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Abstract

tions of this approach.

Successful oncological drug development for bone and soft tissue sarcoma is grossly stagnating. A major obstacle in
this process is the lack of appropriate animal models recapitulating the complexity and heterogeneity of musculoskel-
etal malignancies, resulting in poor efficiency in translating the findings of basic research to clinical applications. In
recent years, patient-derived xenograft (PDX) models generated by directly engrafting patient-derived tumor frag-
ments into immunocompromised mice have recaptured the attention of many researchers due to their properties of
retaining the principle histopathology, biological behaviors, and molecular and genetic characteristics of the original
tumor, showing promising future in both basic and clinical studies of bone and soft tissue sarcoma. Despite several
limitations including low take rate and long take time in PDX generation, deficient immune system and heterologous
tumor microenvironment of the host, PDXs offer a more advantageous platform for preclinical drug screening, bio-
marker identification and clinical therapeutic decision guiding. Here, we provide a timely review of the establishment
and applications of PDX models for musculoskeletal malignancies and discuss current challenges and future direc-
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Background

Musculoskeletal malignancies comprise a group of very
rare and heterogeneous malignant tumors with more
than 70 subtypes; they arise from cells of mesenchy-
mal origin and often exhibit a highly aggressive biologi-
cal behavior [1]. Prognostic improvements have been
achieved by surgery combined with radiotherapy or neo-
adjuvant chemotherapy since the 1970s; however, the
mortality rate of patients with recurrence and metasta-
sis remains high and shows no signs of improvement [2],
highlighting the need for developing new therapeutic
approaches.

Although numerous studies have been conducted
to identify the underlying tumorigenesis and develop-
ment mechanisms of sarcoma, leading to the devel-
opment of new agents, few of them have met the
expectations in clinical trials [3], which is also fre-
quently occurred in the drug development of other
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tumors. The lack of efficacy and safety (both toxico-
logical and clinical) accounts for ~60% failures in
oncological drug clinical trials [4]. Traditionally, the
NCI-60 cancer cell line panel and xenografts derived
from it are the most frequently used collection of
human malignancy models in vitro and in vivo and
have provided valuable information to help us gain
better understanding of cancer development [5]. How-
ever, it is believed that these long-established tumor
cell lines have adapted to the culture environment,
which is quite different from the growing conditions
of original tumor, through Darwinian selection after
serial passages and thus exhibit irreversible alterations
in biological properties, including genetic aberrations,
loss of specific cell populations, change in growth and
invasive patterns, which are all key factors in cancer
development and treatment resistance [6, 7]. Given
the suboptimal predictive power of cancer cell lines or
cell line-derived xenografts (CDXs) in preclinical tri-
als, patient-derived tumor xenografts (PDTXs, PDXs)
generated by directly implanting tumor fragments
from patients into immunodeficient mice has gained a
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renewed interest in recent years for their high fidelity
of recapitulating tumor biology and heterogeneity in
individual patient tumors [8, 9].

The earliest reports of heterotransplantation of mus-
culoskeletal malignancies into nude mice were pub-
lished around the 1980s [10-12]. Since then, various
types of PDXs for musculoskeletal malignancies have
been established and used in multiple applications,
including drug development, biomarker identification,
and guidance clinical decision [13-17]. Some studies
have validated that genetic and histopathological char-
acteristics were well preserved between PDXs of soft
tissue and bone sarcomas and their parental tumors,
based on immunochemistry, flow cytometry, karyotyp-
ing, tissue microarray study, RNA and whole-genome
sequencing [13, 18-22]. However, the relatively small
collections of sarcoma PDX models in contrast to the
significant heterogeneity of each sarcoma type restrict
the extensive application of PDXs for basic and clini-
cal sarcoma research. In this article, we summarize the
methodology for generating bone and soft tissue sar-
coma PDX models, provide information of currently
available PDX models of musculoskeletal malignan-
cies, list their applications and discuss the challenges
and future directions of this approach.
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Generating PDX models of musculoskeletal
malignancies

The methodology for generating PDX models of vari-
ous cancer types, including colorectal, breast, ovarian
and cervical cancers has been comprehensively reviewed
[23-25]. Most of the PDX models are established by
immediately transplanting surgically resected patient
tumor fragments into immunodeficient mice. Recent
studies also demonstrated that PDX models could be cre-
ated by using “liquid biopsy” samples, such as circulating
tumor cells (CTCs), pleural effusions, and ascites [26].
However, due to the prevalent presence of stem-like, i.e.,
aggressively growing cells, PDXs generated from liquid
biopsies may not reflect the cell types and growth rates
of the original tumor. Similar caveats exist for circulating
tumor cells and pleural effusions.

Generating sarcoma PDX models is the same in essence
while differing in minor points. Individual research
groups have developed their own specific operating pro-
cedures. Briefly, PDX models could be generated by the
following steps (Fig. 1).

Tumour sample collection and processing

After receiving informed consent from the patient, fresh
tumor tissues can be collected from biopsies or surgical
resection; samples are better preserved in medium with
fetal bovine serum (FBS) compared to medium alone
and, when possible, keep the tissue at room temperature

Fig. 1 Generation of patient-derived xenografts. a—c Sample preparation. a Patient tumor tissue is collected from surgery resection or biopsy; b the
tissue is cut or minced into fine fragments in phosphate-buffered saline or medium in a sterile dish, or ¢ dissociated in to single cell suspensions; d—
g subcutaneous implantation. d A 3-6 weeks old immunocompromised mice is selected as the host; e a small skin incision is dissected to discover
the subcutaneous space under anesthesia; f the tumor fragments are placed subcutaneously with a sterile forceps; g suture the skin incision. h—k
Orthotopic implantation. h An infant immunocompromised mice is selected as the host; i a small skin incision is dissected around the knee joint to
discover the femoral condyle under anesthesia; j single cell or fine fragments suspension is injected into the femoral shaft using a sterile syringe; k
suture the skin incision
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and do the implantation within 2 h is the best option, if
the sample could not be processed immediately, it is bet-
ter to ship it on wet ice (4 °C) before implantation (<24 h)
[21, 22, 44]. It seems that biopsy samples are not pre-
ferred, partly because needle biopsy cannot provide suf-
ficient tumor materials. However, generating PDXs from
biopsied tumor samples should be encouraged since it
could enable tumor xenografts to be grown from patients
who do not receive pretreatment or lose their chance to
undergo surgical resection to identify reliable therapies
at an earlier stage in the clinical course of the disease.
Almost all studies chose to cut or mince tumor sam-
ples into fine fragments with a tumor size ranging from
1-8 mm? before xenotransplantation, and only one group
used enzymatic digestion to dissociate tumor samples
into single-cell suspensions, which was quite convenient
for orthotropic implantation [22] (Fig. 1la—c).

Tumour engraftment

Several studies highlighted that samples were implanted
into the mouse within 2 h after collection. In addi-
tion, removing necrotic tissue is helpful for successful
engraftment. After that, fragments of tumor tissues or
single-cell suspensions were implanted into immuno-
compromised mice either alone or with Matrigel. Utiliz-
ing either fine tumor fragments or single-cell suspension
has its own merits and defects. Cell-cell interactions
within some stromal components could be retained in
tumor fragments, thus preserving the original tumor
microenvironment, but an artificial tumor selection is
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barely unavoidable since only a portion of tumors will
be implanted. Alternatively, single-cell suspension ena-
bles the operator to inject a certain number of homoge-
neous tumor cells into the host; however, the process of
mechanical disruption and enzymatic dissociation may
induce cell anoikis, thus hampering cell viability and
decreasing engraftment success rate. The addition of
Matrigel or other auxiliary components such as estrogen
pellets to mimic the complex tumor microenvironment
has been reported by several studies with an improved
engraftment take rates in PDX models of breast cancer
[27, 28], however, suitable supplementation for facilitat-
ing the development of PDX models for musculoskeletal
malignancies has not yet been described.

Acute transplant rejection is the major reason of tumor
engraftment failure. Hence, mouse strains with varying
degrees of immune deficiency have been employed for
PDX model generation (Table 1). According to the pub-
lished data, the most frequently used host for establish-
ing primary PDX models of sarcoma is athymic nude
mouse, which is characterized by the lack of mature and
functional T lymphocytes; moreover, the lack of hair on
their skin makes nude mice very convenient for observing
the growth and response of human tumors to therapies
because changes in tumor volume is the most frequently
used index in drug efficacy evaluation. Scid and NOD/
Scid (NS) mice both harbor severe deficient immune
systems featuring the lack of T and B lymphocytes; in
addition, NS mice have defective innate immunity and
are widely used in the transplantation of hematological

Table 1 Characteristics of immunocompromised mouse strains

Mouse strain Characteristics Advantages Applications
Tcells Bcells NKcells GNs DCs
Nude + + + + Low cost Cell line engraftment and patient-derived
Long life span tumor xenografts
Hairless; easy assessment of tumor volume Microbiology and immunology research
Scid — — + + 4+  Severe immune deficiency Cell line engraftment and patient-derived
tumor xenografts
Infection and immunology research
Spontaneous development and metastasis of
thymic lymphoma
NS — — + + +  Imparied NK cell, DC, and myeloid cell func-  Cell line and patient-derived tumor xenografts
tions Infection and immunology research
Higher engraftment rates of cell lines than in  Hematological malignancy research
scid or nude mice Spontaneous development and metastasis of
thymic lymphoma
NSG (NOG) - - — + Absence of NK cells; the most severely immu-  Widest range of solid and hematologic tumor

nodeficient mice

High engraftment rates of tumor cell lines
and tissues

Longer life span than NOD-Scid mice

No T/B cell leakage

engraftment
Infection and immunology research
Humanized model development

“—"absence, ”+"normal,“i"impairgd, GNs -granulocytes, DC dentric cells, NK natural killer, NS NOD-Scid, Scid severe combined immunodeficiency, NOD nonobese
diabetic, NSG(NOG) NOD.Cg-Prkdc*““IL2rg"™ 549/ Jic or NOD/Shi-scid IL-2Ry™"
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malignancies. NOD.Cg-Prkdc*““IL2rg"5“¢/Jic  (NOG)
or NOD/Shi-scid ILZRy"”” (NSG) mice refer to the most
immune deficient mouse strains described to date and
carry the IL2rg"" and Prkdc*“™® mutations on the NOD/
ShiLt] genetic background. IL2rg™ targeted mutation
leads to the absence of IL2Ry, which is essential for the
differentiation and function of many hematopoietic cells,
thus blocking natural killer (NK) cell differentiation.
Meanwhile, the Prkdc®® mutation results in the dys-
function of the PRKDC gene, which encodes a protein
responsible for DNA repair in all tissues, including T and
B lymphocytes. Thus, it can be inferred that an enhanced
therapeutic effect would be achieved when using PDXs
established in mice with a Prkdc*® mutational back-
ground to test agents that inhibit DNA damage repair
(DDR) or DNA-damaging drugs.

Historically, bone and soft tissue sarcomas were
implanted subcutaneously into the flank or dorsal region
of mice (Fig. 1d—g), but orthotopic implantation has
been developed and applied in several studies in recent
years with the aim of better mimicking the initiation and
progression the microenvironment of bone neoplasms
[22, 29] (Fig. 1h-k). Evidence supports that orthotopic
tumors exhibit almost identical genomic profiles as origi-
nal tumors, while gains or losses of some aberrations are
presented in tumors that are subcutaneously generated
[29]. Another interesting finding is that spontaneous
metastasis could be found in an orthotopic osteosar-
coma PDX model but not in subcutaneous models [30].
Igarashi et al. [31] reported their successful experience
of establish orthotopic PDX models for RMS. In this
research, the authors found that tumor grew faster and
could present local recurrence after surgical resection
when being implanted into the biceps femoris muscle or
quadriceps femoris muscle, rather than under the skin;
however, only one patient sample was used in this study.
Further large sample size researches are still needed to
fully address the most appropriate implantation site of
soft tissue sarcoma, in which a PDX model of soft tis-
sue sarcoma can achieve reliable primary tumor growth,
stable genomic alteration and both regional and distance
metastasis observed in clinical patients.

Passage of PDX tumors

Serial xenograft passaging is essential for both maintain-
ing and propagating PDX models, as drug testing requires
sufficient tumor number for reliable statistical analysis.
Passaging of PDX tumors shares the same methodology
of primary transplantation. When the tumor diameter of
the primary passage PDX reaches 1000 mm?®, mice could
be euthanized, and the tumor harvested. It is important
to allow sufficient time for the tumor to grow to a cer-
tain volume, as some xenografts may need a long time,
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up to 6 months, to exhibit obvious growth. Selection of
mouse strains could be also be reconsidered, as Stewart
et al. [22] chooses NSG or Scid mice to establish pri-
mary passage xenografts and changed to nude mice for
passaging, partly aiming to reduce experimental costs;
additionally, it seemed that the take rate was not affected
by this choice. Moreover, tumor tissue cryopreserva-
tion is of great value to create a live bank of early pas-
sage tumor cells, which can be done as following steps,
(i) cut the tumor tissue into small pieces (e.g. 4 x 2 mm),
(ii) place them inside a cryovial containing tissue freez-
ing media (DMSO/FBS, 9:1), (iii) freeze the tissue in a
—80 °C freezer overnight with a freezing container (e.g.
Nalgene*Mr. Frosty*Cryo 1 °C) to precisely decrease the
temperature at a rate of 1 °C/min, (iv) store it in a liquid
nitrogen cryogen tank for long-term preservation. Cryo-
preserved tissues can be thawed and revived for future
research.

Engraftment success rates

Successful engraftment is defined as reliable tumor
growth in primary PDX models with the tumor vali-
dated at least by histological analysis. After a compre-
hensive search of the published reports, we included
studies that had a large number of tumor samples and a
detailed description of the sample resources to extract
data from and summarized the engraftment success
rates, tumor sample information and implantation pro-
cesses in Table 2. In general, variable take rates were
observed in the generation of bone sarcoma PDX mod-
els, ranging from 24.2% (8/33) to 100% (3/3) and 37.8%
(31/82) to 70.9% (22/31) in STS models. Given the signifi-
cant heterogeneity of the methodology and inconsistent
criterion of data reporting, a combined statistical analy-
sis was not performed. Only one study reported higher
engraftment rates correlated with tumor stage (primary
or recurrent/metastatic) [32], which is contradictory to
the observations elsewhere in the literature, showing that
metastatic tumors are easier to be successfully engrafted.
While tumor histological grade seems to correlate tightly
with take rates, most of the PDX models were established
from grade III or IV tumors from patients who received
pretreatment, such as chemo or radiotherapy, which
exerted no effect on tumor growth, however; the specific
tumor response to the treatment, which is a rough index
of tumor cell viability and thus it may exhibit an inverse
correlation with engraftment success rate, was not
reported in all of the studies. NSG mice were only used
in one large scale study with a moderate take rate of 49%
(15/31) in osteosarcoma but a higher take rate of 70.9%
(22/31) in STS [22]; however, there was a lack of suffi-
cient data to assess which mouse strain is best suited for
generating PDX models of musculoskeletal malignancies.
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Validation of PDX models for preclinical research
Various type of PDX models for musculoskeletal malig-
nancies [11, 13, 14, 22, 32-38] have been established,
with a preference towards osteosarcoma (OS) and rhab-
domyosarcoma (RMS), partly due to their relatively
higher morbidity. Reviews of several other tumors con-
cluded that PDX models have strong predictive power
in preclinical research based on the findings that genetic
and histopathological characteristic are well preserved in
PDXs [23, 24, 39]. However, it is not known whether the
outcome is the same within PDX models of bone and soft
tissue sarcoma.

Inconsistent results were found in tissue architecture
and cellular morphology in histologic analysis of PDX
models and their parental tumors. A large-scale hematox-
ylin and eosin (H&E) and immunohistochemistry analy-
sis of 39 bone and soft tissue sarcomas revealed a 100%
concordance of histopathological characteristics between
orthotopic PDX (O-PDX) models and their correspond-
ing tumors [22]. Minor differences were found in several
subcutaneous PDX collections (S-PDX). Houghton et al.
[11] reported that slightly discrepant tumor necrosis, dif-
ferentiation and collagen content could be found in 4/6
their HxRh series of rhabdomyosarcoma PDX models.
Only a small proportion of osteosarcoma PDXs changed
their morphology, such as increased cellularity, dediffer-
entiation and differentiation, after serial passages [14, 40,
41]. However, some conflicting findings for xenografts
apparently deviating from the primary tumor were also
revealed. Donhuijsen et al. [42] established twenty-two
PDX models of previously untreated soft tissue sarco-
mas and subjected them to histologic examination and
flow cytometry. Significant deviations were observed
between the primary PDX model and its original tumor
in cell differentiation in 36.3% (8/22) tumors, and some
cases even appeared to represent another sarcoma type.
In addition, increased frequency of mitosis and reduced
connective tissue content were found in serial passages.
Similar findings were observed in an osteosarcoma PDX
model; Delgado et al. [43] generated three osteosarcoma
PDX models using five tumor samples from one patient,
but these PDX tumors exhibited two entirely differ-
ent morphologic subtypes, with one being a firm tumor,
while the other a cystic tumor. These differences may be
due to genetic instability of xenografts [44]. Moreover,
limited tumor samples for engraftment may lead to a
loss of some specific cell subpopulations, resulting in an
atypical part of the original tumor. The host environment
may also be an influencing factor. Given the significant
heterogeneity between these studies and the relatively
small numbers of each specific sarcoma type, it is difficult
to conclude whether PDXs of bone and soft tissue sar-
coma can preserve the histopathological characteristics
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of the original tumor. Thus, a careful histologic analysis
of PDXs and their parental tumors is needed before con-
ducting a PDX-based preclinical analysis.

As for the preservation of gene expression profiles, a
tight correlation has been observed between early pas-
sage bone and soft tissue sarcoma PDX models and their
parental patient tumors, with very high Pearson’s corre-
lation coefficients (r) ranging from 0.84 to 0.97 in some
studies [22, 45]. An artificial neural network (ANN) based
on cDNA microarray analysis of a panel of PDX models
from the Pediatric Preclinical Testing Program (PPTP)
found a relatively low Spearman’s rank-order correlation
(r=0.67, P<0.001) [19]; however, the correlation was still
strong. Further research using Affymetrix technology
within an increased number of probed genes identified
a false discovery rate of <1.67% in three PDX/parental
tumor (osteosarcoma, Ewing sarcoma and rhabdomyo-
sarcoma) comparisons. Gene ontology analysis revealed
the biological function of differentially expressed tran-
scripts that were enriched in immune response, cell
cycle, RNA metabolism and vesicle-mediated transport,
which is consistent with the findings of Monsma et al.
[45], suggesting non-randomly altered gene expression
profiles in PDX models that may be induced by the loss
of normal cells upon transplantation and the logical
selective pressure of the immune deficient environment.
Moreover, very high Pearson’s correlation coefficients
(r=0.98-0.99) were observed in two osteosarcoma PDX
models over 4 generations consistent with the findings of
Neale et al. [20]. These reports indicate that PDX models
of bone and soft tissue sarcoma can well retain, although
not perfectly, the principle gene expression profiles of
their original tumors.

Genome-wide analyses have revealed that both clonal
composition and copy number variations are reliably
preserved in a large collection of PDX models and their
parental tumors [20—22, 45]. In a single study of 18 early-
passage (initial engraftment or passage 1) and late-pas-
sage (passage 4—6) O-PDX pairs, 15/18 pairs exhibited
highly similar clonal features [22]. However, although the
major chromosomal copy number variations were found
to be overlapped, a small proportion of copy number
alterations emerged on serial passaging [20, 21]. Addi-
tionally, the possible candidate genes were identified to
be involved in immune responses, cell cycle and chem-
oresistance [22], suggesting the presence of significant
genomic alterations related to the lack of selection in
the new host. Similar findings were also found in PDX
models of pancreatic and colorectal cancer [46, 47]. Tak-
ing these phenomena into consideration, PDX models of
bone and soft tissue sarcoma could be used to test many
kinds of therapy strategies that do not depend on an effi-
cient host immune system, and the use of early passage
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PDX models for preclinical research seems a prudent
choice to avoid clonal selection or evolution.

Since alterations in tumor epigenomics and the follow-
ing gene expression changes greatly influence the ini-
tiation and progression of various human malignancies,
Guilhamon et al. performed methylome analysis of two
osteosarcoma PDX models and discovered an average
of 2.0% (n=9351) of CpG sites displaying major meth-
ylation shifts between the primary PDX models and their
parental tumors. Moreover, subsequent xenografts were
not accompanied by additional changes, as only 0.07%
(n=333) of CpG sites underwent methylation shifts [48].
Although a small number of PDX models were used, this
work indicated that osteosarcoma PDX models may be a
suitable discovery tool for tumor epigenomics and drug
development.

Clinical correlation of PDX models

A direct comparison of PDX models with that of their
corresponding patient tumors regarding response to a
specific treatment is essential for evaluating the predic-
tive power in both preclinical research and clinical deci-
sion making. Although no large-scale studies have been
conducted to clarify this issue, similarities between PDX
responses and patient outcomes have been reported in
several small cohorts. Boven et al. [49] observed that 4
out of 7 PDX models exhibited identical resistance with
that of their parental STS patients to the same chemo-
therapeutic agents. In another study, 9 out of 10 sarcoma
PDX models demonstrated a concordant response with
their corresponding patients. In addition, two liposar-
coma PDX models from one patient established early
during the disease course displayed the same positive
clinical response seen in the patient to drugs used dur-
ing tumor progression, indicating that PDX models also
retain therapeutic accuracy over time [50].

Multiple applications of PDX models

Established PDX models of musculoskeletal malig-
nancies have been used in a wide range of research,
including drug screening and development, biomarker
discovery, clinical treatment guiding and cell-line pro-
duction (Fig. 2).

Pre-clinical drug test

Preclinical testing of anticancer agents using in vivo
model systems of musculoskeletal malignancies have
been performed since the 1980s; however, given the rar-
ity and significant heterogeneity of this group of tumors,
this field has received limited attention. Consequently,
only a limited number of novel agents have been tested in
musculoskeletal malignancies compared to those in other
tumor types such as breast and lung cancer (Table 3).
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Among the several collections of well-characterized
PDX models, some have presented promising predictive
value for clinical trials. Horowitz et al. [51] used PDX
models of RMS to identify a superior oncolytic activity
of melphalan than that of frequently used drugs, which
was further validated in a phase II clinical trial. The effi-
cacy of protracted schedules of topoisomerase I inhibi-
tors, such as topotecan and irinotecan, was demonstrated
in a panel of xenografts and subsequently confirmed in
a clinical trial in young patients with advanced RMS [52,
53]. Two patient-derived solitary fibrous tumor xeno-
grafts predicted high sensitivity to a combination of
doxorubicin and dacarbazine, and a phase II randomized
study has been started to validate these preclinical results
[33]. PDX models are not only restricted to the testing
of cytotoxic agents. For example, early studies of osteo-
sarcoma xenografts indicated biological agents such as
interferon-a and antiosteogenic sarcoma monoclonal
antibodies resulted in growth arrest in osteosarcoma
[54—-56]. Recent studies demonstrated that an antagonist
of Wnt signaling [57], inhibitors of Hedgehog pathway
[58], and proteasomes [59, 60] could slow the growth of
osteosarcoma PDX models when used alone or enhance
the efficacy of chemotherapy in preclinical studies. More-
over, prolonged metastasis-free survival of patients with
Ewing sarcoma and osteosarcoma could be induced by
inhibiting the Wnt signaling pathway and STAT3 activa-
tion, respectively [61, 62]. A class of new treatments, for
example, inhibitors of serine-threonine kinase GSK3p
[63] or ATR [64], tyrosine kinase [65], and EZH2 [66],
were also validated in PDX models of soft tissue sarco-
mas. In addition, two novel polymeric drug delivery sys-
tems [67, 68] that were capable of delivering SN-38 and
doxorubicin directly into the tumor, regardless of the lim-
ited aqueous solubility and systematic toxicity, exhibited
significant antitumor activity in several bone and soft tis-
sue sarcoma xenografts, showing promising value in local
tumor chemotherapy.

Guiding clinical decision

The concept of individualized care has been proposed for
years; however, the rarity of sarcoma and heterogeneity
hinder the development of targeted therapies for sarcoma
patients. Fortunately, PDX models have shed light on this
issue. Stebbing et al. [16] established 22 PDX models of
a wide range of sarcoma types to conduct drug testing,
and 13 (81%) patients showed a tight correlation between
results from their PDX models and clinical outcomes.
Notably, 6 patients achieved a significant tumor regres-
sion, including one patient who achieved complete tumor
regression to the same drug that was effective against
their corresponding xenografts. However, 6 patients died
before the generation of appropriate models performing



Lu et al. J Transl Med (2018) 16:107 Page 9 of 16
Cryopreservation
-
o Defrostin,
Patient PDX
Cell suspension
- PO
Metastatic tumor———— Tumor sample P1
W (ol
' %g’ ‘ , \ ?ubcutan?ous > ) :
Q O) implantation * *
o - Orthotopic
Liposarcoma———% | #5——“Synoviosarcoma ; implantation Passage
1\ M Tumor fragments
. Osteosarcoma— -~ #%—Rhabdomyosarcoma
Ewing sarcoma—
Chondrosarcoma——" . .
/) Genomics  Bioinformatics analysis B'°"‘.a"k‘_” hypothesis
v ROl &validation * e o
: L Target therapy
: * * = * "
4 |
1

P2-Pn, PDX bank

Personalized in vivo test

therapy

mm?
500

600

400

200

|
|
|
|
|
|
|
|
|
|
: Cryopreservation, Cell bank
|

Fig. 2 Overall generation and application of patient-derived xenografts in musculoskeletal malignancies. Tumor samples obtained from surgical or
biopsy specimens could be separated for three main usage, including generating PDX models, conducting genomic sequencing, and dissociating
for primary cell culture. Screening candidate drugs according to doctors' clinical experiences or with the results of bioinformatics analysis, and (or)
in vitro test would provide a reliable personalized therapy strategy for this patient. Moreover, data and PDX model from individual cases could be
integrated into a database and use to establish an avatar model bank for future use

days

drug screening, highlighting the need for technique
improvement to shorten the latency between implanta-
tion to xenograft establishment.

Chemo-resistance

Inherently and acquired chemo-resistance occurs in
35-45% of OS patients [69]. The underlying mecha-
nism of chemoresistance has not yet been clearly eluci-
dated, and proposed mechanisms include drug efflux,
cell detoxification, and increased repair of DNA damage,
apoptosis inhibition and OS stem cells [70]. Thus, better
in vivo models are needed to understand the mechanisms
of multidrug resistance, identify novel therapeutic strat-
egies to reverse this process and guide clinical decisions
of drug administration. In the 1990s, PDX models were
not used directly for drug screening but to amplify viable
tumor cells for conducting in vitro chemosensitivity anal-
ysis, resulting in a relatively lower predictive power (true
positive rate, true negative and predictive accuracy were
40, 100 and 66.7%, respectively) [71]. Bruheim et al. [72]

established 11 OS PDX models with a take rate of 20%
to conduct chemosensitivity analysis of five reference
drugs (doxorubicin, cisplatin, methotrexate, ifosfamide
and lomustine). Five of these models (TSX pr.2, HPBX,
TPX, KPDX, and FTX) were resistant to all compounds
tested, suggesting that PDX models can recapitulate mul-
tidrug resistance observed in human OS. In addition,
PDXs established from patients previously treated with
chemotherapy showed a higher resistance rate (80%, 4/5)
than PDXs established from patients who did not receive
previous chemotherapy (33.3%, 2/6), suggesting that
enhanced chemoresistance ability can be induced. A fur-
ther research using this panel of PDXs to identify poten-
tial biomarker of OS chemosensitivity was conducted in
2009. Bruheim et al. [15] mapped the gene expression
profiles of 10 PDX (including 8 in their previously report
[72]) according to their sensitivity to doxorubicin, cispl-
atin and ifosfamide. In total, 85 genes for doxorubicin,
74 genes for cisplatin, and 118 genes for ifosfamide were
identified. Some of these genes (such as MAGED, HSP27,
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Table 3 Selected preclinical studies correlating PDX treatment results with clinical data

Tumor (Refs.) PDX (n) Agent Target Results Clinical correlation
0OS [33,54,56-59,61] 1 bortezomib Proteasome Combination of bortezomib and ~ NA
adriamycin shows strong TGl
ablitily
2 BHQ880 Wnt signaling Inhibit tumor growth and meta- ~ NA
sitasis
15 IFN-a Significant TGl in all models, dose  NA
dependent
4 IPI1-926 Hedgehog signaling  Significant TGl in 2 of 4 models NA

Pectolinarigenin STAT3 signaling

EWS [60, 66] 2 WNT974 Porcupine
1 SN-38 matrices Topoisomerase |
SS [63, 65, 67] 1 VX970 [63] ATR
3 tazemetostat EZH2
1 ALGP-DOX Cytotoxic agents
SFT [33] 2 DOX, IFO, DTIC, eribu-  Cytotoxic agents
lin, trabectedin
LPS [64, 67] Pazopanib Tyrosine kinase
2 ALGP-DOX Cytotoxic agents
RMS [50-52, 62] 6 Melphalan Cytotoxic agents
2 Tideglusib GSK-33
6 Topotecan, irinotecan Topoisomerase |

Inhibit tumor growth and meta- ~ NA

sitasis
Delay the early metastasis NA
Delay the tumor recurrence NA
Significant TGl NA
Significant TGl in 2 of 3 models NA
Significant TVI NA

DOX/DTIC, DTIC/IFO, DOX/IFO, Response to DOX/DTIC in PDXs was
eribulin, trabectedin shows concordant with clinical datain 6

strong TVI ablitily out of 12 patients
Significant TGI NA
Tumor volume stabilisation NA

Produce CRin 5 out of 6 models 10 of 13 untreated patients gain PR

after receiving melphalan
Negative results NA

Produce CRin 4 out of 6 models,
and CRin 5 out of 6 models,
respectively

22 out of 48 patients gain clinical
response (CRin 2, PR in 20) after
receiving topotecan

Ref reference, n number, GSK-3 8 glycogen synthase kinase-3beta, DTIC dacarbazine, DOX doxorubicin, IFO ifosfamide, ADM adriamycin, TG/ tumor growth inhibition,

TVI tumor volume inhibition, CR complete regression, PR partial regression

HSP70, and MCM?2) were previously reported to be cor-
related with prognosis or chemotherapy response in oste-
osarcoma. Furthermore, an enhanced chemosensitivity of
OHS cell lines was observed by siRNA-mediated silenc-
ing of two of the identified genes (IER3 and S100A2), val-
idating the promising value of PDX to identify biomarker
candidates that may be used to predict the chemotherapy
response of OS. However, whether or not the treatment
responses observed in these OS PDXs are correlated with
their tumor of origin have not been clearly elucidated.

In two panels of STS patient-derived xenografts, posi-
tive relationship between multidrug resistance pro-
teins (MDR) and doxorubicin sensitivity was observed
in the study by Hoffmann et al. [73], while Boven et al.
[49] identified a non-significant correlation between the
parameters. Instead, low levels of topoisomerase Ila was
shown to partly account for chemoresistance of STS.
Despite the discrepancies in the results of these two stud-
ies, the authors generated a group of well-characterized
STS PDX models of different chemosensitivity, which
were useful tools for further investigating chemoresist-
ance mechanisms and screening drugs capable of over-
coming this long-known problem.

Mimic spontaneous distal metastasis

A suspected limitation of subcutaneous engraftments of
bone and soft tissue sarcomas is that they almost never
produce metastasis, which is consistent with the obser-
vations from other tumor types [74]. However, a sponta-
neous metastatic PDX models of OS into the tibia of 31
BALB/c nude mice was generated by Crnalic et al. [30],
who injected minced tumor tissues from the 32nd serial
passage of a subcutaneously growing human OS PDX
model generated from the primary site (femur) of an OS
patient with thoracic vertebral metastasis. Lung metasta-
ses, as well as some lymph node or liver metastasis, were
observed in all of the hosts. Although this PDX was not
generated from the initial human tumor tissue but from
a serial passage, similar histological characteristics were
still retained. More recently, Goldstein et al. [75] and
colleagues established a novel spontaneously metastatic
model by orthotopically implanting tumor samples into
NSG mouse hindlimbs and then subsequently amputated
the mouse after sufficient tumor growth to fully mirror
the clinical metastasis process of sarcoma patients. Given
the lack of metastatic PDX models created from subcu-
taneous implantation, it can be speculated that injection
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into the orthotopic site, more specifically the bone envi-
ronment, is the major reason of metastasis. Thus, this
approach may serve as an ideal platform for investiga-
tions of the role of the bone environment in regulating
tumor invasion and metastasis as well as for the discov-
ery of new drugs against this process.

Obstacles of PDX development and application
Given the ability of PDX models to recapitulate the pri-
mary tumor, it is believed that PDX models will act as an
important platform to elucidate new treatments and bio-
markers in preclinical research. However, some technical
limitations and intrinsic defects of PDX models are still
awaiting resolution (Table 4).

First, it is very difficult to assess the superiority or
inferiority of different methods in establishing PDXs
based on current published papers. Among the varying
parameters in the generation of PDX models, the fac-
tors contributing to a higher engraftment success rates
are still unknown. A possible solution is that individual
PDX research groups standardize their study reporting,
including (i) details of patient information (metastasis,
treatment, clinical stage, and histological grade); (ii) sam-
ple preservation or transport medium and delay between
the isolation of tumors from patients and implantation
into mice; and (iii) required tumor volumes and auxiliary
components to generate a PDX. Recently, Meehan et al.
[76] summarized minimal information standard for a
PDX models (PDX-MI), which is a valuable reference for
promoting the reproducibility in PDX models and their
related studies.

Table 4 Limitations and future perspectives of PDX models
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Another drawback of currently used PDX models is the
long timeframe between engraftment and generation of
sufficient xenografts to conduct drug screening. For pri-
mary PDX models, it normally takes more than 4 weeks
for a tumor to reach 100 mm? for preclinical study, which
is too slow for real-time clinical decision making for
high-risk patients. Thus, donors barely benefit directly
from their corresponding PDX models. In addition, data
interpretation of preclinical studies often differs from
that of clinical studies. For example, a drug that slows
down the tumor growth compared to the negative con-
trol group will lead to a positively significant result; how-
ever, if the tumor still progresses in xenografts, this drug
does not meet clinical needs.

Mouse strains with different degrees of compromised
immune systems have been designed to diminish or avoid
immune rejection, thus enhancing PDX engraftment.
However, the lack of an intact immune system differs
greatly from the living environment of the original tumor,
and it impedes the assessment of immunotherapeutic
strategies (vaccine, immunomodulators, immunoactiva-
tors), such as PD1/PD-L1, CTLA-4 antibody and CAR-T
therapies. Meanwhile, the host cannot provide a similar
tumor microenvironment as the original tumor since
human stroma is gradually substituted by murine com-
ponents (fibroblasts, blood vessels, immune cells) with
the growth and passage of PDXs. Since tumor cells per se
cannot recapitulate growth and formation of primary or
metastatic lesions and because the initiation and progres-
sion of malignant tumors are supported by their micro-
environment [77, 78], the loss of stroma of human origin
could lead to alterations in the genetic and biological

Limitations

Future perspectives

Experiment design

No uniform standards in different research groups regarding
patient information collection, required mouse strains and

Construct multicenter collaborative network; explore and estab-
lish a proper standard

model numbers, endpoint selection, positive results defini-

tion, and data interpretation

Technical issues 1. Low success rate and high cost of engraftment

2. Long time frame: from engraftment to preclinical test and

clinical application

3. Limited assessment tools for monitoring PDX tumor growth

and response to therapies

Intrinsic defects
immunotherapy

2. Rapidly stroma substitution: change in the tumor microen-
vironment; unsuitable for screening agents against stroma

elements

3. Dissimilar pharmacokinetics: over- or underestimation of

antitumor drug efficacy

4. Tumor selection and evolution: genotype and phenotype

alteration across passages

1. Severe immunocompromised host: unsuitable for testing

1. Expand tumor sampling method (CTCs); define the best
engraftment site (subcutaneous, orthotopic, renal cell capsule)
or develop new approach; use PDOs to generate PDXs

2. Explore proper intra- and post- engraftment manipulations

3. Develop noninvasive and cost-effective tools for assessing
tumor status

1. Develop immunocompetent models for establishing PDXs:
reconstruct human immune system in immunocompromised
models; induce immune tolerance to individual tumors in
immunocompetent models; use knock-in or novel gene edit-
ing technologies generate genetically humanized mice

2. Mimic human tumor environment: inject immortalized human
stromal cells

3. Identify the differences between PDX models and humans
regrading drug pharmacology

4. Multiple-spot sampling and sample cryopreservation
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properties of the tumor, thus undermining the practical
value of PDXs for preclinical drug testing, as well as hin-
dering the development of novel antitumor agents target-
ing stromal components.

Tumors are a collection of various cell subpopulations
and matrix; however, the tumors samples implanted
in mice represent only a “snapshot” of small part of the
original tumor. Moreover, these tumors will undergo a
natural selection process post-transplantation to adapt
to the whole new living environment, and the winner
populations are supposed to be the more aggressive cells,
which is consistent with the observation that most of the
reported PDX models have been generated from histo-
logically high-grade sarcomas. Furthermore, this process
would keep on going across passages. Although several
large-scale global genetic analysis demonstrated that
PDX models exhibit similar genetic properties as their
original tumors, some significant aberrations may be lost,
and new aberrations may emerge during passaging. How-
ever, whether these genetic alterations affect the viability
for of PDXs preclinical research should be further clari-
fied in future studies.

Future perspectives
Based on published reports, the PDXs collections of
musculoskeletal malignancies are relatively small, partly
due to the rarity of this group of tumors; however, it is
more likely because of the limited attention paid in this
field. Expanding the PDX library and improving the
engraftment success rate of PDXs are of great importance
to extend their use for both clinical trials and individual-
ized precision medicine research. Because of the rarity of
sarcoma patients and incomparable methodology aspects
(sample size needed, preservation media and condition,
intra- and post-implantation manipulation, implanta-
tion site) among different research groups, constructing
an organized multicenter collaboration network, such as
the EurOPDX workshop (http://www.europdx.eu) and
Patient preclinical testing consortium (PPTC, http://
www.ncipptc.org), is an effective way to extend the
resource of tumor samples and standardize study design
and data reporting. For the long latency in generating
PDX models, making clinical decision based on data
from previous high-throughput drug screening in large
collections of PDX models may be a promising alterna-
tive for patients who do not have corresponding PDX
models or have highly aggressive malignancies. In addi-
tion, combining bioinformatics analysis results to select
drug candidates may be an efficient way to narrow down
the scope of screening and increase the success rate.
Traditional xenografts of musculoskeletal malignan-
cies were mostly generated by using surgical resection
samples; however, generating PDXs from biopsied tumor
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samples should also be encouraged since it would enable
tumor xenografts to be grown from patients who do not
receive pretreatment or lose their chance to undergo
surgical resection to identify reliable and effective drug
therapies at an earlier stage in the clinical course of the
disease. Another valuable resource for generating PDX
models is circulating tumor cells (CTCs). Several stud-
ies have demonstrated that CTCs are strongly correlated
with patient sensitivity to therapy and prognosis [79,
80], indicating that CTCs are promising biomarkers for
monitoring tumor burden and predicting drug response
in high-risk patients. Although technically challenging,
CTC-derived PDX models that could also recapitulate the
biological properties and drug sensitivity of the primary
tumors have been generated from several solid tumors
in recent years, including melanoma [81], breast cancer
[82], prostate cancer [27], small-cell lung cancer [83] and
gastric cancer [84]. Compared to the currently used sam-
ple collection methods, CTC sampling is minimally inva-
sive but enables the isolation of tumor specimens that
are inaccessible to surgical operation or needle biopsies.
More importantly, CTCs allow us to generate PDX mod-
els from tumors at any time in the clinical course to adapt
our clinical decision and analyze the underlying mecha-
nisms of tumor evolution or dissemination.

Gradual substitution of stroma over time seems una-
voidable in PDX models, and it seems that there are no
solutions for this issue. A meaningful reference is the
work done by Kuperwasser et al. [85], who generated
humanized mammary fat pads by injecting irradiated
immortalized fibroblasts into NSG mouse mammary fat
pads. In light of this research, we can speculate that co-
engraftment of immortalized mesenchymal stem cells
or cancer-associated fibroblasts with tumor tissues may
reconstitute human tumor stroma in PDX models; how-
ever, future studies are warranted.

Immunocompromised mouse is currently the stand-
ard host for creating PDXs. As mentioned above, the
lack of an intact immune system may alter the genetic
profiles of PDX models and restrict them from being
employed for immunotherapy development. Can we
establish PDX model in immunocompetent mice or
reconstituted human immune systems in immunocom-
promised mice? Several studies have demonstrated this
feasibility. Kalscheuer et al. [86] demonstrated poten-
tial approaches by injecting human hematopoietic stem
cells (HPSCs) aspirated from the bone marrow into the
blood of hosts to reconstruct individual donor immune
systems; this “personalized immune” mouse models may
provide a way to study the human tumor immune sys-
tem in vivo. More recently, two research groups reported
their successful experience in generating humanized
NSG (Hu-NSG) mice either by engrafting human fetal
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liver CD34"-purified HPSCs or human peripheral blood
mononuclear cells (hPBMCs) into NSG mice and then
used them for establishing huNSG-PDX or huNSG-CDX
osteosarcoma models (Fig. 3), demonstrating the prom-
ising utility as an in vivo model to test drugs targeting
the PD-1/PD-L1 axis [87, 88]. More importantly, these
two studies disclosed the possibility that human tumors
could grow in humanized mice regardless of the mis-
matched human leukocyte antigen (HLA) status. How-
ever, whether this kind of discrepancy between tumor
and immunocytes would affect the results of preclinical
immunotherapy testing has not been clarified. Dietmar
et al. [89] demonstrated that human signal regulatory
protein alpha (SIRPA) and interleukin 15 (IL15) knock-
in mouse on a Rag2~/~II2rg~’~ background could sup-
port efficient development of functional maturation
of both circulating and tissue-resident human CD8*
T lymphocyte subsets and NK cells, thus enabling the
investigation of CD8" T and NK cell-based treatments
in vivo. The novel gene editing technology CRISPR-Cas9
could also be applied for the development of humanized
mice models by substitute part of the mouse gene with
a particular gene of human origin to express functional
components of the human immune system [90], such as
PD-1/PD-L1, thus enabling the testing of some immune-
targeting agents. Instead of constructing murine models
with intact human immune systems, some studies have
reported their success in generating xenograft models by
transplanting human tumor cell lines into immunosup-
pressed or immunotolerant mice to construct xenografts
with intact murine immune systems [91, 92]. Using this
approach to establish immunocompetent PDX models
may be a promising strategy to optimize current immu-
nodeficient models.

PDX models represent a group of promising next
generation pre-clinical models, meanwhile, three-
dimensional (3D) in vitro tumor models, such as tumor
spheroids and tumor organoids, are also emerging as
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feasible platforms for cancer research. 3D tumor models
originate from tumor tissues or single-cell suspensions of
tumor cell-lines, patient-derived tumor cells and tumor
steam cells are also capable of overcoming the limitations
of traditional 2D monolayer cell cultures by accurately
reflecting sophisticated cell to extracellular matrix inter-
actions and tumor heterogeneity, however, issues like
defining the optimal in vitro culture condition of different
tumors, lack of vascularization and immune components
in 3D culture systems still need to be addressed in future
[93]. When compared to PDXs, the major advantage of
3D tumor models is that they are more inexpensive,
faster, and easier to be established [93, 94|, while PDXs
owns several irreplaceable merits, for example, it allows
monitoring tumor neovascularization, distant metastasis,
and investigating the side effects of drugs. Interestingly,
several research groups have demonstrated that patient-
derived organoids (PDOs) and PDXs could be intercon-
verted with high efficiency [95, 96]. In light of this result,
we can speculate that PDO may serve as an intermedi-
ate states to reduce the time and improve the take rate
in generating PDX, while PDX model can act as in vivo
model to make up the deficiency of PDO. Making full use
of the specific advantages of each model would throw a
combination punch to the plight of anti-tumor research.

Conclusions

It is becoming increasingly clear that PDX models that
more closely recapitulate the biological properties of
patient tumors are promising substitutes of traditional
cell-line xenograft models for developing effective sar-
coma therapeutic strategies. For now, PDX models can
provide valuable information and chance of cure for
future sarcoma patients; however, they seem unlikely to
guide real-time clinical decision and improve the prog-
nosis of the original patient. To establish personalized
treatment for people with musculoskeletal malignan-
cies through PDX models, consistent efforts for finding
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proper approaches for enhancing engraftment success
rate, reducing the time of PDX model generation, and
narrowing down the differences in the tumor microen-
vironment and heterogeneity between human and PDX
models should be further addressed in future studies.
Meanwhile, because of the rarity and significant het-
erogeneity of musculoskeletal malignancies, individual
PDX research groups should report their experiment
data and methodological information with a standard-
ized criterion to facilitate data integration and resource
sharing, which is of paramount importance to iden-
tify an optimal method of generating PDX models and
reducing unnecessary duplication, thus accelerating the
progress of sarcoma research.

Abbreviations

PDX: patient-derived xenograft; CTC: circulating tumor cell; GNs: granulocytes;
DCs: dentric cells; NK: natural killer; NS: NOD-Scid:; Scid: severe combined
immunodeficiency; NOD: nonobese diabetic; NSG(NOG): NOD.Cg-Prkdcsci-
diL2rgtm1Sug/Jic or NOD/Shi-scid IL-2Rynull; STS: soft tissue sarcoma; OS:
osteosarcoma; CDS: chondrosarcoma; EWS: Ewing sarcoma; RMS: rhabdomyo-
sarcoma; LPS: liposarcoma; LMS: leiomyosarcoma; SS: synovial sarcoma; SCS:
spindle cell sarcoma; HGS: high grade sarcoma; UPS: undifferentiated pleo-
morphic sarcoma; FBS: fibrosarcoma; AGS: angiosarcoma; MPNST: malignant
periphery nerve sheath tumor; NOS: unclassified sarcoma; EPS: epithelioid
sarcoma; SFT: solitary fibrous tumor; P: primary tumor; M: metastatic tumor;
SC: subcutaneous; OT: orthotopic; SR: surgical resection; Bp: biopsy; Cm:
chemotherapy; N: not received; NA: not available.

Authors’ contributions
WL wrote the manuscript, TC, CRQ and SJ revised and corrected the manu-
script. All authors read and approved the final manuscript.

Acknowledgements
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials
All data generated or analyzed during this study are included in this published
article.

Consent for publication
Not applicable.

Ethics approval and consent to participate
Not applicable.

Funding

This work was supported, in part, by the National Natural Science Foundation
of China (NSFC; No. 81372180), Key Research and Development Program of
Hunan Province Science & Technology Department (No. 2017DK2013), Scholar
Support Funding of Hunan Association for Science and Technology (No.
2017TJ-Q19).

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 6 March 2018 Accepted: 17 April 2018
Published online: 23 April 2018

Page 14 of 16

References

1. Jo VY, Fletcher CD. WHO classification of soft tissue tumours: an update
based on the 2013 (4th) edition. Pathology. 2014;46(2):.95-104.

2. Bielack SS, Kempf-Bielack B, Branscheid D, Carrle D, Friedel G, Helmke
K, Kevric M, Jundt G, Kuhne T, Maas R, et al. Second and subsequent
recurrences of osteosarcoma: presentation, treatment, and outcomes of
249 consecutive cooperative osteosarcoma study group patients. J Clin
Oncol. 2009;27(4):557-65.

3. Norris RE, Adamson PC. Challenges and opportunities in childhood
cancer drug development. Nat Rev Cancer. 2012;12(11):776-82.

4. Kolal, Landis J. Can the pharmaceutical industry reduce attrition rates?
Nat Rev Drug Discov. 2004;3(8):711-5.

5. Chabner BA. NCI-60 cell line screening: a radical departure in its time. J
Natl Cancer Inst. 2016;108(5):djv388.

6. Gillet JP, Calcagno AM, Varma S, Marino M, Green LJ, Vora M|, Patel C,
Orina JN, Eliseeva TA, Singal V, et al. Redefining the relevance of estab-
lished cancer cell lines to the study of mechanisms of clinical anti-cancer
drug resistance. Proc Natl Acad Sci USA. 2011;108(46):18708-13.

7. Johnson JI, Decker S, Zaharevitz D, Rubinstein LV, Venditti JM, Schepartz S,
Kalyandrug S, Christian M, Arbuck S, Hollingshead M, et al. Relationships
between drug activity in NCI preclinical in vitro and in vivo models and
early clinical trials. Br J Cancer. 2001;84(10):1424-31.

8. Hidalgo M, Amant F, Biankin AV, Budinska E, Byrne AT, Caldas C, Clarke RB,
de Jong S, Jonkers J, Maelandsmo GM, et al. Patient-derived xenograft
models: an emerging platform for translational cancer research. Cancer
Discov. 2014,4(9):998-1013.

9. Tentler JJ, Tan AC, Weekes CD, Jimeno A, Leong S, Pitts TM, Arcaroli
JJ, Messersmith WA, Eckhardt SG. Patient-derived tumour xenografts
as models for oncology drug development. Nat Rev Clin Oncol.
2012;9(6):338-50.

10. Giovanella BC, Stehlin JJ, Williams LJ, Lee SS, Shepard RC. Heterotrans-
plantation of human cancers into nude mice: a model system for human
cancer chemotherapy. Cancer Am Cancer Soc. 1978;42(5):2269-81.

11. Houghton JA, Houghton PJ, Webber BL. Growth and characterization
of childhood rhabdomyosarcomas as xenografts. J Natl Cancer Inst.
1982,68(3):437-43.

12. Bauer HC, Brosjé O, Brostrom LA, Nilsson OS, Reinholt FP, Tribukait B.
Growth and ploidy of human osteosarcoma xenografts in serial passage
in nude mice. Eur J Cancer Clin Oncol. 1986;22(7):821-30.

13. Neely JE, Ballard ET, Britt AL, Workman L. Characteristics of 85 pedi-
atric tumors heterotransplanted into nude mice. Exp Cell Biol.
1983;51(4):217-27.

14. Meyer WH, Houghton JA, Houghton PJ, Webber BL, Douglass EC, Look AT.
Development and characterization of pediatric osteosarcoma xenografts.
Cancer Res. 1990;50(9):2781-5.

15. Bruheim S, XiY, Ju J, Fodstad O. Gene expression profiles classify human
osteosarcoma xenografts according to sensitivity to doxorubicin, cispl-
atin, and ifosfamide. Clin Cancer Res. 2009;15(23):7161-9.

16. Stebbing J, Paz K, Schwartz GK, Wexler LH, Maki R, Pollock RE, Morris
R, Cohen R, Shankar A, Blackman G, et al. Patient-derived xenografts
for individualized care in advanced sarcoma. Cancer Am Cancer Soc.
2014;120(13):2006-15.

17. Houghton PJ, Adamson PC, Blaney S, Fine HA, Gorlick R, Haber M, Helman
L, Hirschfeld S, Hollingshead MG, Israel MA, et al. Testing of new agents in
childhood cancer preclinical models: meeting summary. Clin Cancer Res.
2002;8(12):3646-57.

18. Kuijjer ML, Namlgs HM, Hauben El, Machado |, Kresse SH, Serra M,
Llombart-Bosch A, Hogendoorn PC, Meza-Zepeda LA, Myklebost O, et al.
mRNA expression profiles of primary high-grade central osteosarcoma
are preserved in cell lines and xenografts. BMC Med Genom. 2011;4:66.

19. Whiteford CC, Bilke S, Greer BT, Chen Q, Braunschweig TA, Cenacchi N,
Wei JS, Smith MA, Houghton P, Morton C, et al. Credentialing preclinical
pediatric xenograft models using gene expression and tissue microarray
analysis. Cancer Res. 2007;67(1):32-40.

20. Neale G, Su X, Morton CL, Phelps D, Gorlick R, Lock RB, Reynolds CP, Maris
JM, Friedman HS, Dome J, et al. Molecular characterization of the pediat-
ric preclinical testing panel. Clin Cancer Res. 2008;14(14):4572-83.

21. Kresse SH, Meza-Zepeda LA, Machado |, Liombart-Bosch A, Myklebost O.
Preclinical xenograft models of human sarcoma show nonrandom loss of
aberrations. Cancer Am Cancer Soc. 2012;118(2):558-70.



Lu et al. J Transl Med (2018) 16:107

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34

35.

36.

37.

38.

39.

40.

Stewart E, Federico SM, Chen X, Shelat AA, Bradley C, Gordon B, Karlstrom
A, Twarog NR, Clay MR, Bahrami A, et al. Orthotopic patient-derived
xenografts of paediatric solid tumours. Nature. 2017;549(7670):96-100.
Whittle JR, Lewis MT, Lindeman GJ, Visvader JE. Patient-derived xenograft
models of breast cancer and their predictive power. Breast Cancer Res.
2015,17:17.

Brown KM, Xue A, Mittal A, Samra JS, Smith R, Hugh TJ. Patient-derived
xenograft models of colorectal cancer in pre-clinical research: a system-
atic review. Oncotarget. 2016;7(40):66212-25.

Boone JD, Dobbin ZC, Straughn JJ, Buchsbaum DJ. Ovarian and cervical
cancer patient derived xenografts: the past, present, and future. Gynecol
Oncol. 2015;138(2):486-91.

Williams ES, Rodriguez-Bravo V, Chippada-Venkata U, De la 1), Gong Y,
Galsky M, Oh W, Cordon-Cardo C, Domingo-Domenech J. Generation of
prostate cancer patient derived xenograft models from circulating tumor
cells. J Vis Exp. 2015;105:53182.

DeRose YS, Wang G, Lin YC, Bernard PS, Buys SS, Ebbert MT, Factor R, Mat-
sen C, Milash BA, Nelson E, et al. Tumor grafts derived from women with
breast cancer authentically reflect tumor pathology, growth, metastasis
and disease outcomes. Nat Med. 2011;17(11):1514-20.

Zhang X, Claerhout S, Prat A, Dobrolecki LE, Petrovic |, Lai Q, Landis

MD, Wiechmann L, Schiff R, Giuliano M, et al. A renewable tissue
resource of phenotypically stable, biologically and ethnically diverse,
patient-derived human breast cancer xenograft models. Cancer Res.
2013;73(15):4885-97.

Blattmann C, Thiemann M, Stenzinger A, Roth EK, Dittmar A, Witt H,
Lehner B, Renker E, Jugold M, Eichwald V, et al. Establishment of a
patient-derived orthotopic osteosarcoma mouse model. J Transl Med.
2015;13:136.

Crnalic S, Hakansson |, Boquist L, Lofvenberg R, Brostrom LA. A novel
spontaneous metastasis model of human osteosarcoma developed
using orthotopic transplantation of intact tumor tissue into tibia of nude
mice. Clin Exp Metastasis. 1997;15(2):164-72.

Igarashi K, Kawaguchi K, Kiyuna T, Murakami T, Miwa S, Nelson SD, Dry
SM, LiY, Singh A, Kimura H, et al. Patient-derived orthotopic xenograft
(PDOX) mouse model of adult rhabdomyosarcoma invades and recurs
after resection in contrast to the subcutaneous ectopic model. Cell Cycle.
2017;16(1):91-4.

Hajdu SI, Lemos LB, Kozakewich H, Helson L Jr, Beattie EJ. Growth pattern
and differentiation of human soft tissue sarcomas in nude mice. Cancer
Am Cancer Soc. 1981;47(1):90-8.

Stacchiotti S, Saponara M, Frapolli R, Tortoreto M, Cominetti D, Proven-
zano S, Negri T, Dagrada GP, Gronchi A, Colombo C, et al. Patient-derived
solitary fibrous tumour xenografts predict high sensitivity to doxorubicin/
dacarbazine combination confirmed in the clinic and highlight the
potential effectiveness of trabectedin or eribulin against this tumour. Eur
J Cancer. 2017;76:84-92.

Sakumoto M, Oyama R, Takahashi M, Takai Y, Kito F, Shiozawa K, Qiao
Z,Endo M, Yoshida A, Kawai A, et al. Establishment and proteomic charac-
terization of patient-derived clear cell sarcoma xenografts and cell lines.
Vitro Cell Dev Biol Anim. 2018;54(2):163-76.

Houghton PJ, Morton CL, Chandra Tucker BS, Debbie Payne BA, Edward
Favours BS, Cole C, Richard Gorlick MD, Kolb EA, Wendong Zhang BS,
Lock R. The pediatric preclinical testing program: description of models
and early testing results. Pediatr Blood Cancer. 2007;49(7):928.

Frapolli R, Tamborini E, Virdis E, Bello E, Tarantino E, Marchini S, Grosso F,
Sanfilippo R, Gronchi A, Tercero JC, et al. Novel models of myxoid liposar-
coma xenografts mimicking the biological and pharmacologic features
of human tumors. Clin Cancer Res. 2010;16(20):4958-67.

Oyama R, Takahashi M, Yoshida A, Sakumoto M, Takai Y, Kito F, Shiozawa
K, Qiao Z, AraiY, Shibata T, et al. Generation of novel patient-derived CIC-
DUX4 sarcoma xenografts and cell lines. Sci Rep. 2017,7(1):4712.

Ishii S, Yamawaki S, Sasaki T, Usui M, Ubayama Y, Minaimi A, Yagi T, Isu K,
Kobayashi M. Analysis of osteoid-forming activity of human osteosar-
coma implanted into nude mice. Int Orthop. 1982;6(4):215-23.

Inoue T, Terada N, Kobayashi T, Ogawa O. Patient-derived xenografts

as in vivo models for research in urological malignancies. Nat Rev Urol.
2017;14(5):267-83.

Mayordomo E, Machado |, Giner F, Kresse SH, Myklebost O, Carda C, Nav-
arro S, Llombart-Bosch A. A tissue microarray study of osteosarcoma: his-
topathologic and immunohistochemical validation of xenotransplanted

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

54.

55.

56.

57.

58.

Page 150f 16

tumors as preclinical models. Appl Immunohistochem Mol Morphol.
2010;18(5):453-61.

Llombart-Bosch A, Carda C, Boix J, Pellin A, Peydro-Olaya A. Value of
nude mice xenografts in the expression of cell heterogeneity of human
sarcomas of bone and soft tissue. Pathol Res Pract. 1988;183(6):683-92.
Donhuijsen K, Budach V, Van Beuningen D, Schmidt U. Instability of
xenotransplanted soft tissue sarcomas. Morphologic and flow cytometric
results. Cancer Am Cancer Soc. 1988:61(1):68.

Delgado-Baeza E, Miralles-Flores C, Gonzalez-Medievo I. Heterogeneity
of xenografted osteosarcoma. A human sarcoma transplanted into nude
mice. Acta Orthop Scand. 1991,62(5):410-4.

Gould VE. Histogenesis and differentiation: a re-evaluation of these
concepts as criteria for the classification of tumors. Hum Pathol.
1986;17(3):212-5.

Monsma DJ, Monks NR, Cherba DM, Dylewski D, Eugster E, Jahn H, Sri-
kanth S, Scott SB, Richardson PJ, Everts RE, et al. Genomic characterization
of explant tumorgraft models derived from fresh patient tumor tissue. J
Transl Med. 2012;10:125.

Julien S, Merino-Trigo A, Lacroix L, Pocard M, Goere D, Mariani P, Landron
S, Bigot L, Nemati F, Dartigues P, et al. Characterization of a large panel of
patient-derived tumor xenografts representing the clinical heterogeneity
of human colorectal cancer. Clin Cancer Res. 2012;18(19):5314-28.
Martinez-Garcia R, Juan D, Rausell A, Munoz M, Banos N, Menendez C,
Lopez-Casas PP, Rico D, Valencia A, Hidalgo M. Transcriptional dissection
of pancreatic tumors engrafted in mice. Genome Med. 2014;6(4):27.
Guilhamon P, Butcher LM, Presneau N, Wilson GA, Feber A, Paul DS,
Schitte M, Haybaeck J, Keilholz U, Hoffman J, et al. Assessment of
patient-derived tumour xenografts (PDXs) as a discovery tool for cancer
epigenomics. Genome Med. 2014;6(12):116.

Boven E, Pinedo HM, van Hattum AH, Scheffer PG, Peters WH, Erkelens CA,
Schluper HM, Kuiper CM, van Ark-Otte J, Giaccone G. Characterization of
human soft-tissue sarcoma xenografts for use in secondary drug screen-
ing. BrJ Cancer. 1998;78(12):1586-93.

Izumchenko E, Paz K, Ciznadija D, Sloma |, Katz A, Vasquez-Dunddel

D, Ben-2vi |, Stebbing J, McGuire W, Harris W, et al. Patient-derived
xenografts effectively capture responses to oncology therapy in a
heterogeneous cohort of patients with solid tumors. Ann Oncol.
2017,28(10):2595-605.

Horowitz ME, Etcubanas E, Christensen ML, Houghton JA, George SL,
Green AA, Houghton PJ. Phase Il testing of melphalan in children with
newly diagnosed rhabdomyosarcoma: a model for anticancer drug
development. J Clin Oncol. 1988,6(2):308-14.

Houghton PJ, Cheshire PJ, Hallman JN, Lutz L, Friedman HS, Danks MK,
Houghton JA. Efficacy of topoisomerase | inhibitors, topotecan and iri-
notecan, administered at low dose levels in protracted schedules to mice
bearing xenografts of human tumors. Cancer Chemother Pharmacol.
1995;36(5):393-403.

. Pappo AS, Lyden E, Breneman J, Wiener E, Teot L, Meza J, Crist W, Vietti T.

Up-front window trial of topotecan in previously untreated children and
adolescents with metastatic rhabdomyosarcoma: an intergroup rhabdo-
myosarcoma study. J Clin Oncol. 2001;19(1):213-9.

Brosjo O, Bauer HC, Brostrom LA, Nilsson OS, Reinholt FP, Tribukait B.
Growth inhibition of human osteosarcomas in nude mice by human
interferon-alpha: significance of dose and tumor differentiation. Cancer
Res. 1987;47(1):258-62.

Brosjo O, Bauer HC, Brostrom LA, Nilsonne U, Nilsson OS, Reinholt FP,
Strander H, Tribukait B. Influence of human alpha-interferon on four
human osteosarcoma xenografts in nude mice. Cancer Res. 1985;45(11 Pt
2):5598-602.

Nakamura T, Sakahara H, Hosoi S, Yamamuro T, Higashi S, Mikawa H,
Endo K, Toyama S. In vivo radiolocalization of antiosteogenic sarcoma
monoclonal antibodies in osteogenic sarcoma xenografts. Cancer Res.
1984;44(5):2078-83.

Goldstein SD, Trucco M, Bautista Guzman W, Hayashi M, Loeb DM. A
monoclonal antibody against the Wnt signaling inhibitor dickkopf-1
inhibits osteosarcoma metastasis in a preclinical model. Oncotarget.
2016;7(16):21114-23.

Lo WW, Wunder JS, Dickson BC, Campbell V, McGovern K, Alman

BA, Andrulis IL. Involvement and targeted intervention of dysregu-

lated Hedgehog signaling in osteosarcoma. Cancer Am Cancer Soc.
2014;120(4):537-47.



Lu et al. J Transl Med (2018) 16:107

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Xian M, Cao H, Cao J, Shao X, Zhu D, Zhang N, Huang P, Li W, Yang B, Ying
M, et al. Bortezomib sensitizes human osteosarcoma cells to adriamycin-
induced apoptosis through ROS-dependent activation of p-elF2alpha/
ATF4/CHOP axis. Int J Cancer. 2017;141(5):1029-41.

Perez M, Peinado-Serrano J, Garcia-Heredia JM, Felipe-Abrio |, Tous C, Fer-
rer |, Martin-Broto J, Saez C, Carnero A. Efficacy of bortezomib in sarcomas
with high levels of MAP17 (PDZK1IP1). Oncotarget. 2016;7(41):67033-46.
Hayashi M, Baker A, Goldstein SD, Albert CM, Jackson KW, McCarty G,
Kahlert UD, Loeb DM. Inhibition of porcupine prolongs metastasis free
survival in a mouse xenograft model of Ewing sarcoma. Oncotarget.
2017,8(45):78265-76.

ZhangT, Li S, LiJ,Yin F,Hua Y, Wang Z, Lin B, Wang H, Zou D, Zhou Z, et al.
Natural product pectolinarigenin inhibits osteosarcoma growth and
metastasis via SHP-1-mediated STAT3 signaling inhibition. Cell Death Dis.
2016;7(10):e2421.

Bharathy N, Svalina MN, Settelmeyer TP, Cleary MM, Berlow NE, Airhart SD,
Xiang S, Keck J, Hayden JB, Shern JF, et al. Preclinical testing of the glyco-
gen synthase kinase-3beta inhibitor tideglusib for rhabdomyosarcoma.
Oncotarget. 2017;8(38):62976-83.

Jones SE, Fleuren E, Frankum J, Konde A, Williamson CT, Krastev DB, Pem-
berton HN, Campbell J, Gulati A, Elliott R, et al. ATR is a therapeutic target
in synovial sarcoma. Cancer Res. 2017,77(24):7014-26.

Li H, Wozniak A, Sciot R, Cornillie J, Wellens J, Van Looy T, Vanleeuw

U, Stas M, Hompes D, Debiec-Rychter M, et al. Pazopanib, a receptor
tyrosine kinase inhibitor, suppresses tumor growth through angiogen-
esis in dedifferentiated liposarcoma xenograft models. Transl Oncol.
2014,7(6):665-71.

Kawano S, Grassian AR, Tsuda M, Knutson SK, Warholic NM, Kuznetsov

G, Xu S, Xiao Y, Pollock RM, Smith JS, et al. Preclinical evidence of anti-
tumor activity induced by EZH2 inhibition in human models of synovial
sarcoma. PLoS ONE. 2016;11(7):e158888.

Monterrubio C, Pascual-Pasto G, Cano F, Vila-Ubach M, Manzanares

A, Schaiquevich P, Tornero JA, Sosnik A, Mora J, Carcaboso AM. SN-
38-loaded nanofiber matrices for local control of pediatric solid tumors
after subtotal resection surgery. Biomaterials. 2016;79:69-78.

Cornillie J, Wozniak A, Pokreisz P, Casazza A, Vreys L, Wellens J, Vanleeuw
U, Gebreyohannes YK, Debiec-Rychter M, Sciot R, et al. In vivo antitumoral
efficacy of PhAc-ALGP-doxorubicin, an enzyme-activated doxorubicin
prodrug, in patient-derived soft tissue sarcoma xenograft models. Mol
Cancer Ther. 2017;16(8):1566-75.

Luetke A, Meyers PA, Lewis |, Juergens H. Osteosarcoma treatment—
where do we stand? A state of the art review. Cancer Treat Rev.
2014/40(4):523-32.

Li S, Sun W, Wang H, Zuo D, Hua'Y, Cai Z. Research progress on the multid-
rug resistance mechanisms of osteosarcoma chemotherapy and reversal.
Tumour Biol. 2015;36(3):1329-38.

Fujisaki T, Wada T, Takahashi M, Yamawaki S, Ishii S. In vitro chemosensitiv-
ity assay for human osteosarcoma using tumor xenografts. Clin Orthop
Relat Res. 1995;313:279-85.

Bruheim S, Bruland OS, Breistol K, Maelandsmo GM, Fodstad O. Human
osteosarcoma xenografts and their sensitivity to chemotherapy. Pathol
Oncol Res. 2004;10(3):133-41.

Hoffmann J, Schmidt-Peter P, Hansch W, Naundorf H, Bunge A, Becker

M, Fichtner I. Anticancer drug sensitivity and expression of multidrug
resistance markers in early passage human sarcomas. Clin Cancer Res.
1999;5(8):2198-204.

Day CP, Merlino G, Van DT. Preclinical mouse cancer models: a maze of
opportunities and challenges. Cell. 2015;163(1):39-53.

Goldstein SD, Hayashi M, Albert CM, Jackson KW, Loeb DM. An orthotopic
xenograft model with survival hindlimb amputation allows investigation
of the effect of tumor microenvironment on sarcoma metastasis. Clin Exp
Metastasis. 2015;32(7):703-15.

Meehan TF, Conte N, Goldstein T, Inghirami G, Murakami MA, Brabetz

S, Gu Z, Wiser JA, Dunn P, Begley DA. PDX-MI: minimal information for
patient-derived tumor xenograft models. Cancer Res. 2017;77(21):e62.
Cortini M, Avnet S, Baldini N. Mesenchymal stroma: role in osteosarcoma
progression. Cancer Lett. 2017;405:90-9.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91

92.

93.

94.

95.

96.

Page 16 of 16

Quail DF, Joyce JA. Microenvironmental regulation of tumor progression
and metastasis. Nat Med. 2013;19(11):1423-37.

Yap TA, Lorente D, Omlin A, Olmos D, de Bono JS. Circulating tumor cells:
a multifunctional biomarker. Clin Cancer Res. 2014;20(10):2553-68.
Aggarwal C, Meropol NJ, Punt CJ, lannotti N, Saidman BH, Sabbath KD,
Gabrail NY, Picus J, Morse MA, Mitchell E, et al. Relationship among cir-
culating tumor cells, CEA and overall survival in patients with metastatic
colorectal cancer. Ann Oncol. 2013;24(2):420-8.

Girotti MR, Gremel G, Lee R, Galvani E, Rothwell D, Viros A, Mandal AK, Lim
KH, Saturno G, Furney SJ, et al. Application of sequencing, liquid biopsies,
and patient-derived xenografts for personalized medicine in melanoma.
Cancer Discov. 2016;6(3):286-99.

Yu M, Bardia A, Aceto N, Bersani F, Madden MW, Donaldson MC, Desai R,
Zhu H, Comaills V, Zheng Z, et al. Cancer therapy. Ex vivo culture of circu-
lating breast tumor cells for individualized testing of drug susceptibility.
Science. 2014,345(6193):216-20.

Hodgkinson CL, Morrow CJ, Li Y, Metcalf RL, Rothwell DG, Trapani F, Polan-
ski R, Burt DJ, Simpson KL, Morris K, et al. Tumorigenicity and genetic
profiling of circulating tumor cells in small-cell lung cancer. Nat Med.
2014,20(8):897-903.

Toyoshima K, Hayashi A, Kashiwagi M, Hayashi N, watsuki M, Ishimoto T,
Baba Y, Baba H, Ohta Y. Analysis of circulating tumor cells derived from
advanced gastric cancer. Int J Cancer. 2015;137(4):991-8.

Kuperwasser C, Chavarria T, Wu M, Magrane G, Gray JW, Carey L,
Richardson A, Weinberg RA. Reconstruction of functionally normal

and malignant human breast tissues in mice. Proc Natl Acad Sci USA.
2004;101(14):4966-71.

Kalscheuer H, Danzl N, Onoe T, Faust T, Winchester R, Goland R, Green-
berg E, Spitzer TR, Savage DG, Tahara H, et al. A model for personalized

in vivo analysis of human immune responsiveness. Sci Transl Med.
2012;4(125):125r-30r.

Zheng B, Ren T, Huang Y, Sun K, Wang S, Bao X, Liu K, Guo W. PD-1 axis
expression in musculoskeletal tumors and antitumor effect of nivolumab
in osteosarcoma model of humanized mouse. J Hematol Oncol.
2018;11(1):16.

Wang M, Yao LC, Cheng M, Cai D, Martinek J, Pan CX, ShiW, Ma AH,

De Vere WR, Airhart S, et al. Humanized mice in studying efficacy

and mechanisms of PD-1-targeted cancer immunotherapy. FASEB J.
2018;32(3):1537-49.

Herndler-Brandstetter D, Shan L, Yao Y, Stecher C, Plajer V, Lietzenmayer
M, Strowig T, de Zoete MR, Palm NW, Chen J, et al. Humanized mouse
model supports development, function, and tissue residency of human
natural killer cells. Proc Natl Acad Sci USA. 2017;114(45):E9626-34.

Baker O, Tsurkan S, Fu J, Klink B, Rump A, Obst M, Kranz A, Schrock E, Ana-
stassiadis K, Stewart AF. The contribution of homology arms to nuclease-
assisted genome engineering. Nucleic Acids Res. 2017;45(13):8105-15.
Basel MT, Narayanan S, Ganta C, Shreshta TB, Marquez A, Pyle M, Hill J,
Bossmann SH, Troyer DL. Developing a xenograft human tumor model in
immunocompetent mice. Cancer Lett. 2018;412:256-63.

Semenkow S, Li S, Kahlert UD, Raabe EH, Xu J, Arnold A, Janowski M, Oh
BC, Brandacher G, Bulte J, et al. An immunocompetent mouse model of
human glioblastoma. Oncotarget. 2017;8(37):61072-82.

Colella G, Fazioli F, Gallo M, De Chiara A, Apice G, Ruosi C, Cimmino A, de
Nigris F. Sarcoma spheroids and organoids-promising tools in the era of
personalized medicine. Int J Mol Sci. 2018;19(2):615.

Gaebler M, Silvestri A, Haybaeck J, Reichardt P, Lowery CD, Stancato LF,
Zybarth G, Regenbrecht C. Three-dimensional patient-derived in vitro sar-
coma models: promising tools for improving clinical tumor management.
Front Oncol. 2017;7:203.

Lee SH, HuW, Matulay JT, Silva MV, Owczarek TB, Kim K, Chua CW,

Barlow LJ, Kandoth C, Williams AB, et al. Tumor evolution and drug
response in patient-derived organoid models of bladder cancer. Cell.
2018;173(2):515-28.

Fong E, Toh TB, Lin Q, Liu Z, Hooi L, Mohd ARM, Benoukraf T, Chow EK,
Huynh TH, Yu H. Generation of matched patient-derived xenograft

in vitro-in vivo models using 3D macroporous hydrogels for the study of
liver cancer. Biomaterials, 2018;159:229-40.



	Patient-derived xenograft models in musculoskeletal malignancies
	Abstract 
	Background
	Generating PDX models of musculoskeletal malignancies
	Tumour sample collection and processing
	Tumour engraftment
	Passage of PDX tumors
	Engraftment success rates

	Validation of PDX models for preclinical research
	Clinical correlation of PDX models
	Multiple applications of PDX models
	Pre-clinical drug test
	Guiding clinical decision
	Chemo-resistance
	Mimic spontaneous distal metastasis

	Obstacles of PDX development and application
	Future perspectives
	Conclusions
	Authors’ contributions
	References




