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Abstract

Infectious diseases affect individual health and have widespread societal impacts. New ex vivo 

models are critical to understand pathogenesis, host response, and features necessary to develop 

preventive and therapeutic treatments. Pluripotent and tissue stem cell–derived organoids provide 

new tools for the study of human infections. Organoid models recapitulate many characteristics 

of in vivo disease and are providing new insights into human respiratory, gastrointestinal, 

and neuronal host–microbe interactions. Increasing culture complexity by adding the stroma, 

interorgan communication, and the microbiome will improve the use of organoids as models 

for infection. Organoid cultures provide a platform with the capability to improve human health 

related to infectious diseases.
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INTRODUCTION

The coronavirus disease 2019 (COVID-19) pandemic has put a spotlight on infectious 

diseases and their potential for disastrous effects on humankind. Viruses like severe acute 

respiratory syndrome coronavirus 2 (SARS-CoV-2) as well as bacteria, parasites, and 

fungi cause more than 10 million deaths worldwide each year, accounting for one-fifth 

of the overall global total (1). The top 10 causes of death include lower respiratory 

infections, diarrheal diseases, tuberculosis, HIV/AIDS, and malaria (2). In addition, tropical 

diseases such as Chagas and schistosomiasis simmer in less-developed areas, and as SARS-

CoV-2 has demonstrated, there needs to be constant vigilance for emerging infectious 

diseases. Antimicrobial-resistant bacteria, such as methicillin-resistant Staphylococcus 
aureus (MRSA), present additional threats. Infectious diseases take a tremendous toll 
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on individual health and well-being, with other confounding consequences affecting both 

widespread social and economic impacts (3). Finally, infectious diseases burden the capacity 

and management of the healthcare system (3). Although the development of highly effective 

vaccines and antimicrobials has reduced the burden of some infectious diseases, as SARS-

CoV-2 has shown us, the threat will never disappear.

The continued presence of infectious pathogens drives the need to understand the 

mechanisms underlying disease development and progression so as to better design 

preventive measures, such as vaccines and therapeutic treatments, to combat illness once 

disease has been established. Both in vitro and in vivo models have been used to establish 

much of what is known about infectious diseases. Many of the in vitro standards, consisting 

predominantly of universally used transformed cell lines, do not recapitulate the complex 

untransformed cellular composition and microenvironment or the disease process that occurs 

at the whole-organism level. Animal models, due to species-specific differences, may not 

accurately reflect the physiology of human–pathogen interactions, and many results cannot 

be extrapolated to the human condition. Such classical approaches lack the ability to 

replicate human genetic variation or to study human-specific pathogens. Recent advances 

in stem cell and developmental biology have led to new approaches using cultures derived 

from human stem cells that bridge the gap between transformed cell lines and animal models 

by addressing aspects of in vivo complexity, offering an easy means of in vitro manipulation, 

and illuminating human genetic diversity and biology.

OVERVIEW OF ORGANOID MODELS

Promising new ex vivo models for infectious disease research are human stem cell–derived 

organoid cultures. Derived from either pluripotent or tissue-derived stem cells (Figure 1) 

and grown within a variety of extracellular matrices, such as Matrigel®, organoid cultures 

develop and self-assemble into three-dimensional structures that in some cases contain an 

underlying mesenchymal component. Mitogens, morphogens, and cytokines such as WNT 

are added to the surrounding media to promote growth. The cultures are genetically stable, 

can be propagated indefinitely, and can be frozen for storage in much the same manner 

as immortalized cells, thus providing ease of use, storage, and transfer. In contrast, other, 

nontransformed human ex vivo models, such as primary cells or tissue explants, have a 

finite replication capacity and rapidly senesce (i.e., reach the Hayflick limit). Manipulation 

of growth factors in the culture media induces further development of organoids from 

stem cells to differentiated cells that mimic functional epithelium. Initially, this three-

dimensional structure limited access to the apical epithelial surface, where most pathogens 

initially attack, to labor-intensive microinjection (Figure 2). This technical challenge can 

be surmounted by using a two-dimensional monolayer organoid culture system (4) or by 

inverting the cell polarity of the three-dimensional organoids (5). This epithelial tissue 

recapitulates many aspects of the cellular heterogeneity and physiology of the native organ, 

such as cellular composition, region-specific features, and functional and physiological 

properties including circadian rhythm and polarization. Most importantly, organoids provide 

the means to investigate the role of individual genetic variability, including demographic 

factors such as age, sex, and ethnicity, at the cellular level. In this way, organoid cultures 
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are a gateway to the development of personalized approaches to understanding infectious 

diseases.

HUMAN PLURIPOTENT STEM CELL–DERIVED ORGANOIDS

Human pluripotent stem cell–derived organoids have several advantages for investigations 

of infectious diseases. These cultures originate either from human blastocytes isolated from 

fetal tissue (embryonic stem cell lines) (6) or from fibroblasts or other differentiated somatic 

cells transduced with defined transcription factors (induced pluripotent stem cell lines) (7). 

Pluripotent stem cells have unlimited proliferative capacity and the ability to model all 

the cell types in the body through a multistep directed-differentiation process that takes 

typically 1–3 months to generate organoids (8). Using this approach, researchers have 

created organoids that model the intestine, brain, and airway, allowing investigations of 

previously unstudied interactions between pathogens and host organs. Organoids generated 

from pluripotent stem cells contain both epithelial and mesenchymal layers, allowing 

dissection of the role of the mesenchyme in protecting and defending the epithelium 

when damaged by infection. Although pluripotent stem cell–derived organoids contain a 

mesenchymal component, one of the challenges of using these organoids is their inability 

to mature sufficiently to completely model in vivo epithelium and stroma. Currently, many 

pluripotent stem cell–derived organoid cultures resemble developing tissue and may not 

fully recapitulate their adult counterparts. In some instances, implantation of organoid 

cultures into immunodeficient animals can result in increased development and induction 

of more mature organoids for further study (9–11). Despite this limitation, an advantage of 

pluripotent stem cell–derived organoid lines is that they can be easily genetically modified 

using approaches such as CRISPR/Cas9 (clustered regularly interspaced short palindromic 

repeats/caspase-9) (12), which allows molecular pathways such as innate immune response 

to infections to be interrogated relatively quickly. Additionally, lines can be generated from 

individuals with specific genetic mutations, yielding valuable tools for determining the 

susceptibility factors that influence infectious disease. These cultures are allowing modeling 

of human infectious diseases in ways that were not possible using transformed cell lines or 

animals.

HUMAN TISSUE STEM CELL–DERIVED ORGANOIDS

Tissue stem cell–derived organoid cultures contribute equally to the modeling of human 

infectious diseases. These cultures are derived from resident tissue stem cells that are 

isolated and recovered from the mature organ, and self-organizing organoids are usually 

established within a week. Manipulation of growth factors induces differentiation of 

the stem cells into mature epithelium that resembles the complex in vivo standard 

both cellularly and physiologically. As with pluripotent stem cell–derived organoids, 

tissue stem cell–derived organoids have unlimited proliferative capacity in vitro, can 

be genetically manipulated, and are generated from individuals to represent populations 

with specific single-nucleotide polymorphisms or diseases caused by specific mutations. 

Unlike pluripotent stem cell–derived organoids, tissue stem cell–derived organoids lack 

a mesenchymal component; instead, they have the advantage of retaining mature 

differentiation and region-specific features that are not yet achievable in pluripotent stem 
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cell–derived organoids. Thus, tissue stem cell–derived organoids are crucial for advancing 

our understanding of the interactions between human tissue and infectious diseases, 

especially previously noncultivable human-specific organisms.

THE USE OF ORGANOIDS TO STUDY RESPIRATORY INFECTIONS

Respiratory infectious diseases enter the body through the epithelium that lines the 

respiratory tree, and airway organoid cultures represent significant advances in the study 

of human respiratory infections. Both pluripotent stem cell– and tissue stem cell–derived 

organoids have been created to model epithelial aspects of the respiratory tree (13–16) 

and contain various epithelial cell types, including basal, goblet, ciliated, club, and type 

I/type II alveolar cells. The organoids can be cultured under air–liquid interface conditions, 

which makes them more closely related to the physiology of the epithelium in vivo (17). 

Lung organoids are only beginning to be used to study respiratory bacterial, parasitic 

(18), and fungal infections. They are also a powerful new tool for the study of lung viral 

infections, such as parainfluenza virus 3 (19), influenza virus (20, 21), enterovirus (22), 

and respiratory syncytial virus (16). To date, investigators have examined a wide range of 

infectious properties, such as microbial growth; antiviral therapies; epithelial pathologies (or 

lack thereof), including apical extrusion of infected cells, cytoskeletal rearrangement, and 

syncytia formation; and susceptibility of the host epithelium to infection.

Perhaps the most exciting use of lung organoids is in studies of the novel SARS-CoV-2 

coronavirus strains that are causing the current world pandemic. On preprint servers, yet-

to-be-reviewed manuscripts describe the use of both pluripotent and tissue-derived stem 

cell lung organoid cultures to study the replication kinetics of the virus, tropism, and 

host epithelial response via techniques such as immunofluorescence, electron microscopy, 

flow cytometry, transcriptomics, and whole-genome sequencing. Of particular interest is 

the identification of specific cell populations within the lung that express receptors for 

SARS-CoV-2. ACE2 and TMPRSS2, which are thought to be critical for binding of the 

virus to its target cell, are expressed in human airway organoids (20, 23). In differentiated 

airway organoid cultures, ciliated cells appear to be a key target (24). Organoid studies have 

revealed that distal cells, such as club and type II alveolar cells, also express ACE2 and 

TMPRSS2, are infected by SARS-CoV-2, exhibit cytokine pathway induction similar to that 

of SARS-CoV-2 lung autopsy tissue, and may play a role in more severe disease pathology 

(25, 26). Furthermore, organoids are beginning to be used to screen for drugs that block viral 

binding and entry (26), an important first step in developing effective therapeutic treatments 

against severe disease. The vast increase in the use of organoids for SARS-CoV-2 research 

over the last year demonstrates the potential and power of human lung organoids to improve 

our understanding of both existing and emerging respiratory infectious diseases.

THE USE OF ORGANOIDS TO STUDY GASTROINTESTINAL INFECTIONS

Like airway organoids, gastric organoids can be generated either from directed 

differentiation of pluripotent stem cells or by propagating tissue-derived stem cells for use in 

investigating infectious diseases (8, 27, 28). Gastric organoids contain differentiated lineages 

of pit, mucous, neck, endocrine, chief, and parietal cells, recapitulating the extreme cellular 
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heterogeneity that is present in the gastric pit and gland regions. Although the conditions 

in the stomach are the harshest among the epithelial surfaces, the gastric epithelium is 

still a target for some pathogens. The best-known organism that causes infections of the 

gastric epithelium is Helicobacter pylori, which is associated with gastritis, gastric ulcers, 

and gastric cancer. The use of gastric organoids to study H. pylori infection has advanced 

our understanding of the pathophysiology of human infection. Bacterial proteins and cellular 

receptors have been identified using organoid technology (29) and have revealed clues to 

the mechanisms that underlie the link between H. pylori and cellular proliferation that is 

the precursor to gastric cancer (see the sidebar titled Using Organoids to Study H. pylori 
Binding). This research has also led to the discovery of inhibitors to repress H. pylori–
induced proliferation (30, 31), as these inhibitors may be useful clinically to prevent gastric 

cancer. Another area advanced by the use of organoid cultures concerns how H. pylori 
colonizes the gastric epithelium. An H. pylori chemoreceptor is induced that appears to 

recognize molecules, such as urea, produced by the gastric organoids. This recognition 

seems critical in the attraction of the organisms to the epithelium (32), providing some 

initial clues about mechanisms of colonization. In a vast improvement over earlier in 

vitro systems, gastric organoids have accelerated mechanistic insights into human gastric 

infectious diseases.

To date, intestinal organoids have contributed the most information to the biology of 

infectious diseases. This reflects the early development of intestinal organoids in 2009 and 

2011, the relatively easy ability to access intestinal tissues to establish cultures, and the push 

to evaluate whether these novel, nontransformed, multicellular and physiologically active 

human organoids could overcome long-standing barriers to understand human-specific 

pathogens that lacked animal or in vitro culture models. Both pluripotent and tissue-derived 

stem cell intestinal organoids contain the multiple epithelial cell types that constitute the 

small and large intestinal epithelium (8, 33–35). Intestinal organoids exhibit physiological 

properties such as absorption, secretion, barrier function, and innate immune signals, all 

of which typify the epithelium of specific intestinal segments in vivo. The intestine is a 

site of attachment, invasion, and replication of many bacterial, viral, parasitic, and fungal 

pathogens that can lead to significant pathology and disease in the intestine. However, the 

pathogenesis of many of these organisms in the human host is not well understood. Intestinal 

organoid models have enhanced our understanding of several aspects of infection, including 

pathogen receptors, cellular entry pathways, mechanisms of epithelial barrier dysfunction, 

and responses to infection. In addition, many responses of the organoid cultures to infections 

reflect both clinical and epidemiological data. Studies involving bacterial pathogens such 

as Salmonella (5), Listeria monocytogenes (5), Escherichia coli (4, 36–38), Clostridioides 
difficile (39–41), Vibrio cholera (42), and Klebsiella pneumonia (43) have revealed novel 

interactions between bacterial pathogens and the intestinal epithelium as well as unique 

epithelial-intrinsic cellular responses that had not been previously appreciated (see the 

sidebar titled Pathogenesis of C. difficile Has Been Linked to Two Toxins). Intestinal 

organoids have met a key challenge in parasite infections by establishing the first ex vivo 

culture system that supports the complete life cycle of Cryptosporidium infection (18). The 

molecular mechanisms of the pathophysiology of this organism had previously been poorly 

understood, and organoids are currently being used to capitalize on these discoveries and 
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develop treatments for this global infectious disease. Viral intestinal infections, such as 

those caused by rotavirus (44–47), enterovirus (48), echovirus (48), coxsackievirus (48), 

adenovirus (49), astrovirus (50), and coronavirus (24, 51–53), have all been found to model 

many features of in vivo infections, For example, human rotavirus infections of organoids 

recapitulate host restriction; induce organoid swelling, illustrating a physiological response 

mimicking fluid secretion and diarrhea induction; and can model novel calcium signaling 

involved in pathogenesis (46, 54). Studies in human organoid cultures have provided new 

details on pathogenesis, including in areas such as unexpected cellular tropisms, epithelial 

responses, and antiviral signaling.

Intestinal organoid cultures can transform infectious disease research, as demonstrated by 

the finding that they support human norovirus replication (55). These viruses are the leading 

cause of global epidemic and sporadic gastroenteritis in all age groups, characterized by 

profuse vomiting and diarrhea. Since their discovery in 1973, a major hurdle in studying 

this pathogen was the lack of in vitro platforms or animal model systems to culture 

and study the viruses. Human intestinal organoid cultures are permissive to infection 

and support replication of multiple human norovirus strains. Their power to dissect host 

genetic susceptibility was illustrated via replication of epidemiological and human volunteer 

studies in which cultures established from individuals who express a susceptibility gene 

(fucotransferase 2) support viral infection and replication while cultures from individuals 

who do not express this gene are not infectable by the virus. Additionally, investigators 

discovered strain-specific requirements for infection and replication of human noroviruses, 

including a need to mimic the intestinal luminal environment by the inclusion of certain bile 

acids in the media in order for some strains to replicate (56). Methods to inactivate viruses, 

and characterization of neutralizing antibodies induced by natural infection or vaccination, 

are enabling advances in infection prevention and therapies (55). These intestinal organoid 

breakthroughs highlight the potential for these remarkable cultures to stimulate advances in 

preventive and therapeutic treatments for gastrointestinal infectious diseases.

THE USE OF ORGANOIDS TO STUDY NEURONAL INFECTIONS

The development of cerebral organoids has led to the establishment of a previously 

nonexistent ex vivo model of nontransformed human brain cells that has important 

implications for the study of neurological infections. Unlike the respiratory and 

gastrointestinal models, where both pluripotent and tissue-derived stem cell organoid models 

are available, cerebral organoids have been established only from pluripotent stem cells 

(57–60). These cerebral organoid models contain proliferating neuronal progenitors, exhibit 

functional synapses and active neural networks, show features of dendritic spines, and 

exhibit a transcriptional profile that closely resembles that of developing brain tissue. 

Furthermore, they mimic the cellular arrangement and epigenomic signatures of human 

cerebral tissue.

Since little is known about the pathogenesis of many neuronal infectious pathogens, 

organoids provide a physiologically relevant system in which molecular features of infection 

can be studied. Viral infections that have been studied to date in the cerebral organoid 

model include West Nile virus (61), herpes simplex virus 1 (62), dengue virus (63), 
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varicella zoster virus (64), cytomegalovirus (65), rabies lyssavirus (66), and HIV (67). The 

emergence of Zika virus in Central America in 2013 highlighted the importance of cerebral 

organoids for infectious disease research: Organoids played a central role in addressing the 

central nervous system (CNS) cellular targets of the virus and in defining the link between 

the infection and the clinical manifestation of microencephaly (68–70). Zika infection of 

cerebral organoids induced significant disorganization of cultures that exhibited growth 

defects due to reductions in progenitor cells. These findings could directly explain the 

neurological manifestations that were present in newborns. Multiple compounds capable 

of mitigating Zika-induced cytopathy have also been identified (71). The critical role of 

organoids in establishing the biology of Zika virus confirmed these cultures as an important 

technology for future studies of neurotropic infectious diseases. Although COVID-19 is 

considered primarily a respiratory disease, SARS-CoV-2 has neuroinvasive capacity, as 

shown by clear infection of neuronal and neural stem cells in brain organoids, which led to 

neuronal cell death in both target cells and neighboring cells (72). Further studies may help 

us understand the consequences of CNS infection on other organ systems or the long-term 

sequelae of infection.

OTHER ORGANOID MODELS AND THEIR APPLICATION TO INFECTIOUS 

DISEASES

Other organoid model systems used to study infectious diseases are only in their infancy. 

Both pluripotent (73) and tissue (74) stem cell–derived organoids have been developed 

to recapitulate some of the complexity of the renal architecture and composition that is 

lacking in more traditional cell lines. These lines have been used to study BK virus, 

which is associated with chronic infections and complications in renal transplantation 

recipients. Similarly, pluripotent (75) and tissue (76) stem cell–derived organoids have been 

generated to model the human liver and infections with hepatitis B (77) and hepatitis 

C (78) viruses, and ongoing studies are providing clues as to the links among these 

infectious pathogens, liver hepatitis, and hepatocellular carcinoma. Oral mucosal tissue stem 

cell–derived organoids have been developed to investigate infections with herpes simplex 

virus, which causes cold sores, and human papillomavirus, one of the causative agents for 

oral pharyngeal cancers (79). Female reproductive tract tissue stem cell–derived organoids 

have been developed from fallopian tube (80, 81) and endo- and ectocervical (82) tissues. 

Changes in differentiation of the epithelium are driven by Chlamydia trachomatis infection, 

and initial observations of lysis and collapse of organoids due to infection with herpes 

simplex virus 1 are stimulating future research to more fully explain the pathogenesis 

of these infections and how they relate to infertility. Pluripotent stem cell–derived skin 

organoids (83) were recently shown to model infection with Trichophyton rubrum, a fungus 

that causes athlete’s foot, and ringworm (84). Repression of cytokine signaling observed in 

the organoids may explain the chronic and recurrent nature of these infections. Expansion 

of available organoid cultures to encompass and represent more human organs will drive 

further in-depth studies involving infectious pathogens that will inform the prevention, 

management, and treatment of many infectious diseases.
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LIMITATIONS OF ORGANOIDS IN THE STUDY OF INFECTIONS

Both pluripotent and tissue stem cell–derived organoids offer the opportunity to study 

human infectious disease in the context of nontransformed ex vivo cell cultures that 

are relatively simple and inexpensive to maintain, to investigate the relationship between 

genetics and infection, and to enable comparisons with epidemiological and clinical data. 

Results can be obtained rapidly and can more accurately predict in vivo human responses, 

in comparison to classical approaches such as transformed cell lines or animal models. 

Organoid genome editing provides tools to dissect the fine details of specific results. 

In addition, cultures offer enormous potential for future personalized approaches to the 

prevention, diagnosis, and treatment of infectious diseases. Although the use of organoid 

cultures has significantly advanced many aspects of research on the pathogenesis of 

infectious organisms and will continue to do so in the near future, there are several 

areas in which modification or enhancement of the cultures will substantially increase the 

importance of their role. The continuing development and evolution of organoid cultures will 

enhance their ability to dissect the molecular mechanisms underlying interactions between 

infectious pathogens and host tissue.

The most important aspect of infectious diseases that is lacking in current organoid cultures 

is the support cells that reside in the underlying stroma of most epithelial tissues. These 

cells include endothelial cells, neuronal cells, mesenchymal cells such as fibroblasts, and 

most importantly immune cells (Figure 3). Disease that occurs with infection results 

from a complex interaction among the human epithelium, the invading organisms, and 

the host immune system. Coculture models in which immune cells and organoids are 

examined together have already been established (36, 85–87) in an effort to understand 

these interactions. In some cases, these model systems are being applied to address questions 

concerning infectious diseases. A remarkable example is the use of tonsillar organoids 

as a tool to probe human humoral immune responses to infection (88). These cultures 

were able to reproduce germinal center responses, which were found to be variable across 

different patient-derived organoids, mimicking the variability in vaccine responses across 

human populations. This system has the potential to predict the quality and magnitude of 

the human humoral immune responses and might be a valuable tool for studies of novel 

prophylactic and therapeutic strategies. Understanding immune system responses will be 

crucial for understanding the physiology of disease as well as for designing approaches to 

both prevent and treat illness.

In most cases, studies involving infectious diseases in organoid models reflect reductionist 

approaches that examine only epithelial intrinsic responses at the organ or tissue level 

and lack the ability to model interorgan communication. Rarely do infectious diseases 

remain isolated in a specific location or exert their effects only locally. Therefore, organoid 

models need to evolve to mimic more of the whole body. Out of this need has arisen the 

body-on-a-chip movement, with the goal of creating a mimic of the human body using 

organoid cultures that are interconnected on a single platform (89–91). Thus, the effects 

of perturbation of one organ could be studied not only on the directly affected organ but 

also on other organs that are connected via circulatory and lymphatic channels. These 

systems could be used to study host-pathogen interactions in addition to drug responses and 
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vaccine efficacy. The interconnection among multiple organoids on the same platform would 

allow signals to pass between organoids and would enable investigation of a more global 

physiological response to insults such as infections.

Many epithelial surfaces that are modeled by organoid cultures are colonized by a 

microbiota. These organisms are now known to significantly influence epithelial biology 

in such areas as epithelial turnover and immune response. It is clear that the microbiota 

influences and competes with other pathogens and can influence disease outcome. Currently, 

most studies that use organoids to study infectious diseases lack a microbiota component. 

To comprehensively understand infectious diseases, studies must incorporate the role of the 

microbiota. In recognition of the important role the microbiota plays at epithelial surfaces, 

coculture systems that have both organoid and microbiota are being developed (92, 93).

Due to the lack of widely accepted standardized protocols and guidelines for generating 

and growing organoid cultures, as well as genetic differences among the individuals from 

whom cultures are derived, each culture that is generated is inherently variable. As a 

result, the heterogeneity of the system is reflected in the data analysis and interpretation 

of results obtained with each culture. Questions remain as to the best methods to assess 

both the quality and the validity of the cultures. With the advent of unbiased single-cell 

transcriptomic and epigenomic analyses that allow profiling of large numbers of cells, 

we can establish a better standard to which individual cultures can be measured. To 

this end, assembly of a comprehensive reference map of all human cells is underway 

(https://www.humancellatlas.org) and has the potential to affect every aspect of biology and 

medicine, including infectious diseases. Features such as cell hierarchy and cell identity are 

changing the landscape of what was previously known about human cells (94) and allowing 

these new cellular discoveries to be applied to microbe tropisms and intercellular signaling 

important for pathogenesis. This technology is already being applied to organoids, with 

the ultimate benchmark of comparison against native tissue (95–97). This technology has 

the potential to offer a deep view of the response of the epithelium to many infectious 

pathogens, and many new hypotheses are bound to emerge.

CONCLUSION

Organoid models have great potential for the study of human infectious diseases at both 

cellular and environmental levels. The technology is rapidly advancing in complexity as well 

as in techniques for standardization and validation. Cocultures of organoids with viruses, 

bacteria, parasites, and fungi have accelerated knowledge at the interface of infectious 

diseases and human biology. Key molecules that are critical for cell recognition, pathogen 

entry and replication, and host response are already being identified and applied to the 

development of preventive and therapeutic modalities. These tools have already provided an 

unprecedented opportunity to improve human health.
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Glossary

In vitro refers to the study of something outside the living organism 

in an artificial environment

Ex vivo refers to something extracted from a living organism and 

studied with minimal changes to the native environment

Organoid simplified version of an organ produced in vitro that 

models representative microanatomy

Matrigel® gelatinous protein mixture that mimics the extracellular 

matrix and is used to culture cells

Mesenchymal refers to a type of connective tissue found underlying most 

epithelia

WNT highly conserved signaling molecule that plays a role 

in axis patterning, cell fate, cell proliferation, and cell 

migration

Epithelial refers to one of the basic types of tissue that lines the outer 

and inner surfaces of organs

CRISPR/Cas9 method used to edit genes within a cell

Air-liquid interface a cell culture method in which the basal surface of the cells 

is in contact with media and the apical surface is exposed 

to air

Body on a chip multiorgan in vitro system that models interactions and 

connections between different human tissues

Microbiota communities of organisms that live on multicellular 

organisms and play a role in homeostasis of the organism
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USING ORGANOIDS TO STUDY H. PYLORI BINDING

McCracken et al. (29) microinjected pathogenic and attenuated (lacking CagA) H. 
pylori into the lumen of human gastric organoids. After 24 h, the bacteria were found 

tightly adhered to the apical surface of the gastric epithelium within the organoid. 

Immunoprecipitation of the bacteria indicated that they were bound to and influenced 

the tyrosine-dependent phosphorylation status of c-Met (an oncogene). This interaction 

was dependent on expression of CagA by H. pylori and resulted in increased proliferation 

of the gastric organoids. These results strengthened the link between CagA and its role in 

H. pylori–linked gastric cancer pathogenesis.
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PATHOGENESIS OF C. DIFFICILE HAS BEEN LINKED TO TWO TOXINS

The contribution of C. difficile toxins TcdA and TcdB to overall disease is unknown. 

The use of colonic organoids and recombinant toxins showed that both toxins induced 

changes in crypt architecture, reduced goblet cell numbers, and induced the loss of tight 

junctions over adherens junctions—all of which reduced organoid epithelial permeability 

(39). These changes replicate those found in pseudomembranous colitis, which is 

associated with severe C. difficile infection. A transcriptional analysis of the organoids 

demonstrated the induction of inflammatory, actin-regulation, and junctional complex 

pathways, which could explain the detrimental effects of both toxins.
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SUMMARY POINTS

1. Organoids are transformative new tools for the study of human infectious 

diseases.

2. Organoids are grown from either pluripotent stem cells (embryonic or 

induced) or tissue-derived stem cells.

3. Lung organoids have been used to study respiratory viral infections including 

SARS-CoV-2.

4. Intestinal organoids have been used to study gastrointestinal infections with 

viruses, bacteria, and parasites.

5. Viral infections have been established in cerebral organoids.

6. Other organoids, such as liver, skin, and kidney, are beginning to be used to 

investigate infectious diseases.

7. Areas of focus that are improving organoid models include the addition 

of stromal components, improved methods of validation, establishment of 

interorgan communication, and incorporation of the microbiome.

8. Organoids provide an opportunity to improve human health in relation to 

infectious diseases through a better understanding of the mechanisms of 

pathogenesis and the development of new methods to prevent and treat 

infections.
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Figure 1. 
Establishment of pluripotent and tissue stem cell–derived organoids. (a) Pluripotent stem 

cell–derived organoids originate from embryonic stem cells or terminally differentiated cells 

that are induced or dedifferentiated synthetically to become stem cells. These stem cells 

are propagated with growth factors and respond to signals that result in the development 

of ectoderm, mesoderm, and endoderm. Further growth signals direct differentiation into 

organ-specific cells. In these organoids the mesenchymal component develops along with 

the epithelium. (b) Tissue stem cell–derived organoids originate from stem cells that reside 

in mature organs. Upon isolation and ex vivo culture with defined growth factors, the stem 

cells will divide indefinitely and, upon manipulation of the growth factors, will differentiate 

into organoids that consist of the epithelial layer of the tissue from which the stem cells were 

derived. Figure adapted from image created with BioRender.com.
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Figure 2. 
Modes of delivery of infectious organisms to organoid cultures. (a) Pathogens can be 

delivered to the lumen of an organoid via microinjection. (b) Organoids can be mechanically 

disrupted into fragments and incubated with pathogens. The fragments reassemble into 

intact organoids containing the pathogens within the lumen. (c) Organoids can be 

enzymatically treated, resulting in single cells. These single cells can be plated on plastic 

or on membranes to form two-dimensional (2D) monolayers that offer easy access to the 

apical side of the epithelium, which can be used for pathogen encounters. If 2D organoids 

are plated on Transwell® membranes, they can be exposed to pathogens either apically 

or basolaterally. (d) Three-dimensional organoids can also be inverted such that the apical 

side faces outward to interact with pathogens. Figure adapted from image created with 

BioRender.com.
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Figure 3. 
Key features of organoid cultures that will advance the use of organoids in infectious 

disease research. Incorporation of immune cells such as macrophages will be critical in 

establishing the interactions among the pathogen, the epithelium, and the immune system. 

Incorporation of the microbiome will also be critical. Interorgan communication will allow a 

more comprehensive view of the body’s response to infectious agents. Figure adapted from 

image created with BioRender.com.
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