2012; 
Li et al., 
2018; Zhao 
et al., 2021 

Chicken ED18 – 
20 
week 
birds  

EDTA, EGTA 
or 
collagenase 

Matrigel DMEM/F12 or 
DMEM +/- HEPES, 
Glutamine, antibiotic 
& antimycotic, 10% 
FBS, ITS, chicken 
serum, RSPO1, 
Noggin, EGF, L-WRN 
media (Wnt3a, 
RSPO3, Noggin), 
Wnt3a, PGE2 , 

CHIR99021 

Co et al., 
2019 

Mouse mature EDTA Floating (after 
establishment in 
Cultrex Reduced 
Growth 
Factor Basement 
Membrane Matrix, 
Type II)  

DMEM/F12, HEPES, 
Glutamine, B27, N-
acetylcysteine, 
gastrin, EGF, 
nicotinamide, TGF-
βi, p38MAPKi, 
FGF10, L-WRN media  

Acharya et 
al., 2020; 
Nash et al., 
2021  

Chicken ED18 – 
1 day 
old 
chick 

Collagenase 
or 
mechanical 
trituration  

Floating DMEM/F12, HEPES, 
Glutamine, antibiotic 
+/- B27, sodium 
bicarbonate, sodium 
pyruvate, 
antimycotic, 10% 
FBS, ITS, polyamine, 
bovine pituitary 
extract 

 752 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/basement-membrane
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/basement-membrane
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 753 

Figure 1. Method for culturing enteroids in Matrigel. Intestinal crypts are isolated from the small 754 

intestine using a combination of enzymatic and mechanical digestion. The crypts are embedded in an 755 

extracellular matrix (ECM), a dome of Matrigel, and surrounded by a media containing essential 756 

growth factors, enabling them to develop into enteroids over 7 - 10 days. Adapted from Chusilp et al. 757 

(2020) under the terms of the Creative Commons Attribution License 758 

(http://creativecommons.org/licenses/by/4.0/) (Chusilp et al., 2020). 759 

http://creativecommons.org/licenses/by/4.0/
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Ref Culture Images 

(Pierzchalska 

et al., 2012) 

 

(Powell & 

 Behnke, 2017) 

 

(Li et al., 2018) 

 

 760 

Figure 2: Chicken enterosphere culture morphology. Brightfield images of enterospheres developed 761 

from chicken intestinal tissue. Images adapted from publications under the terms of the Creative 762 

Commons Attribution Licenses (http://creativecommons.org/licenses/by/3.0), 763 

(http://creativecommons.org/licenses/by/4.0/). 764 

http://creativecommons.org/licenses/by/3.0
http://creativecommons.org/licenses/by/4.0/
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Ref Culture Images 

(Acharya et al., 

 2020) 

 

(Nash et al., 

 2021) 

 

 765 

Figure 3: Floating chicken enteroid culture morphology. Brightfield images of enteroids developed 766 

from chicken intestinal tissue. Images adapted from publications under the terms of the Creative 767 

Commons Attribution Licenses (http://creativecommons.org/licenses/by/3.0), 768 

(http://creativecommons.org/licenses/by/4.0/). 769 
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