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One of the major bottlenecks in advancing basic cancer research and developing novel cancer therapies is the
lack of in vitro pre-clinical models that faithfully recapitulate tumor properties in the patients. Monolayer cultures
of cancer cell lines usually lose the heterogeneity of the parental tumors, while patient-derived xenograft (PDX)
suffers from its time- and resource-intensive nature. The emergence of organoid culture system and its application

in cancer research provides a unique opportunity to develop novel in vitro cancer pre-clinical models. Here we
review the recent advances in utilizing organoids culture system and other related three-dimensional culture
systems in studying cancer biology, performing drug screening, and developing cancer therapies. In particular,
we discuss the advantages of applying xenograft initiated from patient-derived organoids (PDOs) as a faithful
cancer pre-clinical model in basic cancer research and precision medicine.

1. Introduction

Cancer remains one of the major health problems worldwide despite
the ever-increasing knowledge and investments in cancer related re-
search and therapeutic development. One of the major bottlenecks is
the lack of 3D pre-clinical models of cancer that can faithfully reca-
pitulate tumor properties to study the disease progression and develop
novel treatments. For decades, the most widely applied cancer models
are transgenic mouse models and monolayer culture of cancer cell lines.
Although important insights of cancer biology have been gained through
these models, both experimental systems have obvious drawbacks. For
example, genetically modified mouse models of cancer are in general
time-consuming and may not fully recapitulate the disease progression
of cancer patients, particularly for certain features such as genetic het-
erogeneity and histological complexity.! On the other hand, the in vitro
2D culture models exert selective pressure on cancer cells, and thus only
a handful of rapidly proliferating cancer cell clones may expand from
tumor samples derived from human patients. Furthermore, the 2D cul-
tured cancer cell lines gradually lose the heterogeneity of the parental
tumors as they are passaged. Due to all these limitations of conventional
cancer models, therapeutic treatments developed from these models of-
ten fail to be translated into clinical settings, suggesting that these are
not reliable pre-clinical models.

* Corresponding authors.

Patient-derived models of cancer (PDMC), such as patient-derived
xenografts (PDXs) and patient-derived organoids (PDOs), have been de-
veloped aiming to address the limitations of the conventional models.
Both PDO and PDX capture the clinical heterogeneity of cancer in terms
of stage, molecular features, and genetic background. Consequently,
they can better represent the original patient tumors.? Indeed, both PDO
and PDX were found to preserve the genetic mutations of the original tu-
mor, and initial drug sensitivity tests on both models have demonstrated
their abilities to faithfully recapitulate the patient-specific responses to
chemotherapies and targeted therapies.>® Therefore, PDO and PDX are
becoming the gold standards in pre-clinical therapeutic development.

PDX is an in vivo model by implanting human patient tumor materi-
als into immunodeficient mice,”-® where they develop into xenografts in
the recipient animals. The patient tumor materials can be either minced
tissues or single-cell suspensions. The most common form of implanta-
tion is via subcutaneous injections, while other approaches including
orthotopic injection are also widely performed.® The PDX model is not
a new concept, with some initial attempts that could be traced back
to the 1980s.%-10 These early studies demonstrated that PDX models
and their corresponding patients showed similar responses to certain
therapeutic treatments. The more recent clinical needs for developing
new therapeutic options for cancer have brought the PDX model back
to the spotlight. PDX can be established from many types of cancer, in-
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Table 1
Summary of PDX success rate in different cancer types.
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Uptake rate

References

Colorectal cancer

Breast cancer

PDAC

Prostate cancer

Bladder cancer

Upper tract urothelial carcinoma

54/85 (63.5%); 35/40 (87.5%)

26/261 (10%)
22/54 (41%)
17/34 (50%)

25/200 (12.5%); 18/49 (37%); 37/158 (23.4%)
44/62 (71%); 42/69 (61%); 10/16 (62%)

Julien et al.''; Puig et al.'?

Marangoni et al.'®; DeRose et al.'4; Vaillant et al.'®
Moffitt et al.'®; Garrido-Laguana et al.'”; Reyes et al.'®
Nguyen et al.'®

Pan et al.”’

Kim et al.?!

Abbreviations: PDAC, pancreatic ductal adenocarcinoma; PDX, patient-derived xenograft.

cluding colorectal cancer (CRC),'!-2 breast cancer,'>> pancreatic duc-
tal adenocarcinoma (PDAC),'®'® and others.!>?! Compared to 2D cul-
tured cancer cell lines, PDX is rich in stromal component, which may be
beneficial for studies focusing on the interactions between cancer cell
and the tumor microenvironment (TME). The global gene-expression
patterns, mutational status, metastatic potentials, and histopathology
characteristics of the human donor tumor have been shown to be well-
maintained in PDX.”-%2 Therefore, it can be applied to develop person-
alized cancer treatment.2> However, there are certain limitations in uti-
lizing PDX, for example, the high variation in successful engraftment
rates among different types of cancer (Table 1). For instance, the engraft-
ment rate from surgical resections of CRC could be around 60~80%,* !
while only around 20% in breast cancer PDXs.”-1315 For multiple can-
cer types, the engraftment rate is even lower for deriving PDX using
fine-needle biopsy (FNB) (0-36.4%) compared with those using surgical
specimens (27.3%—70%).>* Therefore, the success in the engraftment
of PDX strongly depends on the amount of starting tumor material so
that surgical specimens are the most commonly used original source.”
Moreover, PDX requires a long engraftment period, typically from four
to eight months. Thus, it is often challenging to provide timely drug
screening results for the patients by using the PDX model. In addition,
PDX suffers from low efficiency of cryopreservation and subsequent re-
animation, which may lead to loss of irreplaceable tumor samples.>> The
inevitable long-term nature of housing mice for PDX is cost-prohibitive,
which in turn discourages the use of PDX for high-throughput screen-
ings.

Unlike xenografts, organoid is an in vitro 3D culture model. The pi-
oneering work of culturing 3D tissue structures was done in the 1980s
and 1990s by James Rheinwald and Howard Green.?®2® In 2009, Hans
Clevers’s lab demonstrated that epithelial organoids could be estab-
lished from a single LGR5* intestinal stem cell.>® Since then, organoids
from many organs and tissues have been developed. The current defi-
nition of organoids is “a 3D structure grown from stem cells and con-
sisting of organ-specific cell types that self-organizes through cell sort-
ing and spatially restricted lineage commitment”.>® Two types of stem
cells are usually utilized to develop organoids: pluripotent stem cells
(PSC)/induced pluripotent stem cells (iPSC), which initiate a range of
tissues or organs induced by different media, and adult stem cells (ASC),
which represent the tissues or organs they originally reside.

The organoid culture system can also be extended into cancer re-
search, the first attempt of which was to culture colon adenocarcinoma
organoids from Apc-deficient mice.?° Compelling evidence indicated
that PDOs can be derived by directly embedding the patient tumor cells
or tissues into the laminin-rich extracellular matrix - Matrigel and can be
cultured under the serum-free conditional medium while preserving the
characteristics of the parental tumor.3! Other methods, like air-liquid
interface (ALI) organoids®? and micro-organospheres,> are also widely
used to develop PDO for conducting basic research and screening for ef-
fective therapies. Similar to PDX, PDO biobanks have been established
for many types of cancer, such as colorectal,>*® pancreatic,® hep-
atic,*0 gastric,*!>%? prostate,*> breast,** and ovarian cancer,*>* and
specific PDO can be acquired from centralized organizations, for ex-
ample the Human Cancer Models Initiative (HCMI). The fast-growing
collection and storage of PDOs as biobanks have facilitated basic can-

264

cer research and clinical trials, substantially increasing the options for
modeling different types of cancer.

One of the advantages that PDX holds over conventional PDO is the
presence of in vivo stromal component, which allows for studying the
tumor-stroma interaction albeit the apparent differences between mouse
and human patient stroma. However, the longstanding drawbacks of
PDX limit its applications in precision medicine and tumor biobank-
ing. In contrast, since PDO is an in vitro culture system, it can be es-
tablished from patient tumor samples with a much higher success rate.
It is also less expensive, requires less labor and propagates faster than
PDX. Therefore, PDO permits high-throughput drug screening for pa-
tient tumors with significantly reduced cost and time. Moreover, there
are significant limitations in applying PDX models in immuno-oncology
studies since the xenografts are commonly inoculated into immune-
compromised mice. Although recent progress in generating humanized
mice have enabled the reconstitution of human immune cells in mouse
models using human CD34* cells or peripheral blood mononuclear cells
(PBMC), certain limitations persist when using PDXs in such humanized
mouse models to study immuno-oncology, including the HLA matching
issue and the low fraction of CD4/8 * T cell populations.*’>*¢ In this
regard, while the traditional 3D submerged PDO selectively enriches
for tumor cells, numerous newly developed PDO models have started to
incorporate TME into the experimental setting, such as putting the im-
mune cells and cancer-associated fibroblasts (CAF) into culture. These
new models can accurately predict responses to chemotherapies and im-
munotherapies in their corresponding patients.*°->! Notably, organoids
can be used to test unwanted side effects in order to prevent adverse
drug reactions and determine the appropriate dosage of chemotherapy.
Organoids have been deployed to assess drug toxicity in many organs.>?
The establishment of normal and tumor tissue-derived organoid from
the same patient enables personalized toxicity control in drug screening,
and therefore provide optimal therapeutic guidance for the patients.>>>°
Furthermore, xenografts derived from PDO (PDOX) have been success-
fully established. Similar to PDX, PDOX have been demonstrated to re-
tain key pathological features of the parental tumor, such as the muta-
tional profiles and the level of tumor heterogeneity.>®-57 The establish-
ment of PDOX grants more applicability to PDO and may overcome the
limitations of both PDX and PDO (Fig. 1).

In this review, we will summarize recent advancements in PDO
and PDO-derived culture systems, including immune cell and CAF co-
culture systems, ALI systems and microfluidic murine- and patient-
derived organotypic tumor spheroid (MDOT/PDOT) systems, as well as
their applications in cancer research and precision medicine. In partic-
ular, this review will discuss the potential of PDOX as a new frontier of
establishing faithful pre-clinical cancer models.

2. Developing PDO for different cancer types

PDO have been established for many different types of cancer
(Table 2). One of the most widely established and studied cancer PDOs is
the CRC organoid. In 2015, a biobank of 26 (22+4) CRC organoids was
established from resected colon segments with a success rate of 90%.3
These organoids could be readily expanded and cryopreserved, with the
typical survival rate after thawing to be > 80%, representing a signif-
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Patient tumor

Patient derived
xenograft (PDX)

In vivo environment
Complex ECM - 3D growth
Tumor-stroma interaction

High cost and labor intensive

Relatively lower success engraftment rate
¢ Time consuming

Low throughput for screening

Not amenable to genetic modification

Challenging for studying metastasis
¢ Noimmune system

No matched normal control

o

Viable
substitution?

Patient derived
organoids (PDO)

High success rate of initiation
*  Cryopreservation and recover
Relatively less labor and lower cost
| »  Matched normal control
Genetic modification
Fast propagation
High throughput applications

Epithelial cells enriched
¢ Low tumor cell heterogeneity
*  Defined ECM

PDO derived
xenograft (PDOX)

*  High success rate of initiation from PDO with reasonable
temporal and monetary cost

*  Higher success rate of xenograft from FNB through PDO

*  Can be derived from PDO only when needed
*  Faithfully resemble the parental tumor

*  Canreconstitute the TME

*  Faithfully preserve the morphology, tumor progression and

drug response

*  PDOX can be easily modified genetically

Fig. 1. Comparison of patient-derived organoids (PDO), patient-derived xenografts (PDX) and PDO-derived xenografts (PDOX), along with a potential workflow for

deriving patient-derived models of cancer (PDMC) in the future.

icant advantage compared with PDX models. Shortly afterwards, CRC
PDOs were successfully established from 18-gauge biopsies of metastatic
lesions with a success rate > 70%. Importantly, these PDOs preserved ge-
netic diversity of their parental metastases.” In addition, niche factors
that were often required for normal human colonic organoid culture, in-
cluding epithelial growth factor (EGF), Noggin, TGF-f inhibitor A83-01,
and p38 inhibitor SB202190 (ENAS), as well as Wnt3A/R-spondinl and
hypoxia, were carefully examined in the culture of CRC organoids.>> The
niche dependency of CRC organoids indicated that CRC tissues largely
retain the requirements of stem cell homeostasis in the normal intesti-
nal epithelium. Decreased niche factor requirements in CRC organoids
were observed in the transition from adenoma to carcinoma, reflecting
the accumulation of genetic mutations in this process. It is worth noting
that by establishing eight combinatorial culture conditions with differ-
ent niche factors, a 100% success rate could be reached when deriving
and propagating CRC organoids from different subtypes of CRC tissues.
Other cohorts of cancer organoids established from esophageal cancer,
metastatic CRC and gastroesophageal cancer patients also demonstrated
a high degree of similarity in phenotypic and genotypic features to the
original tumors.>%-°8 These results, together with other studies in which
additional CRC PDOs were successfully established,”®-°° demonstrate
that this pre-clinical model can be widely adapted in the field of CRC
research.

PDOs for other cancer types have also been developed. Boj et al.
demonstrated that organoids can be derived from surgically resected
pancreatic cancer at a success rate of 80%.°! They further demon-
strated the feasibility of deriving PDOs from fine needle aspirations,
which significantly enhanced the applicability of PDO in modeling
PDAC since 85% of the patients are not eligible for surgical removal of
their tumors.®? Moreover, PDAC organoids can also be generated from
PSCs after experimental transformation via lentivirally transducing the
KRASC12V and TP53R175H mutation, which serves as an alternative way
to develop PDOs for PDAC. In addition, a large PDO biobank of breast
cancer was established in 2018.** This study included 155 primary
and metastatic breast cancer tumors and established 95 breast cancer
organoids. They demonstrated that the PDOs could recapitulate different
subtypes of breast cancer that differ significantly in their histopathol-
ogy, hormone receptor status and epidermal growth factor receptor 2
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(HER?2) status. For liver cancer organoids, their development was ini-
tially hindered because of the non-tumoral, stromal cell contamination.
Certain stromal cell types from liver cancer patient specimens, such as
cholangiocytes, tend to overgrow in Matrigel and become the domi-
nant cell type. This issue was later addressed by removing R-spondin-
1, Noggin and Wnt3a in the culture medium while optimizing the di-
gestion and culturing protocol.*C Subsequently, organoids from com-
mon primary liver cancers (PLC), including hepatocellular carcinoma
(HCCQ), cholangiocarcinoma (CC) and combined HCC/CC could be prop-
agated following the new protocol. In addition, lung cancer organoids
can be established from five subtypes, including lung adenocarcinoma,
squamous cell carcinoma, adenosquamous carcinoma, small cell carci-
noma, and large cell carcinoma.®® Prostate cancer organoids were first
established in 2014 from biopsy specimens and circulating tumor cells,
with a relatively low success rate at 15%—20%.> In particular, neuroen-
docrine prostate cancer, a rare and aggressive prostate cancer subtype
with few available pre-clinical models, has also been successfully mod-
eled by organoids.®* On the other hand, PDOs can also be derived from
endometrial diseases ranging from hyperplasia to low- and high-grade
cancer and have been proven to maintain long-term expandability, ge-
nomic and transcriptomic stability and patient heterogeneity.®>:¢ On
top of that, ovarian cancer (OC) can also be modeled by PDO. Kopper
et al. established 56 organoid lines to represent all main subtypes of OC,
which faithfully recapitulate the histological and genomic features of the
parental tumor.*®> Similarly, PDO can also be applied to bladder can-
cer studies. In 2018, 22 bladder cancer organoids were generated and
found to faithfully represent tumor evolution and treatment responses of
their parental tumors.®” Kidney cancers, the Wilms tumor, or nephrob-
lastoma, can also be modeled by PDO.%® Head and neck squamous cell
carcinoma (HNSCC) is another type of cancer that can be modeled by
PDO and be tested with novel treatment options.>> Glioblastoma (GBM)
or brain metastases initiated by esophageal adenocarcinoma can also
be modeled by organoids.®® Hubert et al. revealed that GBM organoids
could be directly derived from surgically removed patient tumors, and
organoids derived from distinct tumor regions retained their divergent
phenotypes. Importantly, brain metastases from esophageal adenocar-
cinoma patients, which are known to be notoriously difficult to culture
in vitro, can be cultured as organoids.®® Other methods of establishing
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Table 2

PDO established in different cancer types.
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Sample number (success rate)

Patient tissue

Notes

References

CRC 22+4 (lost due to Resected colon tumor
contamination)/27 (90%)
CRC 10/14 (71%) Two to four 18-gauge biopsies;
Metastatic lesions
CRC 55 (100% for good quality Surgically resected specimens or
samples) endoscopic biopsy; Primary
lesions and metastatic lesions
CRC 40/63 (63%) Biopsies; Metastatic lesions

Gastrointestinal cancer

110 (70%)

Biopsies; Metastasis lesions (CRC
or Gastroesophageal or
Cholangiocarcinoma)

Biobanking, high throughput sequencing and

drug screening

Mutations compared to patient tumor

Niche factor for mutations

Chemotherapy response
Treatment response

Van de Wetering et al.**
Weeber et al.>”
Fujii et al.>®

Ooft et al.>?
Vlachogiannis et al.*

Pancreatic cancer 8/10 (80%) Surgical resection

Pancreatic cancer 17/20 (85%) Surgical resection

Mice pancreatic cancer organoids are also Boj et al.®!
developed from KC and KPC mice

Pancreatic cancer modeling could also be
obtained from pancreatic progenitor organoids

with KRAS®'?Y and TP53R75H transduction

Huang et al.>®

Breast cancer

Lung cancer
Liver cancer
Prostate cancer

Prostate cancer
Bladder cancer

95/155 (61%)

20/36 (55.6%)
8 successful cases
6/32 (15%~20%)

4/25 (16%)
12/17 (70%, recent efficiency)

Breast cancer tissue or needle
biopsies of metastatic breast
cancer lesions

Surgically resected lung cancer
tissues and biopsy

Surgical resection

Biopsy specimens and circulating
tumor cells

Biopsy samples

endoscopically by cold cup
biopsy or resectoscope loop
without electrical current

Organoids recapitulate histological and

genetic features of original tumors

Five histological subtypes

Controlling the non-tumoral tissue growth by
optimized isolation/culture protocol

Characterize the tumor subtypes

Neuroendocrine prostate cancer
Study clonal evolution

Sachs et al.**

Kim et al.%®
Broutier et al.**

Gao et al.®

Puca et al.**
Lee et al.”

Glioblastomas Not Reported Resected glioblastomas samples,
primary and metastases
Glioblastoma Not Reported Surgical resections

Brain tumor Not Reported

Esophageal 10/32 (31%) Esophagectomy
adenocarcinoma

Endometrial cancer 15 Hysterectomy
Endometrial cancer 16 Biopsy samples

Ovarian cancer 32/49 (65%)

Generated from hESC

Tumor resection or drainage of

ascites/pleural effusion

GEP-NENs 22 Surgical resection, endoscopic
biopy, or needle biopsy
GEP-NENs 5/31 (16%) Core needle biopsies

Wilms tumors 2 From human nephroblastoma
Head and neck 8 From pathology amterial
squamous cell

carcinoma

Also derived organoid from esophageal Hubert et al.®®
adenocarcinoma

Patient-derived GSCs and hESC-derived
cerebral organoids.

Engineering on cerebral organoids.
Transposon- and CRISPR-Cas9-mediated
mutagenesis.

Chemotherapy response

Linkous et al.”’

Bian et al.”®

Li et al.>®

Girda et al.®®
Boretto et al.®®
Kopper et al.*®

Chemotherapy response

Drug screening

Can be genetically modified and used for
drug-screening platform

Provides genetic understanding and connects
the genetics and phenotypic traits
Chemotherapy response

Kawasaki et al.”!

Dijkstra et al.”?
Schutgens et al.®®
Can be used for in vitro photodynamic therapy Driehuis et al.>®

testing

Abbreviations: CRC, colorectal cancer; GEP-NENs, Gastroenteropancreatic neuroendocrine neoplasm. GSCs, glioma stem cells; hESC, human embryonic stem cell;
KC, LSL-Kras®12P/+; pdx1-Cre; KPC, LSL-KrasG'2/+; Trp53f/+; Pdx1-Cre; PDO, patient-derived organoid.

brain organoids have also been reported. For example, co-culturing the
patient-derived glioma stem cells (GSCs) with human embryonic stem
cell (hESC)-derived cerebral organoids demonstrated that GSCs could
deeply invade the human cerebral organoid, forming tumors that phe-
notypically recapitulate patient GBMs.”? PDO can be further applied to
model rare cancer types such as the gastroenteropancreatic (GEP) neu-
roendocrine neoplasm (NEN). Independent cohorts of GEP-NEN have
been established to lay the foundation for understanding and develop-
ing therapeutics for this orphan disease.”!>”?

Most protocols for tumor organoid establishment rely on tumor tis-
sues to be freshly retrieved from patients, but other surrogate or indirect
methods are available should the direct method fail. In 2014, a single
ALI culture method of organoids was developed to model the oncogenic
transformation process of multiple cancer types. Recapitulating the clin-
ical observations, pancreatic or gastric organoids bearing Kras??? mu-
tant gene and p53 loss were seen to form adenocarcinoma as xenografts,
while primary colon organoids need combinatorial Apc, p53, Kras®12P
and Smad4 mutations to gain tumorigenicity.”® Later, Hans Clevers’*

266

and Toshiro Sato’® groups used CRISPR-Cas9 to introduce oncogenic
mutations into human intestinal organoids and intestinal stem cells. All
of these engineered organoids showed tumor-like features after inocula-
tion into immunodeficient mice. Brain tumor organoids can also be es-
tablished by genetically engineering normal cerebral organoids, which
were transformed to glioblastoma-like or central nervous system prim-
itive neuroectodermal tumor (CNS-PNET)-like neoplasms.’® Moreover,
similar methods could also be applied to iPSC-initiated organoids.”” The
iPSC-derived CRC organoid model has been used for testing therapeutic
options such as chemotherapy. In addition, it could also be applied to
basic cancer research, such as studying the origin of certain mutations.”®
However, it remains unknown whether these organoids recapitulate the
original tumor complexity as those PDOs derived from patients via the
direct method.

Most organoids are cultured in the synthetic medium with defined
molecular and growth factors. Except for the common growth factors
such as EGF, which may act to inhibit cellular senescence,”®-%" some
other factors like Noggin (BMP antagonist), R-Spondin (Wnt inducer),
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A83-01 (TGF-p inhibitor), SB202190 (p38 inhibitor) are also required
for most organoid developments. On top of this, additional specific
factors may be added to the growth medium based on different can-
cer types. For example, Neuregulin 1, a ligand of human EGF receptor
tyrosine kinases involved in mammary development and tumorigene-
sis, was shown to allow efficient generation of breast cancer organoids
and sustain long-term expansion for > 20 passages.** Individual fi-
broblast growth factor (FGF) family ligands contribute differently to
lung organoid formation. For instance FGF7 and FGF10 induced more
organoid branching as compared to FGF2 and FGF9.8! Moreover, the
higher concentration (1 nM) of dihydrotestosterone (DHT) is impor-
tant in maintaining the viability for specific types of prostate cancer
organoids.®? We have summarized the composition of growth media for
culturing PDOs of most common tumor types in Table 3. Nevertheless,
further optimization for medium composition based on cancer types,
stages, genetic mutations, metastatic loci and other potential factors is
required to enhance the success rate of PDO establishment.

3. Advanced models of PDO

PDOs have been shown to maintain the histopathological, transcrip-
tomic and genetic characteristics of the parental tumors. However, the
traditional PDOs tend to contain only cancer cells and lack components
of the TME, such as fibroblasts, endothelial cells, and immune cells
among others. Therefore, there are ongoing efforts focusing on adding
the TME components to the organoids to recapitulate the microenviron-
ment of the parental tumors.

For example, CAF are a critical component of TME, which play a cru-
cial role in tumorigenesis and progression by remodeling the extracel-
lular matrix (ECM) and producing extensive cytokines and chemokines
to interact with cancer cells and infiltrating immune cells.®> Moreover,
CAFs may induce drug resistance in tumors by either producing cer-
tain secretory molecules that protect cancer cells from drug-induced cell
death or depositing matrix components that provide survival signals to
cancer cells via integrins.®* Meanwhile, the immune system is another
crucial component of TME. Advances in T cell-based immunotherapy,
including the adoptive T cell transfer®8® and immune-checkpoint in-
hibition, have revolutionized the treatment options for multiple cancer
types and been proven of significant clinical benefits in patients with
several types of late-stage solid tumors, including microsatellite insta-
ble (MSI) CRC, melanoma and non-small-cell lung cancer (NSCLC).87-8°
Nonetheless, poor responses to immunotherapy are not uncommon in
the clinic, which can be attributed to a variety of mechanisms. There-
fore, several organoid culturing systems have been developed to co-
culture organoids with CAFs and/or immune cells. These more advanced
PDO models could 1) be deployed as a model to study the interactions
between cancer cells and key components of the TME and 2) accurately
predict a patients’s sensitivity to chemotherapy and immunotherapy.

3.1. Co-culture models of PDO

3.1.1. PDO co-culture with CAF

Reconstituting the TME by adding the CAFs to PDO models is one
approach to address the need for studying interactions between cancer
cells and the TME,*?-°0 especially for cancers like PDAC, which normally
includes up to 90% of stroma component in the tumor mass.”! When
studying the inter-tumor heterogeneity of PDAC based on their stem cell
niche factor dependencies, Seino et al. revealed a Wnt-non-producing
subtype of PDAC that requires Wnt from CAFs,”® which demonstrated
the necessity to introduce the matched CAF into organoids culture for
this subtype. Meanwhile, pancreatic stellate cells (PSCs) were shown to
differentiate into aSMA-expressing CAFs when co-cultured with PDAC-
PDOs.”? Interestingly, in addition to the ®SMA-high and myofibroblasts-
like CAFs, PSCs were found to differentiate into another CAF subtype
named inflammatory CAFs using the co-culture platform of PSCs and
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PDAC-PDOs. The inflammatory CAFs in turn support tumor cell sur-
vival and growth through paracrine signaling via IL-6, IL-11 and LIF.%>
Moreover, CAFs could also contribute to the malignant progression of
CRC.”® Luo et al. successfully established a CRC PDO-CAFs co-culture
system by embedding both cell types in 3D hyaluronan (HA)-gelatin hy-
drogel, which is believed to recapitulate the in vivo CRC ECM.?* Further
characterization of this system demonstrated that the CRC PDO-CAFs
co-culture promoted PDO growth, recovered biological pathways that
are absent in the conventional PDO culture but present in patient tis-
sues, and could be used as a platform for predicting drug responses.
These studies demonstrate the great potential of PDO-based models in
studying the symbiotic interactions between cancer cells and the TME
components.

3.1.2. PDO co-culture with PBMC derived T cells

Another important feature that is missing in the conventional PDO
model is the immune components. A recently established PDO co-culture
system allows the expansion and selection of tumor-reactive T cells from
peripheral blood for predicting their anti-cancer properties.°! In this
study, mismatch repair-deficient (AMMR)/MSI CRC organoids that are
major histocompatibility complex (MHC) class I proficient were first de-
veloped. Then autologous PBMCs were isolated from the matched pa-
tients and cultured together with the corresponding tumor organoids.
The co-culture involves pre-treatment of PDOs with Interferon (IFN)y
to enhance antigen presentation, and plate-bound anti-CD28 and IL-2
to provide co-stimulation and to support T cell proliferation. Increased
tumor-reactive CD8* T cell populations were detected in 50% (4/8)
of the co-culture models and notably, T cell-organoid co-culture could
expand previously undetectable tumor-reactive T cell populations. Co-
culture of PBMCs and autologous tumor organoids could also be used
in NSCLC to expand tumor-reactive CD8* T cells.°! These autologous
tumor-reactive CD8* T cells were seen to substantially reduce the sur-
vival of the matched PDOs, indicating the potential of this PDO co-
culture model in evaluating the responses of immuno-oncology thera-
pies in a personalized manner and in generating patient-specific tumor-
killing T cells. It should be noted that although the enriched CD8* T
cells were largely tumor specific, a group of expanded CD4* T cells
was found to recognize the murine original culture matrix (Geltrex),
which was used for organoid culture in this model. To address this issue,
synthetic matrices might be more appropriate in future T cell-organoid
co-culture systems to avoid the possible T cell cross-reactivity to non-
tumor antigens.®> Admittedly, deriving tumor-reactive T cells directly
from tumor-infiltrating lymphocyte (TIL) can be more straightforward
and less time-consuming,’® but the absolute number of TILs may not
be sufficient in sparsely infiltrated “cold-tumors”. Therefore, deriving
tumor-reactive T cells from peripheral blood permits broader applica-
tions, especially when PDOs could be successfully established from FNB.

a) ALI as a holistic model for studying immune component in organoids

Besides the submerged Matrigel embedded organoids, another ma-
jor form of organoid culture adopts the ALI, which was first deployed
in culturing murine organoids.”® In this approach, PDOs grow in the
collagen gel in the inner Transwell dish, which is exposed to air via
the ALI to have sufficient oxygen supply, while the culture medium in
the outer dish can diffuse into the collagen gel via the permeable Tran-
swell. Using this system, diverse gastrointestinal cancer organoids were
established by transforming primary organoids from the mouse colon,
stomach and pancreas. Extending this method, Neal and Li et al. suc-
cessfully cultured PDOs from surgically resected primary and metastatic
tumors.® This method was reported to show an overall 73% success
rate and the established PDOs could be robustly cryorecovered. One
notable advantage of this system is that it preserves the stromal compo-
nents from the original normal or cancerous tissue specimens without
the need of reconstitution, though the stromal cells are gradually lost
over passaging. It is worth noting that in this system, CD4* and CD8*
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Table 3

A summary for PDO culture media in different cancer types.

Gastrointestinal Breast Prostate Bladder
Colorectal cancer cancer Pancreatic cancer cancer Lung cancer Liver cancer cancer cancer Glioblastoma
Base Advanced Advanced Advanced Advanced DMEM/F12 Advanced Advanced Hepatocyte
DMEM/F12 DMEM/F12 DMEM/F12 DMEM/F12 DMEM/F12 DMEM/F12 media Neurobasalmedium
HEPES 10 mM 1X 10 mM 10 mM 10 mM
Glutamax/L-glutamine 10 mM 2 mM 1X 1X 1% 2 mM 1X added
1X 100 unit/mL 1X 100 unit/mL 1% 1%
Penicillin/Streptomycin
Wnt 50% conditional 100 ng/mL 50% conditional
medium medium
R-Spondin 20% conditional 500 ng/mL 10% conditional 10% 5%
medium medium conditional conditional
medium medium
Noggin 10% conditional 100 ng/mL 10% conditional 100 ng/ml 10%
medium medium conditional
medium
EGF 50 ng/mL 50 ng/mL 50 ng/mL 5 ng/ml 50 ng/mL 50 ng/mL 50 ng/mL 10 ng/ml added
B27 1X 1X 1X added 1:50 1X added
n-Acetyl Cysteine 1.25 mM 1 mM 1.25 mM 1.25 mM 1.25 mM
Nicotinamide 10 mM 4 mM 10 mM 5 mM 10 mM 10 mM
Gastrin 10 nM 10 nM 10 nM 10 nM
A83-01 500 nM 500 nM 500 nM 500 nM 5 uM 500 nM
S$SB202190 3 uM 5 uM 500 nM 10 uM
Prostaglandin E2 10 nM 1uM
Primocin 100 pg/mL 1 mg/mL 50 pg/ml 1:100 100 pg/ml
Y-27,632 10 uM 5 uM 10 uM 10 uM 10 uM 10 uM
N2 addiive 1X added 1:100
BSA 0.01%
Basic fibroblast growth 20 ng/mL
factor (bFGF)
FGF-2
FGF-7 5 ng/ml 1 ng/mL
FGF-10 10 ng/Ml 100 ng/ml 20 ng/ml 100 ng/ml 10 ng/ml
FGF-Basic 10 ng/mL added
HGF 20 ng/mL (For 25 ng/mL
cholangiocarcinoma
organoids only)
Forskolin 10 uM
Dexamethasone 3nM
Neuregulin 1 5 nM
Dihydrotestosterone 0.1-1 nM
(DHT)
Charcoal-stripped fetal 5%
bovine serum
sodium pyruvate added
References Van de Wetering Vlachogiannis Boj et al.?! Sachs Kim et al.%® Broutier Gao et al.® Lee et al.®” Hubert et al.®®
et al.>*; Weeber et al.?® et al.** et al.*0

et al.””

Abbreviation: PDO, patient-derived organoid.
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TILs were found to be at a substantial amount at day seven and could
be sustained for more than one month when IL-2 was added. These T
cells preserve the intratumoral T cell receptor (TCR) repertoire of the
parental tumor. CD11b* tumor-associated macrophages (TAMs) were
also observed in the co-culture system at day seven along with other
immune cells, including B cells and NK cells. It should be noted that
recent studies revealed that a substantial fraction of TILs does not ex-
hibit tumor-reactive properties.’”>°® Therefore, it remains to be seen
whether tumor-reactive T cells from PBMCs or the TILs from tumor tis-
sues provide a better model in predicting the efficacy of immunotherapy
in personalized medicine. Nevertheless, the diverse types of PDOs and
PDO-derived co-culture models hold great promise in addressing these
issues and in providing faithful in vitro models for immuno-oncology
studies.

b) Microfluidic organotypic spheroids as a holistic model for studying
immune component in organoids

Despite the various advantages of PDOs in modeling tumor progres-
sion and the tumor microenvironment as mentioned above, there re-
mains a few technical challenges associated with the use of Matrigel
in organoid culture, including the heterogeneous nature of organoids’
size and shape, and the limited access to the lumen space of organoids
for other cell types or reagents. On the other hand, another in vitro
cell/tissue culture system named microfluidic organ-on-chips, in which
organotypic spheroid grows in 3D microfluidic culture units, could pro-
vide precise control of certain cellular, chemical and biophysical param-
eters and address some of these difficulties.”® In a typical setting of mi-
crofluidic organ-on-chips, normal tissue or tumor spheroids grow in the
center of the microfluidic device, which are embedded in cell-supporting
3D gel and supplemented by media flow in the microfluidic channels.
Advanced devices also permit co-culture with stroma cells to create
a complex interface that mimics the orthotopic tumor microenviron-
ment.' 99102 MDOTs/PDOTs from syngeneic mouse models and patient
tumors preserved the autologous lymphoid and myeloid cells.'%® MDOT
and PDOT were reported to preserve heterogeneity in culture and could
respond to immune checkpoint blockade (ICB) treatments, allowing this
method to be deployed to study combinatorial immunotherapies. Al-
though MDOTSs and PDOTs can be developed from diverse cancer types,
including melanoma, Merkel cell carcinoma and CRC, this application
is also confined by several limitations. For example, MDOTs/PDOTSs can
only be maintained in short-term culture for around 1-2 weeks, and
PDOTs tend to have low reproducibility due to the issue of tumor hetero-
geneity. Moreover, due to the resource-intensive nature of MDOTSs and
PDOTs, applying high-throughput therapeutic screening is challenging
on these devices.!%*

In addition, droplet-based patient-derived micro-organospheres
(MOS) have been demonstrated to have the potential for high-
throughput screening.>® The principle of this method involves a bench-
top machine for generating the MOS, where dissociated cells from pri-
mary tissues were added to the Matrigel in a microfluidic chip. Then, the
cell-containing Matrigel is mixed with a biphasic liquid oil to generate
the droplet MOS, which is directly dispensed into a MOS recovery ves-
sel. A prospective clinical study was conducted on this system involving
eight CRC patients. On average, this system only requires about ten days
to complete a high-throughput drug screening, and the drug-screening
results reliably predict the clinical outcome. In addition, immune cells
could be well preserved in this system and remain functional, including
CD4*, CD8™" T cells, CD56™ Natural Killer cells and CD11b* cells. There-
fore, this system shows great potential for testing immune-oncology
therapies, including programmed cell death-1 (PD-1)/PD-ligand 1 (PD-
L1) blockade and T-cell therapies for cancer patients within a time frame
that is suitable for guiding cancer treatment in the clinic. Both the mi-
crofluidic organ-on-chips and the MOS technologies are compatible with
PDO models to some extent. It is interesting to see in the future how PDO
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models could be further improved by incorporating these technologies
in order to better recapitulate the tumor microenvironment in patients.

4. Current applications of PDO
4.1. Applying PDO for precision medicine

Biomarker-directed selection of therapies in many cancer types has
been demonstrated to significantly improve patient survival. For exam-
ple, dJMMR and high microsatellite instability (MSI-H) define a subset
of CRC patients who are suitable for anti-PD-1/PD-L1 immune check-
point blockade therapy.!?> In addition, hormone receptors and HER2
expression status guide the application of hormone therapy and HER2-
targeted therapy respectively in breast cancer.'’® However, conven-
tional biomarkers fail to differentiate rare subpopulations of patients,
and both single and “omics”-based biomarkers often suffer for their low
sensitivity and/or specificity.!?” Therefore, there is an urgent clinical
need for personalized treatment plans that can be developed based on
an accurate and timely prediction by pre-clinical models. PDO shows
obvious advantages in precision medicine due to its high success rate
of establishment, relatively short turnaround time of the procedure and
accurate prediction of sensitivity to therapies in corresponding patients.
As discussed earlier, PDOs can be generated from limited starting tu-
mor material, such as that from fine needle aspiration. Compared to
PDX models that commonly take months to develop, PDOs can be es-
tablished in weeks or even days utilizing some new methods. As a re-
sult, it is possible for patients to get timely treatment advice based on
the drug screening results using PDO models derived from the same pa-
tient. As summarized below and in Table 4, many studies have validated
the accuracy of using PDO as the drug screening model.

4.1.1. Applying PDO for chemotherapy screening

The first attempt to use PDO for predicting treatment responses in
patients was performed on a cohort of metastatic CRC (mCRC) and gas-
troesophageal (mGOC) patients recruited in phase 1/2 clinical trials.>®
The results revealed a high confidence of using PDOs in predicting re-
sponses to targeted therapies and chemotherapies in patients with 100%
sensitivity and 93% specificity. This study highlighted the advantage
of using PDOs to predict clinical outcomes, which is better than using
molecular biomarker panels alone.*® The follow-up TUMOROID study
that focused specifically on mCRC revealed that it is clinically feasi-
ble to deploy a PDO-based screen to predict responses to irinotecan-
based chemotherapy.>® However, this study showed conventional PDO
models failed to predict responses to oxaliplatin-based chemotherapy.
These findings suggest that the conventional PDO models may not fully
recapitulate the cancer cell state in the parental tumor and thus have
different accuracies in predicting the responses to different treatments,
which in turn highlight the importance of including immune and stromal
components in PDO models to rebuild the faithful tumor microenviron-
ment. While most studies in this category were observational and sum-
marized the correlation between clinical outcomes and PDO-based drug
screening in a non-interventional manner, the APOLLO trial in 2020
was the first to offer patients the PDO-informed treatment options.'%8
This study demonstrated that medium to high-throughput drug screen-
ing on PDOs could reveal novel therapeutic options with or without val-
idated biomarkers in addition to the standard of care. For CRC with peri-
toneal metastases (CRPMs), FDA-approved targeted drugs on other can-
cer types could be potentially repurposed to treat this poor-prognostic
disease should standard care be exhausted.

While CRC remains one of the most extensively studied cancer types
using PDO models, similar drug screening studies on PDOs have been
applied to several other cancer types, including breast cancer,**>1%° pan-
creatic cancer,''” and ovarian cancer.'!'! In all of these cancer types,
drug responses recorded using the in vitro PDO models highly resemble
the clinical outcomes, portending that PDO-informed treatment can lead
to promising personalized oncology.
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Table 4

PDO applied in therapeutic screening in different cancer types.
Tumor type Size of cohort Purpose Treatment PDO model References
Chemotherapy
mCRC 35 PDO from 29 Prospective study N =16, FOLFOX — response Submerged 3D Ooft et al.>®

mCRC (MSS, peritoneal mets)

mCRC, mGOC

Breast cancer, Pancreatic Cancer

Pancreatic cancer

Ovarian cancer

Breast cancer

Radiation/chemoradiation

RC

RC (locally advanced)

HNSCC

GBM

Immunotherapy
CRC (dMMR+pMMR, stage III)

NSCLC, ccRCC, melanoma
RC
Bladder cancer organoids

ccRCC

patients

17 PDO from 15
patients

19 PDOs from 15
patients

14 PDOs (pancreatic),
13 PDOs (breast)

66 PDOs

7 PDOs from 5 patients
(clinical correlation).
36 PDOs

28 PDOs for drug
screening, 2 PDOs for
clinical correlation

21 PDOs
80 PDOs from 80
Patients

31 PDOs

10 PDOs from 7
Patients

12 PDOs from 12
Patients

9 NSCLS, 8 ccRCC, 3
melanoma

17 PDOs

3 PDOs

20 PDOs

Prospective study.
Personal treatment
options
Prospective study,
clinical correlation

Observational study

Observational study,
clinical correlation

Observational study,
clinical correlation

Observational study,
clinical correlation

Clinical correlation
Prospective and
observational study

Observational study,
clinical correlation

Observational study

Prospective study
Observational study
Prospective study
Observational study

Observational study

cannot be predicted.

N =12, FOLFIR — response
can be predicted.

N =10,

Irinotecan — response can be
predicted

N =17, medium throughput:
35 drugs.

N =9, FOLFOX, FOLFIR

N =19, medium throughput:
55 drugs, Paclitaxel,
Regorafenib, TAS-102,
Cetuximab, VX-970
Gemcitabine + 5-FU,
Oxaliplatin + 5-FU, 5-FU or
FOLFIRINOX (pancreatic
cancer),

A + C + T (breast cancer)
Chemo: Gemcitabine,
Paclitaxel, Irinotecan, 5-FU,
Oxaliplatin

Targeted: 21 drugs
Targeted for
Chem-refractory: 27 drugs
N =7, Carboplatin and
Paclitaxel.

N = 36, other 10
chemotherapy and targeted
drugs

N = 28, Afatinib, Gefitinib,
Pictilisib, GDC-0068,
AZD8055, Everolimus (drug
screening).

N = 2, Afatinib

N = 21, 5-FU and FOLFOX
N = 6, Cetuximab.

N =19, Radiation
Radiation+5-FU or
Radiation+Irinotecan, with
neoadjuvant Capecitabine
N = 13, Cisplatin,
Carboplatin and Cetuximab,
Everolimus, AZD4547,
Niraparib.

N = 7, radiotherapy.

N = 3, radiotherapy+LC161
N=38,

radiation + Temozolomide.
N = 10, Gefitinib,
Trametinib, Everolimus.
N=6,CART
(EGFRvIII-specific)

Ipilimumab + Nivolumab
(neoadjuvant)
Nivolumab (anti-PD-1)

Pembrolizumab (anti-PD-1)

2nd generation CAR T
(MUC1-specific)

N = 10, Caozantinib or
Nivolumab (anti-PD-1)

Matrigel

Submerged 3D
Matrigel

Submerged 3D
Matrigel

Submerged 3D
Matrigel

Submerged 3D
Matrigel

BME

Submerged 3D
Matrigel

Submerged 3D
Matrigel

Submerged 3D
Matrigel

BME

Direct culture in
suspension from fresh
tumor

Organoid+PBL
ALL

PDO and TIL expanded
separately

Submerged 3D
Matrigel

ALI

Narasimhan et al.!*®

Vlachogiannis et al.*>®

Sharick et al.!*”

Tiriac et al.''*

de Witte et al.'!

Sachs et al.*

Ganesh et al.''®

Yao et al.>®

Driehuis et al.''®

Jacob et al.''”

Chalabi et al.''®
Neal et al.”®
Kong et al.”®
Yu et al.'*?

Esser et al.'?®

Abbreviations: 5-FU, 5-fluorouracil; A + C + T, paclitaxel, 4-OOH cyclophosphamide and doxorubicin; ALI, air-liquid interface; BME, submerged 3D basement
membrane extract; CAR, chimeric antigen receptor; ccRCC, clear cell renal cell carcinoma; Chemo, chemotherapy; dMMR, deficient DNA mismatch repair; GBM,
glioblastoma; HNSCC, head and neck squamous cell carcinoma; mCRC, metastatic colorectal cancer; mGOC, metastatic gastroesophageal; MSS, microsatellite-stable;
PBL, peripheral blood lymphocytes; PDO, patient-derived organoid; pMMR, proficient in mismatch repair; RC, rectal cancer; TIL, tumor infiltrating lymphocyte.
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4.1.2. Applying PDO for predicting responses to radiation-based therapy

In parallel to chemotherapy, many cancer types also rely on ra-
diotherapy as the primary treatment modality, including HNSCC, rec-
tal cancer and non-resectable glioblastoma.!!?>114 The radiation treat-
ment on PDOs was commonly performed by placing the culture dish
into the irradiator cabinet to be treated with a total dose of 1-10 Gy
based on the tumor type, and then recovering by several days before
measuring the cell viability. Similarly, the in vitro response of PDOs
to radiotherapy/chemoradiation could be assessed within weeks, and
the results were highly correlated with the patient responses across di-
verse cancer types.>®115117 Although the results need to be further
confirmed in larger cohorts, the promising results suggest the PDOs
could be used in evaluating other treatment modalities in addition to
chemotherapies.

4.2. Applying PDO for predicting responses to immunotherapy

The aforementioned PDO-immune cell co-culture models can be used
to test the clinical response to ICL. In the NICHE study, Chalabi et al.
reported that in the presence of PD-1 blocking antibodies, CRC PDOs
derived from clinical responders could be recognized by autologous T
cells.!'8 However, in vitro CD8" T cell reactivity in the PDO-autologous
T cell co-culture system was not seen in all clinical responders. Thus,
the current platform remains to be improved to accurately predict the
response to ICI therapy, though it is suitable to gain biological insights
of mechanisms of resistance to ICI therapies and to develop new meth-
ods to overcome the resistance. In addition, the submerged 3D Matrigel
PDO system can also be used as a platform for testing the efficacy of
chimeric antigen receptor (CAR) T therapies. A recent study demon-
strated that engineered CAR T cells could be co-cultured with bladder
cancer organoids and induce antigen specific CAR T cell-mediated cyto-
toxicity.''® However, the accuracy of predicting CAR T cell therapy in
solid tumors by PDO-CAR T co-culture platform remains to be further
validated using larger patient cohorts and in more cancer types.

As mentioned above, ALI PDO culture permits the tumor cells to
grow largely in their native state, retaining a significant proportion of
the tumor stroma including diverse types of infiltrated immune cells.
Using this method, Neal et al. demonstrated that the TILs in the NSCLC
PDOs exhibited nivolumab-dependent tumor cytotoxicity, suggesting
that the PD-1-dependent ICI therapy can be recapitulated by this co-
culture system. A follow-up study demonstrated that for clear cell renal
carcinoma (ccRCC), ALI PDO could be used to evaluate the response of
combination therapy with cabozantinib and nivolumab, suggesting the
potential of using ALI as a holistic model for precision medicine.'?°

4.3. Applying PDO for basic cancer research using high-throughput
sequencing

Since tumor PDO can be easily biobanked and passaged at a rela-
tively low cost compared with PDX, it is beneficial to expand precious
patient tumor biopsies in vitro by establishing PDOs, thus enabling many
downstream applications that could not be done on patient biopsies per
se. For example, high-throughput sequencing for profiling genetic and
epigenetic features can be easily applied to PDO, offering the possibility
for a comprehensive understanding of the parental tumor. In Table 5,
we summarized a list of recent publications that involved performing
high-throughput sequencing on PDO. Although this list is not exhaus-
tive, it already shows that for many cancer types, different methods of
sequencing could be applied to PDO to advance our knowledge of dis-
ease progression, to improve the model development, and to provide
mechanistic insights for future therapy development.

Genetic profiling using whole-exome or whole-genome sequencing
provides information on copy number variation (CNV), single nucleotide
polymorphism (SNP) and insertion or deletion (INDELs), which is widely
applied in PDO based research to ensure the faithful representation
of the parental tumor. Moreover, assessing the genomic landscapes of
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clonal organoids allows for inferring the phylogenic tree.>!-12! Genetic
mutations in the subclones could vary as a result of clonal evolution
during PDO passage, resembling the genetic clonal evolution process in
human cancers in vivo.°!

Furthermore, applying transcriptomic profiling by RNA sequencing
(RNA-seq) and single-cell RNA-seq (scRNA-seq) on PDO not only allows
for assessing the similarity between PDOs and the parental tumor,'??
but also allows for investigating the inherent tumor heterogeneity. For
example, Togasaki et al. applied organoid models to demonstrate that
the two often-coexisting subtypes of diffuse-type gastric cancer (GC), in-
cluding the signet-ring cell carcinoma (SRCC) and non-SRCC subtypes,
were actually clonally identical.'?® This was achieved by performing
RNA-seq on GC organoids representing these two subtypes, which iden-
tified Wnt signaling as the key regulator of their morphological differ-
ences. In addition, single-cell level analysis on PDOs and their matched
tissue samples enabled the identification of specific cancer cell states
and their drivers. For example, by performing scRNA-seq on matched
PDAC tumor tissue and organoids, Raghavan et al. demonstrated a se-
lectively enriched scBasal state with transcriptional evolution in the in
vitro PDOs compared with the parental tumors.!>?> Moreover, the cul-
ture media formulation was found to alter the transcriptional states of
PDO cancer cells and their drug sensitivity, suggesting that it is essential
to use parental tumors as a benchmark and correct the culture-related
biases on cancer cell state in order to establish a faithful pre-clinical
cancer model.

Epigenetic profiling methods can also be applied to PDO for mecha-
nistic studies. By performing assay for transposase-accessible chromatin
with high-throughput sequencing (ATAC-seq) and chromatin immuno-
precipitation followed by sequencing (ChIP-seq) on PDAC organoids,
Roe et al. identified an enhancer reprogramming process that could
promote PDAC metastasis.'>* By comparing the epigenome of matched
primary and metastatic organoids, a more active state in metastatic
organoids was revealed, and the pioneer factor FOXA1 was identi-
fied as the driver for this metastasis-promoting enhancer reprogram-
ming. Furthermore, examining the epigenetic and transcriptomic profil-
ing on organoids before and after certain drug treatments may reveal
resistance mechanisms. For example, Tung et al. performed the inte-
grated profiling of ATAC-seq and RNA-seq on CRC PDOs treated with
the standard-of-care therapy oxaliplatin.'?> They demonstrated that the
oxaliplatin-resistant tumor cells underwent patient-specific transcrip-
tomic and chromatin alterations to increase the FGFR1 and OXTR. Si-
lencing both genes via CRISPR/Cas9 reversed the phenotype of oxali-
platin resistance.

5. PDOX - a potential substitute for PDX?

PDOXs can be derived by directly injecting PDOs into the immune-
compromised mice. Similar to the conventional PDX, PDOX preserves
many parental tumor features, including the histopathological traits
of disease progression, drug sensitivity and tumor invasiveness, which
were demonstrated in multiple cancer types, including prostate cancer,
CRC, glioblastoma, HNSCC, and PDAC.?3:3%:44,61,116,117 Ag symmarized
in Table 6, in previous studies, PDOXs were mainly used to validate the
in vitro observations! for cancer cell invasiveness,®%-11%:117 metastatic
potential,**-126 niche factor requirements,> drug sensitivities,**>! and
mutation profiles.!!”

It is worth noting that PDOX enables the orthotopic transplantation
of PDO, which has considerable merits since subcutaneous PDXs often
fail to recapitulate tumor invasion and metastasis.'?” Orthotopic trans-
plantation also avoids the problems associated with conventional ge-
netically engineered mouse models (GEMMs) of CRC, of which the high
tumor burden and tumor forming in the small intestine (rather than the
colorectum) have long been questioned. The orthotopically transplanted
tumor can be easily modified by CRISPR-Cas9-based editing to carry
oncogenic genes, which can closely recapitulate the CRC disease stage
progression of adenoma-carcinoma-metastasis.'?%-12® Similarly, ortho-
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Table 5
PDO applied in high-throughput screening.
Tumor type Sequencing method Purpose of sequencing Data accession PDO model References
mCRC, mGOC WGS Genomic European Submerged 3D Matrigel Vlachogiannis et al.*®
characterization, patient Genome-Phenome
stratification Archive (EGA)
S00001002784
CRC RNA-seq, WGS Genomic, gene EGAS00001003320 Submerged 3D Matrigel Roerink et al.'?!
expression (RNA-seq),
characterization, EGAS00001000881
clonality study (WGS)
Pancreatic cancer WES, WGS, RNA-seq Genomic, gene NCBI dbGaP Submerged 3D Matrigel Tiriac et al.'!?

Breast cancer

Prostate cancer

Prostate cancer

Gastric cancer

Ovarian cancer

CRC

Brain tumor

CRC

ccRCC

Pancreatic cancer
(metastasis)
Breast cancer

PDAC

Diffuse-type gastric
cancer

WGS, RNA-seq

WES, RNA-seq, ERRBS

WES, RNA-seq

WES, RNA-seq

WGS, sc-WGS, RNA-seq

RNA-seq
RNA-seq

WES, RNA-seq,
microArray

Sc 5 VDJ and 5’ RNA-seq

ATAC-seq, ChIP-seq

WES, RNA-seq, reduced
representation
methylation sequencing
WGS, RNA-seq,
scRNA-seq

WES, RNA-seq

expression
characterization,
correlation with patients,
patient stratification
Genomic, gene
expression
characterization,
correlation with patients
Genomic, gene
expression, DNA
methylation
characterization
Genomic, gene
expression
characterization,
correlation with clinics
Genomic, gene
expression
characterization, tumor
evolution

Genomic, gene
expression
characterization,
correlation with clinics,
tumor heterogeneity,
patient stratification
Gene expression
characterization

Gene expression
characterization of
models

Gene expression
characterization of
models

Gene expression and T
cell receptor
characterization of
models, drug responses
Disease progression,
enhancer regulation
Genomic, gene
expression
characterization

Gene expression and
molecular
characterization of
models, cell state, effect
of ex vivo environment
on PDO

Genomic, gene
expression
characterization and
comparison between
subtypes

phs001611.v1.pl

EGAS00001002158

GSE112786 (RNA-seq),
GSE112829 (ERRBS),
SRP138000 (WES)

MSKCC cBioportal (2014
Cell)

EGAS00001003145

EGAS00001003073

GSE77250, GSE88945,
GSE82207
GSE101577, GSE110611

GSE64392, GSE65253

GSE111360

GSE99311

GSE152202, GSE186747

Broad Institute Single

Cell Portal: SCP1644

Not reported

Submerged 3D BME-2

Submerged 3D Matrigel

Submerged 3D Matrigel

Submerged 3D Matrigel

Submerged 3D BME-2

iPSC derived PDO

iPSC-derived PDO with

CRISPR editing

Submerged 3D BME-2

ALI

Submerged 3D Matrigel

Submerged 3D Matrigel

Submerged 3D Matrigel

Submerged 3D Matrigel

Sachs et al.*t

Puca et al.**

Gao et al.®

Yan et al.*!

Kopper et al.*®

Crespo et al.””

Bian et al.”®

Van de Wetering et al.>

Neal et al.>°

Roe et al.'**

Guillen et al.'*°

Raghavan et al.'??

Togasaki et al.'>*

Abbreviations: ALI, air-liquid interface; ATAC, assay for transposase-accessible chromatin; BME, submerged 3D basement membrane extract; ccRCC, clear cell
renal cell carcinoma; ChIP, chromatin immunoprecipitation; ERRBS, enhanced reduced representation bisulfite sequencing; iPSC, induced pluripotent stem
cells; mCRC, metastatic colorectal cancer; mGOC, metastatic gastroesophageal; PDAC, pancreatic ductal adenocarcinoma; PDO, patient-derived organoid; Sc,
single cell; WES, whole-exome sequencing; WGS, whole-genome sequencing.

topically transplanted breast cancer organoids were demonstrated to not
only faithfully recapitulate the tumor heterogeneity but also to preserve
the drug response of the original tumor.?° These studies highlighted the
importance of selecting the tumor injection site when deriving PDOXs

from PDOs.
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Cancer cells can be interconverted between organoid cultures and
xenografts with high efficiency. Two separate studies have shown that
tumor cells underwent sequential derivation as PDOs and PDOXs main-
tain their major mutational spectrum and are suitable for drug screening
in both bladder cancer®” and breast cancer.'*° In one study, organoids
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Table 6

PDOX established in different cancer types.
Cancer type Purpose for establishing PDOX PDOX model Success rate Reference
Prostate cancer Validate histological and Subcutaneous injection into SCID 86% (6/7) Gao et al.®

CRC

Breast cancer

PDAC

HNSCC

GBM

GBM

Rectal cancer

Liver cancer

CRC

Ovarian cancer

GEP-NEN

Bladder cancer

immunohistological patterns, drug
response

Validate the histology and
morphology of parental tumor, test
for niche factor dependency in vivo
Drug response

Probe the molecular and cellular
properties of neoplastic progression of
PDAC, transcriptional and proteomic
analysis of genes and pathways
involved in the tumor progression
Validate the tumor origin of
organoids, assess tumorigenic
potential

Assess tumor cell infiltration and
growth, assess drug response

Assess tumor invasion in vivo

Assess tumor progression,
histopathological and metastatic
characteristics, and drug responses of
organoids in vivo

Assess histological, growth and
metastatic potential

Develop orthotopic transplantation
system

Assess the tumor invasion and
histopathological characteristics and
drug sensitivity

Molecular and histological
characterization

Validate drug response, study clonal
evolution

mice

Xenotransplanted into the kidney
subcapsules of NOG mice

Orthotopic xenotransplant into the
mammary fat pads of NMRI-nude
mice

Orthotopic xenotransplant in nu/nu
mice

Subcutaneous injection into NSG mice

Orthotopic xenotransplant into
immunodeficient mice

Orthotopic xenotransplant into NSG
mice

Orthotopic xenotransplant into NSG
mice

Subcutaneous injection and kidney
capsules injection into NSG mice
Orthotopic xenotransplant into NSG
mice

Orthotopic or subcutaneous injection
into NSG mice

Injection into the kidney capsule

Orthotopic xenotransplant into NOG
mice

Not Reported

Not Reported

91.7%: mice tumor in nu/nu mice;
85%: mice tumor in C57Bl/6; 75%
(9/12): human tumor

100% (3/3)

100% (8/8)
Not Reported

Not Reported

100% (4/4)
100%

66.25% (53/80): subcutaneous;
57.1% (12/21): orthotopic

Not Reported

83% (15/18)

Fujii et al.>®

Sachs et al.*

Boj et al.®!

Drieuhuis et al.''®

Jacob et al.''”
Hubert et al.®”

Ganesh et al.''®

Broutier et al.*’
Roper et al.'?®

Kopper et al.*®

Kawasaki et al.”!

Lee et al.””

Abbreviations: CRC, colorectal cancer; GBM, glioblastoma; GEP-NEN, gastroenteropancreatic-neuroendocrine neoplasm; HNSCC, head and neck squamous cell
carcinoma; NOG, non-obese diabetic/Shi-scid IL-2Ry null; NSG, NOD-SCID-IL2rg~/~; PDAC, pancreatic ductal adenocarcinoma; PDOX, patient-derived organoid-

derived xenografts; SCID, severe combined immunodeficiency.

were established from multiple subtypes of breast cancer PDXs. These
organoids, as well as new xenografts derived from these organoids,
showed high fidelity to the originating patient tumor and the initial
PDXs in terms of the growth rate, proliferation pattern and histopatho-
logical characteristics.'*C More interestingly, when studying bladder
cancer-derived organoids, Lee et al. found that despite a group of
organoid lines that stably maintains their phenotypes, there was a sec-
ond group of organoid lines showing distinct phenotypes when cultured
as PDOs but reverting to the phenotype of their parental tumors when
cultured as PDOXs.%” Our recent work also revealed that the transcrip-
tome and epigenome (as reflected by ATAC-seq) of PDOXs better re-
semble the matched PDXs and patient tumors compared with PDOs.!3!
Taken together, these results suggest that cancer cells from PDOs re-
tain the ability to reconstitute the TME when implanted in vivo and
through interacting with components of this cancer-cell-driven TME, to
re-establish their original phenotypic cell state. In other words, culture-
related deviation of cancer cell state as discussed previously may be
addressed by generating PDOXs.

Based on these studies and our own results, we think that PDO and
PDOX represent better pre-clinical models for cancer research and pre-
cision oncology. There are obvious advantages of this method compared
with traditional 2D culture systems and the PDX models:

1) Establishing PDOs and PDOXs from patient samples show a high suc-
cess rate with a reasonable temporal and monetary cost. As discussed
above, the success rate of establishing PDOs from patient biopsies is
much higher than that of PDXs. In many cancer types, PDOs can be
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established with a high success rate using FNB that contain limited
patient materials, making it suitable to establish pre-clinical cancer
models in broad clinical settings. In addition, numerous studies have
demonstrated that xenografts deriving from organoid culture have
a significantly higher success rate of establishment as compared to
the xenografts directly deriving from patient samples.>>-67,117,130 In
our own hands, we observed a close to 100% success rate for PDOXs
from established PDOs,'?! a finding consistent with previous stud-
ies. Moreover, PDOs can be established at a lower cost and with a
shorter time compared with PDXs; they are also easy to maintain
because of their ability to be easily cryopreserved, which is highly
challenging for PDX models.

PDOXs faithfully resemble the cancer cell state in the parental tu-
mor and are thus suitable for examining the responses to a wide
range of therapeutic agents. Compared with 2D cultured cancer cell
lines, PDOs show significant improvements in maintaining the ge-
netic and phenotypic heterogeneity of the parental tumor. However,
culture-related deviation of cancer cell state in PDOs has been re-
ported,%7>12? which may mislead the drug screening results. On the
other hand, cancer cells in PDOXs are known to revert to the origi-
nal cancer cell state by reconstituting the TME. Moreover, for certain
targeted therapies such as VEGF inhibitors, it is not appropriate to
test in the PDO model, 32 because the agents function through regu-
lating the TME. In these occasions, only PDOXs can be used to eval-
uate the efficacy of these therapies. In summary, PDOX models hold
great promise in accurately predicting the responses to a variety of
therapeutic agents in their corresponding patients.
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Inner: Advanced PDO models
Outer: PDO applications

Fig. 2. Summary of advanced models of PDO and their applications. Inner loop:
advanced PDO models. Outer loop: popular applications of PDO. ECM, extracel-
lular matrix; FNB, fine-needle biopsy; TME, tumor microenvironment.

3) PDOs and PDOXs can be easily modified genetically, allowing their
broad applications in basic cancer research. Similar to 2D cultured
models, PDO can be easily modified genetically,? and subsequently
form PDOX to test the effects of these manipulations in vivo.’* These
features make PDOs and their derived PDOXs suitable for studying
the biological processes of tumor initiation and progression. In fact,
PDOs have been used to gain novel biological insights on both the
oncogenic transformation process as well as the invasion-metastasis
cascade. For example, these models were applied to study the re-
lationships between oncogenic mutations and niche factors®® and
to identify the epigenetic regulators that drive metastasis-promoting
enhancer reprogramming.'%*

6. Future perspectives

Based on a retrospective study, the pooled sensitivity and speci-
ficity of PDO in predicting drug response across different tumor types
were 0.81 and 0.74, suggesting that personalized tumor response to
anti-cancer therapies using ex vivo screening on PDO could serve as a
strong biomarker in predicting the clinical outcomes.'** However, for
some rare cancer types, the success rate of establishing PDOs can go as
low as 16%,°* suggesting that PDO-informed decision is currently not
available for all patients. PDO developed from pre-treated metastases
have an even lower success rate of establishment than from materials of
treatment-naive tumors. Future studies should focus on increasing the
success rate of PDO establishment by optimizing the culture conditions
and incorporating other advanced cell/tissue culture technologies such
as the microfluidic organ-on-chips and the droplet-based patient-derived
micro-organospheres.

Furthermore, it remains challenging to apply current PDO and PDOX
models to examine the contributions of immune components of the TME
on cancer development, which are pathologically important for disease
progression. Further improvements are needed for organoids-immune
cells co-culture systems and humanized mouse models so immuno-
oncology studies can be faithfully performed using in vitro cultured mod-
els or mouse models.

PDOXs have been established and examined in several recent stud-
ies by injecting PDOs back into immunodeficient mice.?-31 As sum-
marized above, this type of pre-clinical model shows several obvious
advantages compared with PDX. However, more studies are needed to
convincingly show PDOX still maintain essential in vivo features of pa-
tient tumor in different cancer types. In particular, more work should be
done to determine whether the PDOX maintains the genetic and pheno-
typic heterogeneity of the parental tumor. If the level of heterogeneity
varies in PDOX, it should be carefully examined whether such change
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will lead to significant differences in drug responses. Nevertheless, based
on all the available experimental evidence, we believe that PDO and
PDOX have a great potential to be faithful pre-clinical cancer models
for both basic cancer research and precision medicine (Fig. 2).
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