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Summary. Although osteosarcoma is a rare disease,
with a global incidence rate estimated at 5.0/million/
year, it is the most frequent primary bone sarcoma in
children and adolescents. In translational research, the
patient-derived xenograft (PDX) model is considered an
authentic in vivo model for several types of cancer, as
tumorgrafts faithfully retain the biological characteristics
of the primary tumors. Our goal was to investigate the
association between PDX formation and clinical findings
of osteosarcoma patients and the ability of the model to
preserve in immunocompromised mice the
characteristics of the parental tumor. A fresh sample of
the patient tumor obtained from a representative biopsy
or from surgical resection was implanted into nude mice.
When tumor outgrowths reached ~1,500 mm?, fresh
PDX fragments were re-transplanted into new hosts.
Engraftment in mice was obtained after a latency period
of 19-225 days (median 92 days) in 40.54% of the
implanted samples. We confirmed the histopathological
fidelity between the patient tumor and their respective
established PDXs, including the expression of
biomarkers. PDX take rate was higher in surgical
resection samples, in post-chemotherapy surgical
samples and in samples from patients with metastatic

disease at presentation. In conclusion, we have shown
that the osteosarcoma PDX model reliably recapitulates
the morphological aspects of the human disease after
serial passage in mice. The observation that more
aggressive forms of osteosarcoma, including those with
metastatic disease at presentation, have a higher
efficiency to generate PDXs provides a promising
scenario to address several unanswered issues in clinical
oncology.
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Introduction

Osteosarcoma is among the most frequently
diagnosed bone malignancies in both pediatric and
young adult patients (Mirabello et al., 2009a,b; Noone et
al., 2018). However, it is a rare disorder with an
estimated incidence of 3-5 per million in males and 2-4
per million in females (Mirabello et al., 2009a). In about
80% of all osteosarcoma patients, the primary site is the
knee region (metaphyses of distal femur and proximal
tibia) (Bielack et al., 2002). Patients usually have
nonspecific clinical symptoms, the most common of
which is pain and/or swelling of the involved region
(Bielack and Bernstein, 2005). Standard therapy consists
of preoperative (neoadjuvant) chemotherapy followed by
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surgery and postoperative (adjuvant chemotherapy)
(Isakoff et al., 2015). Despite significant improvements
in recent decades with the advances in surgery and
multiagent chemotherapy, the overall 10-year survival
rate for non-metastatic patients with localized resectable
tumors is approximately 64.4%. For those with
metastatic disease at diagnosis, the prognosis is
substantially poorer, with a ten-year survival rate of 26%
(Bielack et al., 2002; Isakoff et al., 2015).

In translational research, several in vivo preclinical
models of human tumors are available to examine the
biology of cancer, including animal models induced by
xenografting cell lines of fresh cancer tissue specimens
into immunodeficient mice (Langdon, 2012). Among
these, patient-derived xenograft (PDX) tumor models are
reported as more reliable in a preclinical setting as they
retain cell population heterogeneity as well as
histological and molecular characteristics of the original
tumor (Garber, 2009; Tentler et al., 2012). Indeed, PDXs
are currently considered an authentic in vivo model for
several types of cancer (Garber, 2009; Siolas and
Hannon, 2013) including osteosarcomas (Bruheim et al.,
2004; Kresse et al., 2012; Monsma et al., 2012; Stewart
et al., 2017; Meohas et al., 2018) as they most closely
resemble the primary lesion and potentially recapitulate
human tumor biology, including the characteristics of the
microenvironment. A number of studies have validated
the contention that the molecular and morphological
features are well maintained between the patient tumor
and PDX of osteosarcoma (Kresse et al., 2012; Monsma
et al., 2012; Stewart et al., 2017; Meohas et al., 2018;
Nanni et al., 2019). The potential of patient-derived
xenografts to accurately reproduce the original tumor
biology supports the importance of the model for the
development of novel therapeutic strategies and as
predictors of clinical outcomes (Press et al., 2008;
Daniel et al., 2009; Kim et al., 2009; Ding et al., 2010).

The kinetics of PDX growth, including the
variability in take rate, may reflect aspects of the clinical
evolution of osteosarcoma with prognostic and
therapeutic response implications. Furthermore, for
several cancers, PDX formation is an indicator of worse
clinical outcomes (John et al., 2011; Joshua et al., 2012;
McAuliffe et al., 2015). Hence, our goal was to
investigate PDX formation and the corresponding
clinical and pathological data and determine whether the
features of the PDX correlated with clinical findings. We
also examined the ability of the model to preserve, in the
immunocompromised mouse, the histological
characteristics of the parenteral tumor.

Materials and methods
Patient recruitment

Tumor tissue samples from patients with a
presumptive diagnosis of a primary osteosarcoma were

obtained from January 2017 to November 2019 at the
time of biopsy or surgical resection at the National

Institute of Traumatology and Orthopedics in Rio de
Janeiro, Brazil. The closing date for the study was set to
April 2020 regarding a date of tumor recurrence.
Patients treated preoperatively with neoadjuvant
chemotherapy were also included in the study. This
study was reviewed and approved by the Institutional
Review Board (IRB). All medical records and clinical
samples were collected with informed consent from the
patients. Parents or legal guardians provided the consent
for minors.

Human tissue specimens

A fresh sample of the patient tumor was obtained
from a biopsy or from the surgical specimen resulting
from tumor resection or limb amputation/disarticulation.
For tumor samples obtained from surgical resection,
experienced pathologists collected the fragments from
solid areas, avoiding areas of necrosis and hemorrhage.
Except for small samples obtained by biopsies, all
implanted tissue was screened by histological
examination to ensure that they were representative of
the primary tumor.

The samples were maintained in Dulbecco's
Modified Eagle Medium (DMEM) at 4°C until
implantation. A single 2x5 mm cylindrical fragment of
tumor tissue obtained by fluoroscopy-guided needle
biopsy represented samples from biopsies. Tumor
samples were collected, handled and stored under sterile
conditions.

Establishment of patient-derived xenograft

All mice were maintained and treated in accordance
with the Health Guide for the Care and Use of
Experimental Animals with approval from the National
Institute of Traumatology and Orthopedics Animal Care
and Use Committee (Protocol no 005/2017). During the
entire experimental period, the animals were kept in a
barrier facility in high efficiency particulate air (HEPA)-
filtered racks under standard conditions of 12-hour
light/dark cycles and were fed ad libitum with irradiated
laboratory rodent diet and autoclaved water.

Establishment of osteosarcoma PDXs was
performed as previously described (Meohas et al., 2018).
Briefly, six to eight-week-old athymic nude mice
(B6.Cg-Foxnl™) were anesthetized with isoflurane
inhalation and, under sterile conditions, patient tumor
samples were minced into small fragments (2-3 mm?)
and implanted (four/animal) into a subcutaneous area on
the right and left flanks. All tumor samples used for
transplantation were collected immediately following the
surgical procedure and were implanted fresh in the mice
within an average of 1 hour after patient's biopsy or
main surgery procedures.

When tumor outgrowths reached ~1,500 mm? the
mice were euthanized. Fresh PDX tumors were
harvested, minced into 2-3 mm? fragments and were
then re-transplanted into new hosts. The first established
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PDX from the primary clinical sample was designated as
passage 0 (PO) and subsequent passages were P1 and P2.
Tumor growth was assessed by palpation and monitored
weekly using a digital caliper. Tumor volume (TV) was
calculated according to the formula: TV=(ab?)/2, where,
"a" is the length of the major axis of the tumor, and "b"
is the length of its minor axis. The latency period for
individual xenografts corresponded to the lag-time for
the PDX outgrowth to reach a volume of ~200 mm?3.
This time point was defined as the onset of tumor growth
and the growth period (in days) was calculated as the
total time required for tumors to reach the harvest
thresholds (~1,500-2,000 mm?). Growth failure was
considered if PDX formation did not occur by seven
months and the patient was scored as a "non-engrafter".

Histopathological characterization of xenografts

Once harvested, samples from all xenografted
tumors were fixed in 4% buffered paraformaldehyde and
embedded in paraffin blocks. Sections (3 um thick) were
stained with hematoxylin-eosin (H&E) and evaluated
microscopically using Aperio ImageScope version
12.3.3 (Leica Biosystems Inc., Lincolnshire, IL, USA).
Tissue sample slides were examined by experienced
pathologists blinded for tumor passage to assess whether
the histologic subtype of the patient's primary tumor was
reproduced in the PDX tumor.

Immunohistochemistry

Representative sections of primary human tumors
and PDXs were analyzed by immunohistochemistry for
stability of expression of Ki-67, CD-31, and human
lamin A/C. Immunohistochemistry was performed with
Envision™ FLEX - HRP conjugated polymer kit (Dako,
Glostrup, Denmark) according to the manufacturer's
instructions. After deparaffinization and antigenic
retrieval, specimens were labeled with antibodies against
Ki-67 (clone MIB-1, Dako), CD-31 (clone JC70A,
Dako) with reactivity to both mouse and human CD-31
or with anti-monoclonal lamin A/C (clone BEO-12,
Boster Biological Technology, Pleasanton, CA, USA).
Signal was developed with EnVision Flex Substrate
Buffer incubation with diaminobenzidine (DAB) (Dako).
Dako Antibody Diluent (Dako Agilent) was used as a
substitute for the primary antibody in the negative
control reaction. CD31 and Ki-67 expression patterns in
the PDX outgrowths were compared with the tumor of
origin.

Clinicopathological variables and engraftment rates

We assessed the association between positive
engraftment of primary tumor samples and demographic
as well as clinicopathological factors obtained for all
patients either at the time of diagnosis or at the end of
the study. The Enneking surgical staging for
mesenchymal malignancies was also used in the

comparison between engrafters and non-engrafters. The
staging takes into account the clinical and radiographic
features and classifies the neoplasm as stages I and II
respectively, to low and high-grade lesions which are
further divided into two subcategories (A, B) based on
tumor containment in anatomic compartments
(intracompartmental or extracompartmental). Stage III
corresponds to any tumor with distant metastasis (Jawad
and Scully, 2010).

Statistical analysis

All statistical analyses were performed with SPSS
(Statistical Package for Social Sciences Inc., Chicago,
IL, USA) program version 20.0 and statistical
significance was set at P<0.05. Categorical variables
were expressed as percentages and compared between
groups with the Chi-square (%2) test or the Mann-
Whitney test, when applicable. The Student's t test was
used for comparison of quantitative variables. Age was
expressed as the median and interquartile range (IQR).
Associations between tumor engraftment and clinical
features were analyzed using logistic regression with
adjustment for potential confounders such as receipt of
neoadjuvant chemotherapy, metastatic disease at the
time of diagnosis, and the source of the tumor sample.

Results

Between 2017 and 2019, we implanted
subcutaneously into immunodeficient mice fresh
primary tissue samples from 44 patients with a
presumptive diagnosis of osteosarcoma. The final
diagnosis of osteosarcoma was histologically confirmed
in 37 patients (24 male and 13 female) with a median
age of 18 years (range, 6-47 years). Most tumors were
located in the knee region (n=30, 81.08%), and the most
common histological variant was central high-grade
conventional osteosarcoma (n=31, 83.78%). Fifteen
(40.54%) tumor samples successfully engrafted while 22
(59.45%) failed to form xenografts within 7 months. All
15 engrafted tumors showed full xenograft development
up to the third passage on mice (Fig. 1).

The median time to tumor formation (latency period)
after implantation of patient sample in mice was quite
variable, ranging between 19 and 225 days, (median 92
days). The median growth period, defined by the time
required for the xenografts to reach the size of 1,500-
2,000 mm?3, was 172.5 days (range 52-367) for PO (Fig.
2). No significant difference was observed in the median
engraftment latency period between biopsy-derived or
surgical resection-derived PDXs (92 days and 93.5 days,
respectively). Likewise, there was no statistical
difference between the median growth period of biopsy
and surgical resection-derived PDXs (147 days and 204
days, respectively). To investigate metastatic spread, the
lungs and livers from all mice were sampled at each
transplant generation, and screened by histological
examination. No metastases were detected either grossly
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or by microscopic examination. compared to the corresponding parental tumors,
All fifteen-tumor graft derivatives of primary confirming biological consistency with the original
specimens showed remarkably similar morphology tumor. Individual hallmark findings of the histological

44 patients with clinical diagnosis of osteosarcoma

7 Excluded

Periosteal chondrosarcoma n=1
Osteomyelitis n=1

Myositis ossificans n=2

Paget disease n=1

Aneurysmal bone cyst n=1

High-grade non-osteogenic sarcoma n=1

‘ 37 patients with histologically-confirmed diagnosis of osteosarcoma

l l

‘ 15 formed PDX at PO (40.54%) ‘ 22 failed engraftment (59,46%)

‘ 15 formed PDX at P1 (100%) |

‘ 15 formed PDX at P2 (100%) | Fig. 1. Flow chart from the acquisition of osteosarcoma to tumor generation in athymic nude mice.
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Fig. 2. Latency period and growth rates for PDX tumors grown in immunodeficient nude mice. Tumor size (mm3) data were collected over time (days)
for PO in xenografts from OS patients. Samples of the patient tumor were obtained from a representative biopsy (cases 2, 4, 12, 32 and 37) or from
surgical specimens (cases 1, 5, 7, 8, 9, 26, 27, 31, 33 and 36). The measurements of the PDX volume for case 7 were considered technically
inaccurate and for this reason, are not displayed in the chart. The median latency period and growth period were 92 days (range 19-225) and 172.5
days (range 52-367), respectively. The median latency period for biopsy-derived PDXs was 92 days and for surgical resection-derived PDX was 92.5

days (p=0.742). The median growth period for PDXs derived from biopsies and surgical resection was 147 days and 204 days, respectively (p=0.899).
Student's t-test.
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tumor

Passage 0

Passage 1

Passage 2

Fig. 3. Radiographic and histologic features from three representative patient-derived xenografts generated in athymic nude mice (B6.Cg-Foxn1™).
The samples obtained from patient tumor demonstrate retained osteosarcoma histological subtypes in their matched PDX models up to passage 2.
A. High-grade central osteosarcoma in a 14-year-old girl. The post-chemotherapy radiograph shows a large sclerotic lesion with irregular periosteal
reaction involving the distal femur and surrounding soft tissue. B. Characteristic features of high-grade conventional central osteosarcoma such as the
production of osteoid and bone matrix (b) into which the malignant cells are incorporate were retained in established PDXs at PO (C), P1 (D) and P2 (E)
and are remarkably similar to the parental tumor (B). F. High-grade central osteosarcoma in a 17-year-old boy. Plain radiograph of knee shows a large
ill-defined lesion with cortical destruction involving the proximal fibula with soft tissue extension. G. Parental tumor represented by high-grade
conventional central osteosarcoma featured by malignant osteoblasts with hyperchromatic nuclei surrounded by neoplastic bone. H-J. Histological
features of high-grade osteosarcoma were maintained in established PDXs at all passages. K. Telangiectatic osteosarcoma in a 23-year-old man.
Radiograph of the proximal femur reveals a lytic lesion with extensive bone destruction and expansion into soft tissue. L. Telangiectatic osteosarcoma
featured by multiple blood-filled sinusoids (s), nuclear pleomorphism and a high mitotic rate in association with sparse bone matrix deposition were
retained in all established PDXs (M-0). H&E staining. Scale bars: B-E, 70 um; G-J, 100 pm; L-O, 50 pm.
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Before

Neoadjuvant chemotherapy

After

Fig. 4. Radiographic and histologic features
from patient tumor and corresponding passages
of the PDX models before and after neoadjuvant
chemotherapy. A. Radiograph from an 11-year
old boy with small cell osteosarcoma, showing a
diffuse lytic/blastic lesion in the distal femur with
a permeative pattern of the transition zone with
cortical destruction and tumor expansion into
soft tissue. B. Parental tumor diagnosis of small
cell osteosarcoma featured by small cells with
round, hyperchromatic nuclei and the production
of scanty amounts of osteoid matrix was
maintained in established PDXs at PO (C), P1
(D) and P2 (E). F. Post-chemotherapy
radiograph image reveals a central large
sclerotic lesion with a pathologic fracture
involving the distal femur. G. Small cell
osteosarcoma showing alterations associated
with a chemotherapy effect including viable
tumor cells within a fibrotic stroma are depicted
in the patient tumor sample. H-J. Histological
features of small cell osteosarcoma were
retained in representative tumor grafts at PO (H),
P1 (I) and P2 (J) after neoadjuvant
chemotherapy. Arrows: osteoid matrix. H&E
staining. Scale bars: B-E, 70 um; G, 100 pm.
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osteosarcoma variants, including the production of
neoplastic osteoid/bone matrix and nuclear
pleomorphism were well retained between PDXs and the
patient tumor (Fig. 3). One xenograft was found to grow
as a blood-filled cystic mass at each transplant
generation. The conservation of the original tumor
microenvironment was confirmed by the presence of this
bloody fluid, a distinctive feature of the primary
parenteral telangiectatic osteosarcoma (Fig. 3L-O).

To investigate whether the components of the
original tumor microenvironment were altered by the
effect of chemotherapy, we established PDX models
from a single patient before (Fig. 4A-E) and after
chemotherapy treatment (Fig. 4F-J). The histological
features characteristic of small cell osteosarcoma
subtype, including hyperchromatic nuclei and the
production of small amounts of osteoid matrix, were
retained in the xenografts after treatment with standard
neoadjuvant chemotherapy (Fig. 4H-J).

Patient
tumor

Passage 2

The pattern of expression of the angiogenesis
biomarker CD31 was also maintained between the
original tumors (Fig. 5A,C) and the tumor grafts across
three passages (Fig. 5B.,D). Similarly, the expression
pattern of antigen Ki-67 was well retained between the
original tumor (Fig. 6A,C) and the corresponding
xenograft at passage 2 (Fig. 6B,D).

To investigate the contribution of mouse stroma to
tumor grafts, we performed staining for anti-human
nuclear lamin A/C (Fig. 7). Immunostaining revealed
that a portion of the components of the human-derived
stroma was lost after engraftment as indicated by an
overall higher proportion of human tumor cells within
the grafts (Fig. 7A). Moreover, the contributions of
murine stroma to tumor grafts were represented mostly
by unstained mouse-derived endothelial cells forming
the tumor vasculature (Fig. 7B,C).

The associations between positive or negative
engraftment and demographic and clinicopathological

central osteosarcoma. B. Xenograft retained the biomarker expression pattern consistent with the original tumor (A). C. Telangiectatic osteosarcoma.
D. Note that antibody staining for CD31 identified characteristic vascular networks in the original tumor (C) was preserved in the tumor graft at passage
2. Scale bars: A, B, D, 100 um; C, 200 pm.
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factors are shown in Tables 1 and 2. Features such as
patient's age and gender were not significantly
associated with engraftment status. The engraftment
efficiency of samples obtained after chemotherapy was
significantly higher than that of samples obtained before
chemotherapy (p=0.02).

Regardless of the absence of significant difference in
primary tumor Enneking stage between engrafters and
non-engrafters (p=0.07), the primary lesions of all
engrafters were classified as Enneking stages IIB (n=7)
and III (n=8) (high grade tumors). No specimen from
primary tumors graded as Enneking stage I (n=2) (low
grade) or IIA (n=2) (high grade but intracompartmental)
produced a PDX. Also, tumor volume did not affect
tumor engraftment (0=0.33). Patients with metastases at
the time of diagnosis (n=10) had a significantly higher
successful PDX engraftment (8 out of 10, p=0.003)
compared to patients with localized disease at diagnosis
(7 out of 27). The primary tumor specimens obtained

Table 1. Demographic and clinical findings of 37 patients with
osteosarcoma by primary tumor engraftment and PDX formation.

from wide surgical resection gave rise to PDXs with a
significantly higher efficiency than those obtained by
core needle biopsy (p=0.008). The source of the samples
of the tumors that successfully engrafted was
predominantly from surgical specimens (10 out of 15)
while most specimens obtained from biopsies (17 out of
22) failed to yield PDXs. In addition, PDX formation
was not associated with local relapses (p=0.22) (Table
1).

Analysis of histopathological features of patient
tumors demonstrated that the extent of necrosis induced
by chemotherapy, perineural and/or lymphovascular
invasion by tumor cells, and nuclear pleomorphism were
not significantly associated with tumor engraftment.
Also, no significant difference was observed in
engraftment efficiency between histological subtype of
osteosarcoma and primary tumor location (Table 2).

Table 2. Clinicopathological characteristics of 37 patients with
osteosarcoma by primary tumor engraftment and PDX formation.

Variable Tumor engraftment and P-value*

PDX formation n (%)
Negative (n=22) Positive (n=15)

Variable Tumor engraftment and  P-value*

PDX formation n (%)
Negative (n=22) Positive (n=15)

Demographic data

Male 12 (54.5) 12 (80.0) 0.11
Female 10 (45.5) 3(20.0)
Age, median (IQR) 18 (18) 18 (18) 0.73**

Neoadjuvant chemotherapy

No 17 (77.3) 6 (40.0) 0.022
Yes 5(22.7) 9 (60.0)

Enneking staging (n=33)
1A 0(0.0) 0(0.0)
1B 2(11.1) 0 (0.0)
A 2(11.1) 0(0.0) 0.07
B 11 (61.1) 7 (46.7)
1 3(16.7) 8 (53.3)

Tumor volume, cm3 (n=36)
<999 16 (72.7) 8(57.1) 0.33
=1000 6 (27.3) 6 (42.9

Metastatic disease at diagnosis
No 20 (90.9) 7 (46.7) 0.003
Yes 2(9.1) 8 (53.3)

Source of tumor tissue sample
Core needle biopsy 17 (77.3) 5(33.3) 0.008
Surgery 5(22.7) 10 (66.7)

Local relapses (n=27)
No 16 (84.2) 5 (62.5) 0.22
Yes 3(15.8) 3(37.5)

Histologic variants

Central high-grade conventional 19 (86.4) 12 (80.0)
Central low-grade 1(4.5) 0 (0)
Telangiectatic 0 (0) 1(6.7) 0.17
Small cell 0 (0) 2(13.3)
Parosteal 2(9.1) 0 (0)
Tumor viability after chemotherapy
0-9% 4 (28.6) 1(9.1)
10-49% 2(14.3) 0(0) 0.16
=50% 8(57.1) 10 (90.9)
Not available 8 4
Tumor location
Femur 16 (72.7) 8 (53.3)
Tibia 5(22.7) 3(20.0) 0.26
Fibula 1(4.6) 3(20.0)
Talus 0 (0.0) 1(6.7)
Lymphovascular invasion”
No 15 (83.3) 10 (76.9) 0.66
Yes 3(16.7) 3(28.1)
Not available 4 2

Perineural invasion”

No 18 (100) 12 (92.3) 0.23
Yes 0 (0.0) 1(7.7)
Not available 4 2

Nuclear pleomorphism$
Slight 7 (31.8) 1(6.7)
Moderate 8 (36.4) 8 (53.3) 0.19
High 7 (31.8) 6 (40.0)

#: Tumor volume at the time of surgery was calculated in images
originated from computed tomography in Digital Imaging and
Communication in Medicine DICOM format version 3.0.0.
Measurements were obtained using the crosshair tool and selecting the
largest diameter of the images of the lesions in axial, coronal and
sagittal reconstructed views. *: Chi-square or Fisher's exact text and **:
Mann-Whitney test. PDX, Patient-derived xenograft; IQR, interquartile
range.

#: Lymphovascular and perineural invasion were considered present
when tumor cells were identified respectively within an endothelial-lined
space or the space surrounding a nerve. §: Nuclear pleomorphism was
evaluated in the areas with most intense nuclear atypia and graded as
slight when the nuclei displayed minimal variability in size and shape;
moderate when the variation in size and shape was intermediate and
high for marked nuclear variation in size and shape. *: Chi-square or
Fisher's exact test. PDX, Patient-derived xenograft.
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Discussion

Translational cancer models that recapitulate with
high fidelity the intricate microenvironment of
osteosarcomas are an important platform to assess novel
targeted therapies and to guide clinical decisions in
individualized medicine. However, given the low
frequency of musculoskeletal malignancies, the number
of sarcoma PDX models is relatively small compared to
models in other tumor types, particularly carcinomas
(Julien et al., 2012; De Rose et al., 2013; Zhang et al.,
2013; Ricci et al., 2014; Depreeuw et al., 2015; Pergolini
et al., 2017). In this setting, the amplification of the
existing library of PDX tumor models of bone sarcomas
(Blattmann et al., 2015; Stewart et al., 2017; Zhang et
al., 2017; Lu et al., 2018; Meohas et al., 2018; Rainusso
et al., 2018; Nanni et al., 2019) will allow substantial
advances in basic and clinical cancer research.

We have successfully established 15 PDXs from a
single type of bone sarcoma with an overall engraftment
efficiency of 40.54% (15/37). Similar results were
reported recently with xenografts established with 36%

Patient
tumor

Passage 2

Y

AL2s ;‘zi.,,;\g rP

; AT PN,
Rl T —
Fig. 6. Immunohistochemical staining for Ki-67 in representative histological specimens of primary osteosarcoma and tumor grafts. A. Conventional
central osteosarcoma. B. The pattern of expression of Ki-67 was well maintained between the original tumor (A) and the corresponding xenograft at
passage 2. C. Small cell osteosarcoma. D. The biomarker expression pattern resembled the original tumor from which it was derived (C). Scale bars: A-
C, 100 um; D, 200 pum.

of the parental primary tumor (Nanni et al., 2019). In the
literature, an overall engraftment efficiency ranging from
20% (Bruheim et al., 2004) to 49% (Stewart et al., 2017)
only for osteosarcoma and from 45% (Stewart et al.,
2017) to 51% (Rainusso et al., 2018) for bone sarcomas
in general has been reported.

In our study, the mice were observed for 7 months
before the final scoring of a positive or a negative
engraftment was determined. We noticed that the latency
period and the rate of PDX growth were highly variable
from patient to patient. After implantation of primary
tumor samples in mice, some xenografts became
palpable within only a few weeks, while other tumors
took up to 36 weeks to generate a palpable graft.
Similarly, the median PDX growth period ranged from
52-367 days (median 173 days). Variation in the growth
dynamics of osteosarcoma PDX tumors has also been
reported by other groups (Stewart et al., 2017; Rainusso
et al., 2018; Nanni et al., 2019) and may suggest that
fast-growing tumors may represent a more aggressive
disease in which the biological mechanisms that allow
these tumors to adapt and grow in a new environment
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are somehow facilitated.

In general, PDX tumor models accurately preserve
the morphological features of the original tumor (Julien
et al., 2012; De Rose et al., 2013; Ricci et al., 2014,
Izumchenko et al., 2017; Cornillie et al., 2019; Nanni et
al., 2019). In the present study we confirmed that the
morphological characteristics of the parental tumors
were well preserved in the PDX models after up to three
passages in the nude mice. The histopathological fidelity
between the patient tumor and their respective PDX
tumors was confirmed by the maintenance in the grafts
of histological hallmarks of the osteosarcoma variant,
mostly the pattern of neoplastic osteoid/bone matrix
deposition and tumor anaplasia. Another important
feature of the PDXs described herein is the retention of
the proliferative profile between initial tumors and
xenografted tumors at P2, as assessed by Ki-67 staining.
The immunohistochemical concordance with the tumor
of origin indicated biological consistency of the
xenograft with the primary tumor and stability of the
preclinical model after serial passage in mice (De Rose
et al., 2013; Depreeuw et al., 2015; Stewart et al., 2017;
Nanni et al., 2019).

Of particular interest are our results for anti-human
nuclear lamin A/C with respect to the relative
contributions of human-derived and mouse-derived
stroma to the tumor grafts. Although the global
histological architecture of the graft was preserved, we
observed that human tumor cells were closely packed,
suggesting a process of stromal retraction after
engraftment. Moreover, newly formed capillaries lined
by mouse-derived endothelial cells represented tumor
vasculature. The overall replacement of the human
vascular network from the original tumor with
capillaries from the host mouse might impose limitations
on the current model. As a result, the grafts might
display an increased tendency to necrotize and with a
constraint to growth due to poor and insufficient
vascularization, which will be independent of the
biological aggressiveness of the tumor cells. To
investigate the role of necrosis as a limiting factor for the
growth of breast cancer PDX, De Rose et al. (2013) co-
implanted established tumor grafts with primary human
mesenchymal stem cells (MSCs). They found that
although MSCs did not directly form blood vessels
within the graft, co-engraftment of MSCs with breast
cancers PDXs facilitated angiogenesis, reduced necrosis,
and increased tumor growth.

In this study we also had the opportunity to generate
a PDX derived from the same patient before and after
exposure to cytotoxic chemotherapy. The post-
chemotherapy xenografted tumor matched with that
obtained prior to therapy and both retained the cellular
features of the histologic variant of the patient tumor to a
similar degree. The fact that the characteristics of the
primary tumor remained unchanged after chemotherapy
makes PDX models a unique system to investigate the
mechanisms of chemo-resistance and to assess the
efficacy of anticancer agents. In a previous study,
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Fig. 7. Representative immunostaining with antibody specific for anti-
human Lamin A/C. A. Tumor grafts at passage 2 were positive for
human-specific Lamin staining detected in the nuclear membrane of
tumor cells. B. The contribution of murine cells to tumor grafts was
represented mostly by unstained (negative for human Lamin A/C)
mouse-derived endothelial cells that formed the tumor vasculature

(arrows). C. Higher magnification from vessel displayed in (B). Scale
bars: A, 50 um; B, 100 pm; C, 200 pm.
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Izumchenko et al. (2017) demonstrated that PDX models
for several types of solid tumors faithfully conserved
genetic patterns of the primary tumors and reflected
patients’ clinical outcomes, even after several additional
cycles of therapy.

There is a paucity of studies that have investigated
the relationship between successful tumor engraftment in
a PDX model and clinicopathological features in
mesenchymal malignancies (Bruheim et al., 2004). To
our knowledge, there is no specific information available
about the association of pathological factors with PDX
models generated in a series including only
osteosarcoma patients.

In our study, we found that the PDX take rate was
higher in post-chemotherapy surgical samples. It is
noteworthy that in osteosarcoma patients, wide surgical
resection is available almost invariably after neoadjuvant
chemotherapy. Considering that only a small portion of
the patient tumor will be implanted, for successful PDX
generation we consider it to be of utmost importance to
direct tumor sampling based on gross macroscopic
criteria. Important selection criteria include avoidance of
areas of necrosis and extensive hemorrhage as well as
sampling from representative regions of the tumor.
Indeed, in the present study we have shown the
feasibility of generating a PDX from a patient with less
than 10% of viable post-chemotherapy residual tissue
remaining. Thus, we agree with others (Rainusso et al.,
2018) that a multidisciplinary team approach, including
experienced pathologists, is critical to provide adequate
tumor samples for successful PDX generation. Also, the
higher take rate for samples obtained after chemotherapy
could be explained by a natural selection by the
chemotherapy in favor of the most aggressive tumor
clones with greater growth and survival potential.

To our knowledge, this is the first report to compare
the engraftment rate when transplanting osteosarcoma
samples from surgical specimens and diagnostic
biopsies. According to Stewart et al. (2017) and
Rainusso et al. (2018), samples obtained by needle
biopsies can provide adequate amounts of tumor tissue
to establish osteosarcoma PDXs. Recently, Cornillie et
al. (2019) reported no significant differences in the
success rate between surgical specimens and diagnostic
biopsy samples from patients with soft tissue sarcomas.
However, in the present study, we were not able to
replicate these results since our rates of successful
engraftment were lower for samples obtained from core
needle biopsies (22.72% versus 66.67% for surgical
samples). This finding can be explained by: (1) an
increased chance to transplant to the mice necrotic tissue
only since osteosarcomas are almost invariably
associated with extensive areas of necrosis; and (2) in
samples randomly obtained through biopsy the smaller
volume of tumor tissue does not allow selecting the
fragment to be transplanted guided by well-defined gross
examination criteria to identify tumor tissue. As a
strategy to help to establish the biological factors

contributing to positive engraftment rates, we validated
by histological assessment all implanted tumor
fragments as representative of the parental tumor.

Consistent with previous reports for other cancer
types (Garrido-Laguna et al., 2011; De Rose et al.,
2013), we found that more aggressive tumors, including
those with metastatic disease at presentation, have a
higher efficiency to generate PDXs. Also, despite the
absence of a statistically significant difference in
primary tumor Enneking stage between engrafters and
non-engrafters, tumor engraftment and growth was
observed in 8 out of 10 patients classified as Enneking
Stage III (tumor with distant metastasis) suggesting that
the take rate is higher in higher-grade disease. However,
clinical markers of more aggressive disease such as
clinical staging and tumor grade, tumor size at the time
of diagnosis, local relapses as well as the histologic
variant were not significantly associated with positive
engraftment of the tumor tissue in the mice.

Subcutaneous PDX models, as with other
translational oncologic models, have well recognized
limitations. Spontaneous metastasis mimicking the
progression of the human disease is described only in
association with orthotopic models (Crnalic et al., 1997).
Another drawback of the current model is the
immunodeficient background of the mice enhancing or
reducing the efficiency of tumor engraftment and the
human-derived stroma substitution, which ultimately
will change the tumor microenvironment and the
genomic profiles of PDX (Ben-David et al., 2017). In
this regard, the co-engraftment of immortalized human
stromal cells was shown to support tumor angiogenesis
and improve tumor growth after engraftment of human
breast cancer (De Rose et al., 2013).

We consider the sample size to be an additional
limitation of our study. Although we collected 37
samples of a rare malignancy, we fear that these samples
may not be representative of the genetic heterogeneity
found in and among patients with osteosarcoma (Martin
el al., 2012; Mirabello et al., 2020). This heterogeneity
can result in different biological behaviors of the tumor
that will ultimately influence the clinical evolution of the
patient and the engraftment rates. Moreover, larger series
of osteosarcoma preclinical models are needed to
confirm our findings regarding the association between
clinicopathological variables and positive engraftment.

In conclusion, our study showed that the
osteosarcoma PDX model described here reliably
recapitulated the morphological aspects of the human
disease after serial passage in nude mice. The
similarities with original tumor specimens are indirect
evidence that the tumors implanted into mice sustain the
ability to interact with supporting stromal cells and,
therefore provide a promising scenario to address several
unanswered issues in clinical oncology. Furthermore,
more aggressive forms of osteosarcoma, including those
with metastatic disease at presentation, have a higher
efficiency to generate PDXs.
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