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Organoids: applications
Organoids are three-dimensional (3D) multicellular stem-cell-derived systems comprising organ-specific cell types,
that exhibit key structural and functional properties of a variety of specific organs [1]; this technology has been
chosen by Nature Methods as Method of the Year 2017 for the fascinating potential as tool to probe human biology
and disease.

Organoids can be grown from pluripotent stem cells, embryonic stem cells, induced pluripotent stem cells and
from organ-restricted adult stem cells. These cells differentiate in a controlled fashion in specific growth factors and
culture media, with the support of a 3D matrix which allows cell growth, orientation and stratification. The resulting
organoids replicate the development, metabolism, architecture and physiology of the real organ [2]. In fact, unlike
in vitro traditional 2D cultures, organoids are formed by genomic stable, self-renewing and self-organizing stem
cell-derived populations of differentiated cells that exhibit similar composition (they comprise all major cell lineages
at frequencies similar to those in living tissue) and similar organ architecture and functionality as the tissue of origin.
The technique allows expansions of tissue-specific stem cells and their differentiated progeny. Starting from very
small amounts of material (such as biopsies); organoids can be expanded indefinitely, cryopreserved as biobanks
and easily manipulated using techniques similar to those used for traditional 2D cell cultures [3]. Organoids are of
course more physiologically relevant than traditional cell culture models and are easier to manipulate and study
than in vivo mouse/human models. Gene-editing technologies can be used to produce and even self-transplant
repaired, healthy organoids from patients with genetic defects.

In the last years, human organoids have been established for a wide range of organs, including salivary gland,
esophagus, stomach, pancreas, liver, intestine, colon, kidney, prostate, lung, retina and brain. Using organoids,
many types of human diseases have been modeled, ranging from Barrett’s esophagus to Helicobacter pylori infection,
cystic fibrosis, inflammatory bowel disease, bacterial or viral infections and even autism [3]. The luminal epithelia
of human gastric organoids are efficiently colonized by Helicobacter pylori (the bacterium identified as the major
cause of gastritis and one of the major agents of gastric cancer onset) and relevant physiological changes were
demonstrated in this setting, including an increase in proliferation due to oncogenic CagA and increased β-catenin
signaling [4]. Further, renal organoids have been used for the study of infections caused by Shiga-toxin-producing
Escherichia coli [5]; these types of studies are yielding important contributions in understanding the pathogenic
mechanisms of infections and are used to improve the strategies of treatment.

Many cancer models have been studied using organoids from glioblastoma, colorectal, gastrointestinal, pancreatic,
prostate, breast, bladder and liver cancers [6]. Large patient-derived tumor organoid biobank collections from
biopsy samples have been obtained, profiled and exploited for drug development and personalized cancer treatment
purposes, and to analyze cancer-related processes and signaling pathways. Moreover, CRISPR/Cas9-mediated gene
editing is used in organoids to evaluate candidate gene function in pathologies and tumorigenesis.

Organoids technology is also promising a boost to regenerative medicine. Transplantation of isogenic organoids
from small patient biopsies or from allogenic but HLA-matched tissues represents a novel, exciting alternative to
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replace damage with healthy tissue by allogenic transplantation (at present limited by the scarce supply of healthy
donor tissue and by tissue rejection issues).

Drug screening and testing in patient-derived organoids (PDOs) offer a novel and exciting alternative to
traditional processes, at the edge between research and care, since on the one hand it provides insight into drug and
disease mechanisms, and on the other hand it may become part of a treatment strategy for an individual patient
(or a small cohort of patients).

The power and the possible controversies arising from the organoids approach can be understood with the
possible selection of drug treatment for individual cystic fibrosis patients on the basis of an organoid swelling
assay in intestinal organoids [7], or the patient-specific responses to specific drugs in biobanked colorectal and
gastroesophageal cancer organoids from patients in Phase I/II clinical trials [8]. In the latter system, molecular
profiling of tumoral PDOs was matched to drug-screening results, and responses to anticancer agents ex vivo in
PDOs and PDO-based orthotopic mouse tumor xenograft models was compared with the responses of the patients
in clinical trials; PDOs can recapitulate patient responses in the clinic, can define individual treatment responses
and can be therefore used in personalized medicine programs [8].

The process of drug development itself may be profoundly changed by organoids technology; nowadays, Phase
I clinical trials are aimed to determine the maximum tolerated dose of a novel drug molecule, while efficacy is
evaluated in Phase II and III trials. Future early clinical-like studies to be performed in organoids may combine
safety and efficacy determination [9], specifically targeting tumor cells while leaving healthy cells unharmed, resulting
in reduced toxicities in patients. Hepatic organoid cultures provide a relevant model for preclinical testing of the
hepatotoxicity of experimental compounds [10], while cardiac organoids can be used for testing cardiotoxicity [11],
and kidney organoids have been used for toxicological studies [12].

Brain organoids are possibly the last frontier of this technique. Compared with 2D neural cell cultures, 3D
organoids comprise up to millions of cells of more than one type, last longer (up to 2 years), mimic key features of
developing brains structures and provide models for the study of autism, schizophrenia, Miller–Dieker syndrome
and Zika-dependent microcephaly [13]. Some organoid models can be obtained by brain tissues removed from
individuals during surgical procedures (for example, to treat seizures). Organoid mini-brains allow neuroscientists
to study synaptic and other properties of neurons in intact brain circuits, to map the 3D morphology of circuits,
to probe gene expression and to test compounds for the possible treatment of neurological disorders [13].

Organoids are therefore the basis for a revolution in several fields, since they are excellent model systems for a
wide range of both basic research and translational applications and offer exciting possibilities in drug development
and personalized medicine.

Nevertheless, there are some technical limits – self-assembled organoids still lack the microenvironment; a system
of blood vessels and an immune system. Moreover, self-assembled organoids lack standardization and repeatability
– an essential requirement to scale up this technology. In order to obtain standardization, organoids can be
produced with 3D bioprinters; a robot that can move in three directions, equipped with an automated syringe
that can dispense bio-ink with stem cells. With this technology, mini-organs of about 5 mm3 have already been
obtained [14].

Organoids & ethics
3D bioprinted organoids are revolutionizing the field of drug development and personalized medicine, organoid
biobanks have already been created and there is a growing interest from pharmaceutical companies. Short-term
ethical considerations rise for the application of organoids in disease modeling [15] who is the owner in the case
of a tissue donation? Is the anonymity of the donor ensured? Are the donors fully aware that giving the informed
consent to use their pluripotent stem cells, these could be used again in the future? Do they know the potential
of this technology? Long-term ethical concerns may be an issue for organ transplantation in the future, since this
technology goes beyond the fields of medical implants or tissue engineering. Is it ethical to implant a tissue or
organ derived from nonhuman animals (pigs for instance) in humans [16]? A framework to fill this regulatory gap
is necessary before the application of this technology spreads [17,18].

Another important issue concerns the research on cerebral organoids: they exhibit neural connections and
electrical activity, raising the question of whether they are, or possibly will be sentient. In principle, this can be
measured with techniques already available, which are used for brain-injured noncommunicating patients. In case
organoids will show some sensibility, an ethical discussion on their use in research, medicine and biotechnology
would be necessary [19].
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Organoids & biosecurity
Further, there are many possible concerns about biosecurity – as it often happens for biological/medical sciences,
the beneficial developments of organoids and 3D bioprinting (one of the technologies to produce organoids) would
also involve an increasing risk that the same technologies could be used for harmful purposes (dual use concept) or
for bioterrorism. In particular, in the wrong hands, lung and brain organoids could be used to test the toxicity of
new chemical weapons/toxic chemicals or toxins, or to assess the infectivity of biological agents. These applications
have already been tested with a lung on-a-chip to assess the ability of anthrax spores to infect a ‘lung’ grown
from rabbit lung cells, and also to answer questions such as how many anthrax spores are necessary to cause the
disease [20].

Concerns that 3D bioprinting and organoid technologies could lead to unregulated use is based on the flexibility
of these model/organ systems, which are also attractive to researchers who are investigating dangerous pathogens,
allowing them to reduce the numbers of animal tests.

Are the security restrictions in place able to cover these new technologies? Indeed, with access to the Internet
and one thousand euros it is possible to buy mechanical, electrical and fluidic parts and assemble a 3D bioprinting
mechanism – although accuracy remains an issue. Computer-aided design model data are also generally available
on the Internet and bio-inks can be purchased in pharmacies, in supermarkets and from vendors of ingredients of
molecular gastronomy. Fortunately, sophisticated skills are necessary to succeed in the production of organoids and
the risk of diversion is low; nevertheless, raising awareness, in particular to Academia, is definitely a fundamental
step to avoid the fall of this technology in the wrong hands.
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