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1  |  INTRODUCTION

1.1  |  In vivo and in vitro models of H. pylori infection 
have both advantages and limitations

Over the years, one of the major challenges in science has been the 
lack of suitable model systems for infections affecting humans. Host–
pathogen research has mainly relied on in vitro and in vivo models in ro-
dents. Recently, the development of model systems such as organoids 
and lab-on-a-chip systems have opened up more opportunities to in-
crease our understanding of host–pathogen interactions. Helicobacter 
pylori is a significant cause of chronic gastric diseases, such as ulcers 
and gastric cancer—the third leading cause of cancer-related death 

globally.1 Increasing resistance to antibiotics and the risk of reinfection 
have prevented a comprehensive understanding of the host immune 
response and the development of gastric cancer.2,3 Thus, H. pylori 
infection studies would benefit from the availability of better model 
systems that more accurately mimic H. pylori pathogenesis in humans.

In vivo studies on H. pylori pathogenesis have largely relied on 
the use of mice and gerbils. Ethical and practical constraints have 
limited the degree to which vaccines and therapies can be tested in 
primates. Although a challenge model in human volunteers has been 
established for H. pylori infection,4 only a limited number of trials 
have been performed.5 An interesting outcome of the most recent 
trial has been that challenge of adults resulted in spontaneous clear-
ance in some volunteers, which has implications for future vaccine 
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Abstract
For decades, traditional in vitro and in vivo models used for the study of Helicobacter 
pylori infection have relied heavily on the use of gastric cancer cell lines and rodents. 
Major challenges faced by these methods have been the inability to study cancer ini-
tiation in already cancerous cell lines, and the difficulty in translating results obtained 
in animal models due to genetic differences. These challenges have prevented a thor-
ough understanding of the pathogenesis of disease and slowed the development of 
cancer therapies and a suitable vaccine against the pathogen. In recent years, the 
development of gastric organoids has provided great advantages over the traditional 
in vivo and in vitro models due to their similarities to the human stomach in vivo, their 
ease of use, and the capacity for long-term culture. This review discusses the advan-
tages and limitations of existing in vivo and in vitro models of H. pylori infection, and 
how gastric organoids have been applied to study H. pylori pathogenesis, with a focus 
on how the pathogen interacts with the gastric epithelium, inflammatory processes, 
epithelial repair, and cancer initiation. The potential applications of organoids to ad-
dress more complex questions on the role of hormones, vaccine-induced immunity 
are also discussed.
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trials. Field trials in areas with a high prevalence of H. pylori infec-
tions may be the best way forward for clinical testing of vaccines 
and therapeutics (reviewed in Ref. [6]). Although mouse models have 
permitted detailed immunological studies, and some models of car-
cinogenesis exist, there remains the difficulty in translating results 
obtained in animal models to human patients. The latter has been a 
particular problem for vaccine development where promising candi-
dates from animal studies have been poorly immunogenic or showed 
no protective effect in clinical trials.5,6 The difficulty in translating 
from mouse to human vaccines may be attributed to factors such 
as the relative genetic uniformity of experimental animals as com-
pared to human populations, regional and population differences in 
H. pylori strains, differences in bacterial virulence in rodent models, 
immune response mechanisms, and also to differences in the micro-
biota of mice and humans.7 While mouse models have a relatively 
close genetic similarity to humans and are easily amenable to ge-
netic manipulation, they sometimes produce varying results based 
on differences in their genetic backgrounds.8,9 There are only a few 
knockout and transgenic mouse models that develop cancer. Their 
inability to proceed to the metaplastic stage10 also limits their ap-
plication in the study of gastric cancer. Other models such as gerbils 
(Meriones unguiculatus) can develop tumors; however, it occurs rap-
idly, they are outbred and the suite of reagents available for immu-
nological studies in mice are not available for gerbils.11–13

In vitro studies have been chiefly focused on the use of epithe-
lial cells derived from cancerous lesions (e.g., AGS, MKN28) or viral 
transformation (e.g., GES-1). These studies have been key to our un-
derstanding of the cell signaling events in early H. pylori infection, in-
cluding the key role of the H. pylori type IV secretion system (TIVSS) 
in translocating CagA in pathogenesis (reviewed in Ref. [14]), and the 
role of other bacterial virulence factors using deletion mutants (re-
viewed in Ref. [15]) including the key discovery that the TIVSS actu-
ally binds to β1- integrin which is located only on the basolateral side 
in vivo.16 Continuous cell lines are, however, either transformed in 
vitro, or originally derived from cancerous cells, are non-polarized, 
and it becomes difficult to properly evaluate the host innate immune 
response at the early stage of H. pylori infection, and the sequence 
of events that leads to metaplasia.11 Efforts to use primary cells for 
these studies have been limited by the short lifespan in vitro, with 
infected cells not lasting beyond 48 h.17–19

More recently, in infection biology, the use of stem cell-derived 
organoid cultures is being adopted as a suitable model largely due to 
its ability to closely mimic human physiology. Its potential for genetic 
manipulation with novel gene-editing tools such as CRISPRcas9 and 
siRNA at a faster rate and with less labor compared to animal models 
also makes it a promising model for infection studies.2,20,21 These 
methods have already facilitated a better understanding of some 
human diseases. For instance, organoid cultures have been success-
fully applied to understand the biology of Zika virus and the emer-
gence of microencephaly during brain development.22,23 Organoid 
systems have also permitted the culturing of Noroviruses24 and have 
opened up the possibility of precision medicine for patients with 
cystic fibrosis.25,26

For H. pylori infection, the use of organoids derived from primary 
cells for in vitro studies offers advantages over conventional in vivo 
and in vitro techniques in terms of amenability, accessibility, polar-
ization, and longevity. This potentially eliminates the dependence on 
neoplastic cells in the investigation of the initiating steps in gastric 
carcinogenesis and could facilitate an in-depth understanding of the 
mechanisms of pathogenesis. There have been a number of reviews 
on gastric organoids, particularly in the study of gastric cancer and 
H. pylori pathogenesis,20,27–29 and the generation of human gas-
tric organoids.30 Recent reviews have discussed advances in tech-
niques,21 advances and discoveries in the area of cancer initiation,28 
however, the use of organoid models for studies on H. pylori biology, 
and innate inflammation have not been comprehensively reviewed 
since 2017.31 Thus, this review aims to aggregate and discuss recent 
advances from studies with gastric organoids in terms of how H. py-
lori interacts with the gastric epithelium, triggers inflammation, and 
its role in the initiation of gastric cancer. We also propose that the 
use of more complex organoid models will be beneficial for the study 
of gastric epithelial repair, the role of gastric hormones, and mecha-
nisms of vaccine-induced protection.

1.2  | Development of mouse and human 
gastric organoids

The successful development of organoids has hinged on the identi-
fication of the necessary growth factors and conditions, and pivotal 
lineage tracing studies that led to the identification of multiple adult 
stem cell populations in the gastric gland (reviewed in Ref. [32]). The 
initial studies on the development of intestinal organoids from human 
embryonic and induced pluripotent stem cells (PSC) laid the founda-
tion for the identification of the growth factors required for gastric 
organoids.33,34 The generation of gastric organoids from PSC involves 
the use of growth factors which mimic embryonic development and 
was first described by McCracken et al., 35 Human ES cell lines were 
first differentiated into definitive endoderm by the addition of activin 
A. Further treatment with FGF4, Noggin, retinoic acid and WNT3A 
or its agonist CHIR99021 induces differentiation into posterior fore-
gut spheroids which are then seeded in Matrigel™ to generate gastric 
organoids which developed a complex three-dimensional organiza-
tion and differentiated antral cell types (surface mucous cells, antral 
gland cells, LGR5+ve cells, endocrine cells), but not parietal or chief 
cells which are characteristic of the fundus/corpus.35

Gastric organoids generated from adult stem cells from gastric 
glands depend on growth factors that mimic tissue regeneration. 
Studies on gastric homeostasis employing both organoids and animal 
model studies have also identified the key factors necessary for gas-
tric stem cell proliferation including Wnt3/β-catenin signaling which is 
augmented by R-spondin36 and differentiation (Notch signaling).37 A 
recent study by Wölffling et al.38 showed that epidermal growth factor 
(EGF) is a major fate determining factor in the gastric gland, and that 
gradients of EGF and bone morphogenic factor and Noggin signals are 
responsible for differentiation and foveolar, chief and acid-producing 
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parietal cells to generate a gland-type or a pit-type phenotype.38–41 As 
a result of these studies, there are now well-established protocols for 
gastric organoid cultures, and H. pylori infection41,42 and commercially 
available media for organoid cultures.33,43–45

The development of gastric organoids from adult gastric glands 
began with the discovery by Barker and co-workers46 that Lgr5+ve 
stem cells are responsible for the constant renewal of the gastric 
epithelium and that these stem cells can differentiate into the differ-
ent cell types in the gastric crypts. These studies also revealed that 
Wnt signaling is necessary for the expression of Lgr5 and that its 
agonist R-spondin further increases this expression. Organoids were 
generated from the Lgr5+ve stem cells in mouse stomach; however, 
while the Lgr5+ve stem cells were found in the pyloric region, they 
were absent in the corpus, suggesting that other stem cells may also 
be responsible for the renewal of the gastric epithelium. In another 
study, Stange et al 39 proposed that a subset of chief and parietal 
cells that express Troy and are located near the base of the corpus 
glands express Wnt target genes and can act as a "reserve" of stem 
cells that can renew the corpus epithelium. These stem cells were 
also shown to act as adult stem cells which could be successfully 
grown into organoids that differentiated into mucus neck cells and 
pit cells. Gene expression analysis revealed that Troy+ cells were en-
riched for expression of Lgr5, and CD44, a marker of epithelial stem 
cell marker, and a Wnt3A target gene.39 A later study, using murine 
fundic glands, generated organoids by co-culture with immortalized 
stomach mesenchymal cells as a source of growth factors that were 
able to differentiate into all fundic cell types including parietal cells.47

The development of murine organoids has been followed by the 
successful development of human gastric organoids (Figure 1). Initial 
studies involved the use of the commercial extracellular matrix mix-
ture - Matrigel™. McCracken et al. 35 first developed human antral 
spheroids and organoids using induced pluripotent stem cells seeded 
in Matrigel, while Bartfeld et al.40 recorded the development of the 
first human corpus spheroidal organoids using gastric glands seeded 
in Matrigel. H. pylori infection in these earlier studies was performed 
by microinjection into the spheroid lumen because the interior formed 
the luminal edge of the epithelial cells. However, a later study involv-
ing the initial generation of antral and corpus spheroids in Matrigel 
was further developed such that spheroids could be successfully cul-
tured in 2D monolayers on collagen-coated surface. Although these 
cultures barely lasted for 24 h, infection did not require microinjec-
tion.11 A later study by the same group described the generation of 
mucosoid cultures from antral gland using an air–liquid interface (ALI) 
system. This was made up of collagen-coated transwell system and 
permitted simple addition of the bacteria to the luminal side of the 
culture for infection.41 Mucosoid cultures can be maintained as ALI 
for up to a month41 and the transwell format permits investigation of 
soluble factors and cells added to different compartments of the ALI 
culture. Frequent removal of mucus and change of media in the basal 
compartment are required,41 H. pylori can be co-cultured in the apical 
compartment for several days for experiments.

An interesting feature of the various gastric organoid culture 
systems is their ability to replicate the characteristic events of a H. 

pylori infection which has permitted a range of detailed studies on 
the biology of the interaction of the bacteria with the gastric epithe-
lium which are discussed below.

1.3  | Application of organoids to study epithelial 
interactions and the initiation of inflammation by 
H. pylori

At the level of initial epithelial interactions, organoid culture models 
have further increased our understanding of how chemoattraction 
enables the persistent colonization of the host by H. pylori. Notably, 
it permitted the identification of TlpB (HP0103) as one of the chemo-
receptors responsible for the attraction of H. pylori to the gastric epi-
thelium. Huang et al.48 reported that H. pylori are attracted to urea 
secreted by the gastric epithelium and that this is how the pathogen 
locates the gastric epithelium for colonization. The polarized nature 
of gastric organoids enabled this discovery. Dulbecco's modified eagle 
medium (DMEM) was conditioned with epithelial secretions from un-
infected human gastric organoids. Free-swimming wildtype (WT) H. 
pylori were attracted to the conditioned medium and not attracted to 
the unconditioned media. Mutant H. pylori lacking just the TlpB gene 
were not attracted to the conditioned medium, while mutants lack-
ing either TlpA, TlpC, or TlpD were all attracted to the conditioned 
media, implying that TlpB is responsible for this chemoattraction. 
This discovery enabled the researchers to further test the effect of 
TlpB on the ability of H. pylori to colonize persistently in vivo. Mice 
infected with WT H. pylori had higher colonization six weeks post-
infection compared to mice infected with the mutant lacking TlpB.48 
Additionally, the role of TlpB in sensing urea during infection was 
investigated in another study where the TlpB chemoreceptor was 
found to be responsible for the accumulation of H. pylori at damaged 
epithelial sites. Using murine-derived gastroids as a restitution model, 
cellular injury was generated on gastric organoids by photodamage 
and the accumulation of WT and H. pylori mutants lacking each of 
the four chemoreceptors TlpA, TlpB, TlpC, and TlpD at the injury 
sites was monitored using confocal microscopy. Only TlpB mutants 
were unable to colonize the injury site whereas wildtype and other 
H. pylori mutants accumulated at the damage sites and also inhibited 
epithelial restitution.49 However, unlike the initial study where the 
TlpB-mediated response was due to the attraction to urea, the chem-
oattractant responsible for accumulation at the damage site remains 
unknown. The microinjection of urea to the lumen of the organoids 
prevented the accumulation of H. pylori at the damage sites.49 Thus, 
implying that the TlpB chemoreceptor may sense different chemicals 
to attract H. pylori to the epithelium under different conditions.

Gastric organoid cultures appear to mimic the in vivo model more 
accurately than gastric epithelial cell lines for studying interaction of 
H. pylori with the apical-junctional complex. Uotani et al. reported 
that epithelial morphology and IL-8 expression were similar to what 
was found in in vivo model studies.50 The integrity of the apical-
junctional complex as determined by measurement of transepithelial 
electrical resistance (TEER) was unaltered after 96-hour infection 
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with H. pylori. Initial studies with conventional cell lines could only 
observe TEER for 48  h and had therefore reported a 30%–50% 
decrease, whereas gastroid monolayers which permitted culturing 
for up to 96 hours revealed that although there was an initial de-
crease in TEER after 24 hours of infection, it reverted to normal after 
48 hours. It is noteworthy that this study also found that contrary 
to reports from studies involving gastric cancer cell lines,51,52 IL-8 
expression was independent of H. pylori virulence factors such as 
CagA. Wildtype H. pylori strain TN2GF4 induced increased expres-
sion of IL-8 in AGS and MKN28 cells compared to CagPAI deletion 
mutant, but no difference in IL-8 expression was observed in the gas-
troid monolayers infected with both strains. Clinical isolates lacking 
virulence factors such as CagPAI, OipA, VacA, and BabA increased 
IL-8 expression in gastroid monolayers, but induced no change in 
MKN28 cells. Additionally, inhibitors to the JNK, MEK, P38, and IKK 
pathways reduced IL-8 expression in gastric cancer cell lines. In the 
gastroid monolayers, only the inhibitors to P38 and IKK pathways 
reduced the expression, whereas inhibitors of the JNK and MEK 

pathways had no effect on IL-8 expression, implying that different 
pathways are involved in the production of IL-8 in gastric organoids 
(and presumably gastric crypts) and may be more complex than in 
carcinoma cell lines. While the reports of this study imply that H. 
pylori may exert different effects on cancer and non-cancer patients, 
a limitation of this study is that gastric organoids were derived from 
a single healthy patient and developed from only the antrum and not 
the corpus which is mainly affected by gastric cancer.53 Therefore, 
further studies with organoids from both stomach regions of cancer 
and non-cancer patients, and investigations into the roles of differ-
ent cell types found in the antrum and corpus are required.

The organoid culture model has also helped in understanding 
the mechanisms of H. pylori-induced inflammation in both the in-
nate and adaptive immune systems. Using murine embryo-derived 
organoids due to their sterility, Kayisoglu et al.54 reported that the 
expression pattern of Toll-like receptor 4 (TLR4) was independent 
of an interaction with gut microbiota, and was instead determined 
by developmental stage. Both the embryo-derived gastric organoids 

F IGURE  1 Three major types of gastric organoid culture systems that are currently in use. (A) The generation of 3D gastric organoids 
with H. pylori infection achieved by microinjection.35,40 By manipulating the growth factors, stem cells were first developed into definitive 
endoderm, and then into spheroids before eventually being transformed into 3D organoids. (B) 3D spheroids were generated from gastric 
glands seeded in Matrigel and either used to generate organoids or cultured in a 2D cell culture system. (C) Mucosoid cultures derived either 
from 3D organoids or directly from gastric glands are cultured in a transwell system. H. pylori infection is achieved by co-culturing for both 
(B) and (C)
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and gastric organoids derived from adults expressed CXCL2 at 
a similar level when exposed to lipopolysaccharide (LPS). Morey 
et al.55 investigated interferon-gamma (IFNγ) signalling using gastric 
cancer cell lines, mouse, and 2D mucosoid primary cell models and 
reported that H. pylori blocks IFNγ signalling via the JAK/STAT path-
way in a cholesterol-α-glucosyltransferase (cgt)-dependent manner 
in infected cells, while inducing inflammation in the surrounding 
uninfected cells of the epithelium. MKN45 gastric cancer cell lines, 
mouse and cells derived from antral gastric organoids infected with 
H. pylori strain P12 all blocked IFNγ compared to a mutant strain 
lacking cgt. Confocal microscopy observation of mucosoid cultures 
infected with H. pylori strain P12 in an air–liquid interface for 3 days 
and treated with IFNγ for 30 minutes revealed that H. pylori formed 
an infection foci which had lower levels of phospho-STAT1 com-
pared to uninfected areas. This implies that H. pylori survives by sup-
pressing the IFNγ signaling while inducing inflammatory responses 
in the surrounding epithelial cells.

The ability of organoid cultures to replicate increased expres-
sion of inflammatory cytokines in response to H. pylori infection 
has been shown in both mucosoid cultures and 3D spheroid mod-
els.41,56 Sebrell et al. reported the upregulation of CXCL1, CXCL2, 
and CXCL8 in human 3D spheroids infected for 3 hours, and that 
CXL8 secretion was higher in spheroids infected with CagA+ strains 
compared to CagA-deficient strains as previously reported for 
human gastric epithelial cell lines.57 Microarray analysis followed 
by confirmation by qPCR by Boccellato et al. also showed that, in 
addition to IL-8, other proinflammatory cytokines and chemokines 
such as CXCL1, CXCL2, and CXCL3, lymphotoxin B (LTB), IL-23A and 
TNF-α were all upregulated, further consistent with earlier studies 
that reported the over-expression of these genes expressed in H. 
pylori-infected patients.58–60

The ability to study epithelial responses to infection without in-
terference by the host immune response in organoids has enabled 
the assessment of the role of H. pylori infection and NF-KB on the 
mechanism of sonic hedgehog (Shh) signaling, which is important for 
the initiation of gastritis.61,62 These interactions had been impossi-
ble to study in vivo due to possible interference by hematopoietic 
factors.63 After observing that H. pylori stimulates Shh signaling in 
the parietal cells of transgenic mouse expressing Shh fused to GFP 
within 2  days of infection, organoids were generated from both 
wildtype mice and parietal cell-specific Shh deletion KO mice and 
infected with H. pylori to evaluate the role of Shh signaling. Shh sig-
naling was absent in parietal cell-specific Shh deletion KO mice, but it 
was observed in organoids derived from control mice. This signaling 
diminished following one-hour pre-treatment of control organoids 
with NF-κB inhibitor before infection, implying that Shh signaling in 
parietal cells is NF-κB-dependent.

In a study that employed the use of confocal microscopy and 
3D reconstruction of human and animal gastric glands, H. pylori was 
found to activate and expand the gastric stem cells and gastric pro-
genitor cells when it colonizes the gastric gland.64 H. pylori mutants 
lacking ChePep which is required for chemotactic movement65 were 
incapable of colonization and did not activate the stem cells. The 

organoid culture model was used to study the ability of the activated 
stem cells to form glands ex vivo by growing antral glands from un-
infected and two-month-infected mice into spherical organoids in 
Matrigel and measuring their size daily for 6 days. Infected glands 
were found to be larger in size and grew faster into organoids, sug-
gesting the activation by H. pylori infection. However, due to the 
short time frame, it is unclear whether this effect can persist for 
longer periods.

Gastric organoids have also helped in the study of STAT3  sig-
naling, known to be relevant for inflammation-associated gas-
tric carcinogenesis.66,67 Zhu et al68 reported that dopamine and 
cAMP-regulated phosphoprotein, Mr 32000 (DARPP-32) induces 
STAT3  signaling in AGS and MKN45 cells by regulating IGF1R-
SRC signaling. The expression of STAT3, STAT3 target genes, and 
P-IGF1R was studied in mouse organoids derived from TFF-1  KO 
mouse, DARPP-32  KO mouse, and TFF-1/DARPP-32 double KO 
mouse. TFF1KO mouse showed higher expression of STAT3 target 
genes, STAT3 and P-IGF1R compared to DARPP-32 KO mouse and 
TFF-1/DARPP-32 double KO mouse. Another study reported that 
reduction in atrophy, metaplasia, and epithelial cell proliferation 
in the gastric mucosa of mouse infected with Helicobacter felis for 
18  months, correlated with loss of STAT3  signaling.69 Organoids 
were generated from wildtype (WT) mouse and STAT3  knockout 
mice and stimulated with recombinant IL-6 (rIL-6) and recombinant 
IL-11 (rIL-11) followed by treatment with JAK inhibitor. Gene expres-
sion analysis showed that treatment with rIL-6 and rIL-11 increased 
the expression of intestinal metaplasia-associated genes-Intellectin1 
(Itln1), and Lysosomal H+ transporting ATPase subunit (ATP6V0d2) 
but the expression was reduced upon the addition of JAK inhibitor, 
suggesting that these cytokines initiate intestinal metaplasia in a 
STAT3-dependent manner. Although these did not involve infection 
with H. pylori, dissecting these questions in the context of H. pylori-
induced STAT3 activation may be a viable option.

1.4  | Application of organoid cultures to 
understand gastric cancer initiation and progression

The emergence of organoid cultures has permitted new avenues for 
enquiries into the initiation of H. pylori-associated gastric cancer, 
which has previously been limited by dedifferentiation in cell culture, 
and limitations of animal models. While organoids may not be able to 
recapitulate the decades long chronic inflammatory state, a number 
of the mechanisms involved in cancer progression have been investi-
gated. These studies have been reviewed in detail elsewhere,20,27–31 
and some major findings that highlight the advantages of organoids 
are summarized here.

Organoids present the potential to investigate the role of IFNγ in 
the progression from gastritis to atrophic gastritis and metaplasia,70,71 
and the development of spasmolytic polypeptide/Trefoil Factor (TFF) 
2-expressing metaplasia (SPEM) in early-stage metaplasia.72,73 The lat-
ter in a cytotoxic T-cell co-culture model that showed that overall, the 
expression of PD-L1 on SPEM cells was found to be dependent on Shh 
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signaling, and the interaction of PD-L1 with PD-1 on CTLs enables the 
survival of SPEM cells in the presence of H. pylori infection.73

DNA damage is a major mechanism in carcinogenesis, and 
several studies have used organoids to address questions on H. 
pylori-induced damage. Bauer et al. reported that the LPS precur-
sor β-ADP-heptose was sufficient to cause DNA damage in human-
derived organoids.74 Expression of Nei-like DNA glycosylase 2 
(Neil 2) which is involved in the repair of DNA damage by remov-
ing oxidase species was suppressed in H. pylori-infected mucosoid 
cultures.75 Consistent with this observation, mucosoids generated 
from Neil2 knockout mice expressed higher levels of inflammatory 
cytokines.76 The approach taken in this study provides a mechanistic 
link between H. pylori infection, inflammation, and initiation of DNA 
damage.

The combination of organoid culture and gene-editing tech-
niques provides exciting potential for investigating mechanisms in 
chronic inflammation and cancer initiation. An example of this is the 
report by Nanki et al.77 on establishment of a bank of cancer or-
ganoids from cancer tissue with different phenotypes. This bank in 
itself represents an excellent resource for future studies; the impor-
tance of mutations in a panel of genes was confirmed using CRISPR/
Cas9 gene-editing approaches to create gene knockout organoids. 
The gene-editing approach offers exciting possibilities for further 
studies on inflammation and immunity.

Overall, the combination of epithelial cell lines, mouse and 
human organoids, and complementary studies in WT and transgenic 
mouse models are helping to piece together a picture of the long-
term processes in carcinogenesis.

1.5  | Applications of gastric organoid models for 
epithelial repair and gastric hormone studies

Gastric organoids have enabled a greater understanding of some 
of the events that occur during H. pylori infection without involving 
bacterial infection in the study. To study the signaling cascades in-
volved in epithelial damage repair, Engevik et al78 used organoids as 
a reductionist model to address questions that were previously not 
possible to study in vivo. Epithelial damage was achieved by single-
cell photodamage in gastric organoids derived from TFF2 knockout 
(KO) mice and transgenic mice expressing a fluorescent Ca2+ re-
porter, enabling the use of Förster resonance energy transfer (FRET) 
for the measurement of intracellular Ca2+. It was observed that Ca2+ 
mobilization was necessary for epithelial repair. Using inhibitors and 
agonists to epidermal growth factor receptor (EGFR), TFF2 and its 
receptor-CXCR4, enabled the identification of these signaling path-
ways as requirements for epithelial repair.78 Although this study did 
not involve infection with H. pylori, gastric mucosal damage is a char-
acteristic feature of H. pylori infection.49,68,78 Thus, this model would 
be ideal to dissect this question in the context of H. pylori-induced 
epithelial damage.

Studies examining the role of gastric hormones in H. pylori in-
fection are yet to be conducted with organoid systems. However, 

the potential for investigations on the role of gastric hormones in 
inflammation and repair are clear from a number of reports. Ohki 
et al79 used mouse intestinal organoids, and reported a high sim-
ilarity in gene expression between the enteroendocrine cells and 
the hormones produced by enteric organoids, when compared with 
that of mouse native tissues. Ghrelin plays a role in growth hormone 
release and food intake, and has immunomodulatory properties. 
Ghrelin expression is reduced in H. pylori-infected patients.80,81 An 
earlier study reported that mouse intestinal and colonic organoids 
expressed serotonin, its receptors and the serotonin uptake inhib-
itor in a similar manner to intact tissue.82 Gastrin secretion is im-
portant for regulation of gastric acid production, and a recent study 
employing mouse and organoid models showed that gastrin triggers 
proliferation of enterochromaffin-like cell (ECL) progenitors.83 Given 
the roles played by gastric hormones in H. pylori-associated disease 
manifestation and the potential role of other hormones such as 
leptin in vaccine-induced immunity to H. pylori,84,85 organoid models 
present great potential to investigate the contribution of hormones 
to gastric homeostasis, and in the inflammatory and regulatory im-
mune responses in H. pylori pathogenesis.

1.6  |  Potential applications of organoids 
to investigate mechanisms of vaccine-
induced protection

The ability to co-culture organoids with immune cells has enabled 
more in-depth information to be gathered about the roles of both 
the innate and adaptive immune cells in H. pylori infection. This has 
been achieved by culturing gastric organoids with immune cells de-
rived from the same host. Co-culture also offers opportunities to 
investigate the immune mechanisms underlying vaccine-induced 
protection, an area which has proven difficult to dissect using ani-
mal models (Figure  2). To date, there have been no specific orga-
noid model studies on vaccination; however, several reports have 
provided insights into innate interactions with the epithelium that 
provide support for the usefulness of organoids to investigate com-
plex interactions that involve both innate and adaptive immune 
responses.

Sebrell et al. 56 investigated the chemokine-dependent recruit-
ment of dendritic cells to the basolateral side of the gastric epithe-
lium during H. pylori infection. In this study, human gastric organoids 
were co-cultured with monocyte-derived dendritic cells and then 
infected with H. pylori by microinjection. A range of chemokines, in-
cluding CXCL5, CXCL8, CCL20, and CXCL17, were expressed in re-
sponse to infection. The recruited dendritic cells eventually ingested 
H. pylori by phagocytosis when co-cultured with human gastric or-
ganoids, showing the pathogen sampling activities of DC that have 
previously been reported in vitro.86 Further, in the study by Suarez 
et al. discussed above,87 the effect of H. pylori infection on cyto-
kine production by innate immune cells was assessed by co-culturing 
epithelial gastric organoids from both infected WT and Nod1  KO 
C57BL/6  mice with macrophages from the same mice. Increased 
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cytokine production was observed in Nod1-deficient samples, es-
pecially when both the macrophages and gastroids lacked Nod1, 
implying that a functional Nod1 suppresses cytokine production.87

The previously discussed study on the interaction between 
PD-L1 on epithelial cells with the PD-1 on CTLs, a CD8+ T-cell sub-
set73 showed that both lymphocyte proliferation and epithelial cell 
marker interactions can be investigated in organoid models. Similar 
approaches could be used to investigate interactions with CD4+ T 
cells which are known to be the main mediators of vaccine-induced 
protection (reviewed in Ref. [88]).

Innate and adaptive immunity also result in changes in expres-
sion of mucins and antimicrobial peptides in animal models of H. py-
lori vaccination. A study by Boccellato et al.41 in a two-dimensional 
mucosoid culture model also provided initial evidence for the bac-
tericidal activity of the mucus and its ability to serve as a physical 
barrier against H. pylori attachment. The mucosoid organoid model 
co-culture offers the potential to investigate the effects of the 
CD4+ T-cell subsets (Th1/Th2/Th17/Treg62), and innate lymphoid 
cells (ILC2 and ILC3) and their cytokines on the antimicrobial activity 
of the epithelium, and at least in principle to generate “vaccinated” 
organoids that recapitulate reductions in bacterial numbers seen in 

vivo. Such a model will be a powerful way to systematically test the 
roles of specific cytokines and hormones in protective responses, 
and to dissect the effector mechanisms.

1.7  |  Progress, challenges, and limitations

The above studies have shown how gastric organoids have been ef-
fectively used to extend and complement conventional in vitro and 
in vivo techniques to understand H. pylori-induced disease and the 
resulting host immune response. However, while they have revealed 
how certain unique features of organoids make them the ideal and 
perhaps the only viable medium for these studies, it also reveals that 
there are some limitations. Careful comparison to in vivo models and 
patient samples will still be required. Development of more complex 
organoid systems with co-cultured cells or factors would address 
some of these issues. As an emerging technique, one important 
question on using gastric organoids is the limits to which it is pos-
sible to mirror in vivo interactions.

The polarized nature of gastric epithelial organoids also provides 
an advantage over the non-polarized systems and many signaling 

F IGURE  2 Overview of the potential for use of gastric organoids in the study of H. pylori infection. Gastric organoids generated from 
mouse and human can be employed to dissect the interactions between H. pylori and the gastric epithelium to study the initiation and 
progression of gastritis and gastric cancer as well as epithelial repair and hormonal studies. Interactions between the epithelium and immune 
cell populations can be simulated by addition of chemokines and cytokines or modeled by adding immune cells directly. Organoids generated 
from transgenic and knockout mouse strains will facilitate the analysis of these interactions. This approach can be used to then study H. 
pylori pathogenesis, development of gastric cancer and protective mechanisms
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events are dependent on cell architecture. A case in point is the 
mislocalization of scribble, a basolateral polarization marker, by the 
Cag-ASPP2 binding which was not observed in AGS cells, but was 
observed in human antral organoids.89 Additionally, organoids can 
contain all cell types of the stomach lineage thereby enabling the 
study of the specific roles of each cell type in H. pylori pathogenesis. 
This has helped in the study of the role of acid-secreting parietal 
cells in gastric cancer development.47,62,73 The gastric corpus is the 
main region of the stomach affected by H. pylori infection, which 
is characterized by the loss of parietal cells.53,90,91 The absence of 
parietal cells in the corpus of human gastric organoids had initially 
limited their study to the use of murine gastric organoids. However, 
following a modification of the earlier protocol40 the detection of 
parietal cells in human corpus organoids and its use for the study of 
H. pylori-induced gastric cancer was reported47,73 and may permit 
earlier studies to be revisited.

Another unique feature of gastric organoid studies is the ability 
to determine the specific phenotype of generated organoids based 
on the selection of growth factors and source of stem cells or glands. 
Thus, enabling the generation of organoids specifically from the 
antrum/pylorus and corpus/fundus regions for the study of peptic 
ulcer and gastric cancer, respectively. This enables the understand-
ing of the differential effects of H. pylori infection in these regions of 
the stomach.92 Manipulation of growth factors has also allowed the 
determination of the cell lineages to be generated. Thus, organoids 
with gland/basal-type or pit/foveolar-type phenotypes can be gen-
erated and a comparison between the two phenotypes can be made. 
Studies have reported higher expression of inflammatory cytokines 
in the gland-type than in the pit-type organoids, suggesting that the 
effect of H. pylori infection in the gland base is higher than in the 
pits.41 The ability to co-culture organoids with stromal cells has also 
been helpful in this regard. Culturing murine fundic organoids with 
immortalized stomach mesenchymal cells has been shown to help 
in the generation and maintenance of organoids expressing mark-
ers of epithelial lineages.63 A 2019 study revealed that the secretion 
of R-spondin 3 (Rspo-3) by the surrounding myofibroblasts of the 
gland base initiates the basal LGR5+ve cells to secrete antimicrobial 
factors against H. pylori.93 This finding raises interesting questions 
about whether it is the inflammatory cytokine milieu induced by H. 
pylori infection that drives myofibroblasts to over-express Rspo-3, 
and further why the antimicrobial effect is not successful in clearing 
H. pylori in the long-term in vivo?

An important advance in increased complexity of organoids was 
recently reported where the three primary germ layers derived from 
pluripotent stem cells were used in an organ assembly approach.94 
Enteric neuroglial, mesenchymal, and epithelial precursors were 
used to generate human fundic and antral gastric tissue with differ-
entiated glands, surrounding smooth muscle, and functional enteric 
neurons. After development in vitro, organoids expressed similar lev-
els of gastric hormones and mucous as intact tissue. Organoids trans-
planted into mouse kidney capsule and grown for up to 12 weeks 
further developed into epithelia that were morphologically similar to 
Brunner's glands with expression of mucous and gastric hormones. 

While the requirement of transplantation for maturation makes this 
model highly complex, this represents an exciting advance in tissue 
engineering and for application for the study of H. pylori biology and 
immune cell interactions.

Organoids replicate the genetic phenotype of the organisms they 
are generated from. Thus, organoids generated from knockout mice 
are usually devoid of the genes that were knocked out. Organoids 
from gastric cancer cell lines also possess the features of the cancer-
ous tissues.39,95 The successful generation of gastric organoids from 
pediatric biopsies has also been reported,96 although further studies 
are required to compare the physiological characteristics with adult 
organoids. In the long term, this may be a means to identify aspects 
that differentiate childhood from adult acquisition of H. pylori.

The relative longevity of organoid cultures make gene editing 
and other genetic manipulation approaches viable and provide a way 
to study the role of specific genes in H. pylori pathogenesis; this ap-
proach is yet to be exploited with regard to H. pylori pathogenesis. 
Schlaermann et al. provided proof of principle that gastric spher-
oids could be transfected using a lentiviral GFP construct,11 and 
the gene-editing approaches employed in cancer organoid studies77 
both offer approaches to investigate the role of specific receptors/
effectors in infection and pathogenesis. We expect that the use of 
gene-edited organoids will expand rapidly in the next few years.

When choosing experimental techniques, labor cost and financial 
commitments are important factors to consider. The growth factors 
for organoid cultures are relatively expensive, compared to conven-
tional cell lines. Additionally, maintenance of organoid cultures is 
usually labor intensive. This is a major challenge for the long-term 
culture of organoids. Despite these challenges, gastric organoids are 
showing good potential to studying the changes that occurs in the 
gastric epithelium over time, such as the progression from inflamma-
tion to gastric cancer, or to investigate vaccination mechanisms. The 
variation in terms of longevity, labor intensity, and mode of H. pylori 
infection among the different types of organoid cultures also deter-
mines the choice of organoid culture model. Because organoids are 
relatively complex, in-depth investigations of protein–protein inter-
actions for example are likely to be better suited to conventional 
cell line studies. Thus, the choice of techniques should be made in 
terms of suitability for the study and the specific questions to be 
addressed.

2  |  CONCLUSIONS AND FUTURE 
PERSPECTIVES

The use of gastric organoids has advanced our knowledge in H. py-
lori infection studies due to their advantages over traditional in vivo 
and in vitro techniques in terms of polarization, longevity, amenabil-
ity, and accessibility. As a result, gastric organoids have already led 
to novel discoveries on chemotaxis, intracellular effects of H. pylori 
virulence factors, interactions with the apical-junctional complex; 
innate immune activation and the initiation of inflammation by H. py-
lori, that were hitherto impossible in other models. In addition, direct 
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effects of H. pylori on gland stem cells and induction of DNA dam-
age have greatly improved our understanding of the mechanisms of 
cancer initiation (reviewed in28) resulting in the identification of po-
tential therapeutic targets.

The technique is not a one-size-fits-all approach, however, as 
certain investigations remain better suited to conventional meth-
ods. The development of long-lasting organoid cultures with re-
duced cost is highly desirable for the long-term monitoring of the 
changes that occurs after infection by the pathogen such as gastri-
tis and the initiation of metaplasia. This would allow for the long-
term monitoring of carcinogenesis, thus reducing the dependence 
on mice for in vivo carcinogenesis experimentation. Organoid 
culture models also have the ethical advantage of a reduction in 
the numbers of experimental animals that are required for host–
pathogen studies because glands from a small number of animals 
can be cultured indefinitely.

Despite numerous studies that have been carried out with gas-
tric organoids in the context of H. pylori infection, the full potential 
of this technique is yet to be explored. As highlighted in this review, 
there have been impressive advances in our understanding of gas-
tric homoeostasis. This, coupled with the capability of generating 
organoids from transgenic and reporter mice, and the amenability 
of organoids to genetic manipulation opens the door to investigate 
inflammatory pathways. Further, the roles of gut hormones such as 
ghrelin, serotonin, and leptin which are known to have both func-
tional and cytokine activity can be addressed. The investigation of 
vaccination using organoids is more speculative at present, but the 
foundations have been laid for more complex and detailed studies on 
acute and chronic inflammation and gastric protective mechanisms.
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