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Purrose. Although there have been improvements in the management of metastatic
retinoblastoma, most patients do not survive, and all patients suffer from multiple short-
and long-term treatment toxicities. Reliable and informative models to assist clinicians
are needed. Thus we developed and comprehensively characterized a novel preclinical
platform of primary cell cultures and xenograft models of metastatic retinoblastoma to
provide insights into the molecular biology underlying metastases and to perform drug
screening for the identification of hit candidates with the highest potential for clinical
translation.

MerHoDs. Orbital tumor, bone marrow, cerebrospinal fluid, and lymph node tumor infil-
tration specimens were obtained from seven patients with metastatic retinoblastoma at
diagnosis, disease progression, or relapse. Tumor specimens were engrafted in immun-
odeficient animals, and primary cell lines were established. Genomic, immunohistochem-
ical/immunocytochemical, and pharmacological analysis were performed.

Resurrs. We successfully established five primary cell lines: two derived from
leptomeningeal, two from orbital, and one from lymph node tumor dissemination. After
the intravitreal or intraventricular inoculation of these cells, we established cell-derived
xenograft models. Both primary cell lines and xenografts accurately retained the histo-
logical and genomic features of the tumors from which they were derived and faithfully
recapitulated the dissemination patterns and pharmacological sensitivity observed in the
matched patients.

Concrusions. Ours is an innovative and thoroughly characterized preclinical platform
of metastatic retinoblastoma developed for the understanding of tumor biology of this
highly aggressive tumor and has the potential to identify drug candidates to treat patients
who currently lack effective treatment options.

Keywords: metastatic retinoblastoma, xenografts, drug sensitivity, genomics, primary cell
lines
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etinoblastoma is the most common primary neoplasm
R of the eye and among the six index tumors of the World
Health Organization Global Initiative for childhood cancer.
With timely diagnosis, retinoblastoma is highly curable in
high-income patients who undergo enucleation or receive
state-of-the art treatments for eye preservation.! However,
a profound inequality exists for children from middle- and
low-income countries (LMIC), with up to 50% of them dying
of metastatic disease >~

Highly intensive treatments may result in benefits for
patients with metastatic disease but the notable toxicity and
limited availability of resources for stem cell transplanta-
tion for consolidation limit its widespread implementation
in LMIC. Moreover, patients with central nervous system
(CNS) involvement invariably succumb to the disease despite
chemotherapy intensification.’

Certain genomic alterations may contribute to the
metastatic pattern. For instance, there is a higher frequency
of atypical copy number alterations in chromosome 11q,
17q, and 19q in patients with extraocular disease compared
to intraocular cases.® In this context, a comprehensive study
revealed that tumors molecularly and histologically classified
as subtype 2 that harbor MYCN amplification, BCOR muta-
tions, and segmental chromosome alterations have a higher
frequency of metastasis.” The prominent role of MYCN alter-
ations in metastatic retinoblastoma was also evident in a
series of patients with MYCN amplification who lacked RB1
aberrations (RBI1/* MYCN,mp) that were unresponsive to
intensive treatment.® Whether these genomic alterations are
more frequently found in LMIC patients because of late diag-
nosis or other contributing factors is still unknown.

To study the molecular mechanisms of tumor dissem-
ination and risk factors and ultimately to develop more
effective treatments that increase overall survival, preclinical
models are urgently needed. The establishment of preclini-
cal models for research relies on the availability of institu-
tional programs capable of processing fresh patient samples.
However, almost all children with metastatic retinoblas-
toma live in LMIC where insufficient human training and
low economic resources have hindered advancements in
research.’ Although several xenograft models of pediatric
tumors have been established and comprehensively char-
acterized,'*~'® primary cell cultures and xenografts derived
from metastases are strongly underrepresented. Anecdotal
reports on the establishment of cell cultures from metas-
tases by Japanese researchers and isolated patient-derived
xenograft (PDX) models of retinoblastoma with regional
orbital extension are available, although none involve CNS
disease.'"1° In this work, we present an innovative preclin-
ical platform that encompasses the biological heterogene-
ity of metastatic retinoblastoma, which was developed to
extend our understanding on the biology and tumorigenesis
of metastatic tumors and for drug screening purposes in an
effort to identify the therapeutic potential to cure patients
with metastatic disease.

MATERIAL AND METHODS

The present study followed the tenets of the Declaration
of Helsinki and was approved by the Institutional Review
Board at Hospital de Pediatria JP Garrahan (protocol no.
838) for prospective procurement of biological material for
genomic studies and establishment of cell cultures from the
primary tumor and the metastatic sites. Written informed
consent was obtained from parents.
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Animal studies were conducted in compliance with the
Statement for the Use of Animals in Ophthalmic and Vision
Research of the Association for Research in Vision and
Ophthalmology. Approval was granted by the Institutional
Animal Care and Use Committee of Fundacién Instituto
Leloir, Argentina (protocol no. 2019-069) and Hospital Sant
Joan de Déu, Spain (protocol 135/11).

Patients were classified according to the International
Retinoblastoma Staging System (IRSS).!” Diagnostic workup
to establish disease extension included ocular examina-
tion under anesthesia, imaging (computed tomography or
magnetic resonance imaging) of the head including the
orbit, bone scintigraphy (only symptomatic patients), lumbar
puncture and cytology and/or real time quantitative poly-
merase chain reaction (RT-qPCR) analysis for cone-rod
homebox transcription factor RNA (CRX), and bilateral bone
marrow aspiration and biopsy. We documented orbital and
lymph node invasion by fine-needle biopsy in two cases.

Patients

Consecutive patients with metastatic retinoblastoma treated
at Hospital JP Garrahan (Argentina) between 2014 and 2019
were included. Four patients initially had intraocular disease
of whom two developed metastasis after treatment with
systemic chemotherapy, one after systemic chemotherapy
and external radiation therapy, and the remaining patient
after enucleation without adjuvant chemotherapy (Table).
Additional data of some of the enrolled patients have been
recently described.®” The Supplementary material provides
a complete description of the clinical presentation, disease
course, and treatment plan.

Sample Collection and Heterotopic Tumor
Expansion

All specimens were processed within two hours of biopsy
and placed in RPMI culture medium (Gibco, Thermo Fisher
Scientific, Waltham, MA, USA) for transport. Biopsy speci-
mens were cut into small pieces that were cryopreserved in
Synth-a-freeze (Gibco) or snap frozen at —80°C for genomic
studies. For heterotopic tumor expansion, we implanted
specimens into a subcutaneous space in the flank of six-
week-old BALBc nu/nu mice. Cerebrospinal fluid (CSF) spec-
imens were spun in a centrifuge at 2000 rpm for 10 minutes,
and the cell pellet was resuspended in chilled Matrigel (BD
Bioscience, Franklin Lakes, NJ, USA) and placed on ice until
subcutaneous injection into the mouse flank. Further details
on heterotopic tumor expansion are provided in Supplemen-
tary material.

Establishment and Characterization of Primary
Cell Cultures

For tumor models with intraocular origin, we used the
Y79 retinoblastoma cell line (ATCC, HTB-18) and primary
cells (HPG-RBT-12L) derived from an intraocular tumor after
upfront enucleation.'®

To establish primary cultures from metastatic disease,
we mechanically disaggregated freshly excised tumor spec-
imens from human biopsies (orbital tumor) or from
xenografts at first engraftment (FO, for CSF and lymph node
dissemination in patients) and cultured them in serum-free
neural stem-cell medium as described elsewhere.'?~%!
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Tasre. Clinical Details of the Metastatic Patients Enrolled in the Protocol and of the Tumor-Derived Preclinical Models
Age at Time to Initial
Patient Diagnosis Metastasis Stage Dissemination Ultimate  Preclinical
1D (m) (m) Laterality  (IRSS) Treatment Sites Outcome Model ID
1 33 4 Unilateral I » Enucleation + GALOP>? CNS DOD PDX-CSF-1
<« COG-ARET® + IT HPG-CSF-1"
2 18 5 Bilateral 0 » IAO + Enucleation + EBRT Orbit and CNS DOD PDX-CSF-0A
< GALOP + IT + EBRT
3f 19 8 Bilateral I » Enucleation Orbit and BM DOD —
< GALOP
4 42 Diagnosis  Unilateral IVb » COG-ARET + Enucleation Orbit and CNS DOD HPG-RBO-1
5 48 Diagnosis  Unilateral IVb » IA + OAC+ IT + Enucleation  Orbit and CNS DOD PDX-CSF-0B
6 34 Diagnosis  Unilateral IVb » IA + OACH+ IT CNS DOD PDX-CSF-2
HPG-CSF-2
7% 17 3 Unilateral 0 » CEV + Enucleation Orbit and DOD HPG-RBG-1
< COG-ARET lymph node

BM, bone marrow; DOD, dead of disease; EBRT, External beam radiotherapy; IA, intra-arterial chemotherapy; IRSS, International
Retinoblastoma Staging System; IT, intrathecal topotecan (0.5 mg/dose); OAC, ophthalmic artery chemotherapy; », treatment received at
disease diagnosis; <, treatment received after relapse; CEV, carboplatin (500 mg/m?/day), etoposide (100 mg/m?/day), and vincristine

(1.5 mg/m?/day).

For patients 1, 2, 4, and 6, bone marrow samples were collected and identified as negative by CRX mRNA molecular analysis. In all cases,

peripheral blood was obtained for germline DNA analysis.
“Published in reference 47.
T Published in reference 51.
¥ Published in reference 49.

First, cell line authentication was performed by short
tandem repeat profiling after genomic DNA extraction.
Then, whole exome sequencing (WES) analysis of the
xenograft tumors and primary cell lines was performed.
Afterward, mutations and copy number alterations (CNA)
were compared between cell lines and tumor-matched spec-
imens.

The cell growth characteristics and doubling time were
determined as described in the Supplementary material. To
address the pharmacological sensitivity to standard-of-care
chemotherapy, we calculated the concentration of the drug
that caused a 50% decrease in cell proliferation or the IC50
(full description in Supplementary material).?°

Mouse Xenografts

PDX refers to the tumors established from patient biopsy
specimens without previous culture, as tissue fragments
implanted in the mouse flank, or cell pellets isolated from
tumor fluids such as the CSF or the bone marrow, dispersed
in Matrigel (Corning Life Sciences, Tewksbury, MA, USA)
and subcutaneously injected in BALBc nu/nu mice. To
generate intravitreal xenografts, 2 x 10° tumor cells resus-
pended in 2 pL of Matrigel were injected into the poste-
rior segment of both eyes of athymic nude mice.?!"*? Eyes
reaching the experimental endpoint, defined as an eye three
times the normal size,?® were enucleated under anesthe-
sia and formalin-fixed and paraffin embedded. When both
eyes reached the experimental endpoint, peripheral blood
and CSF were collected under anesthesia and the brain,
bone marrow, and cervical and axillar lymph nodes were
dissected after euthanasia. All samples were processed or
snap-frozen at —80°C until determination of CRX mRNA
using RT-qPCR.?!"*? Relative expression of CRX mRNA was
determined and quantified using the 222% method.?*
Intracranial xenografts were obtained after the inocula-
tion of 5 x 10° tumor cells in the fourth ventricle of athymic
mice (n = 6 per group). The endpoint was reached when
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the animals achieved a 20% weight loss. Otherwise, two
animals of each group were euthanized on days 30 or 45
after tumor inoculation for histological analysis and to quan-
tify the tumor load in the brain and bone marrow by CRX
detection using RT-qPCR as described above. All animals
were subjected to daily monitoring for general status, ocular
tumor growth, and neurological function.

Immunohistochemistry and
Immunocytochemistry

The expression of CRX (ab14603; Abcam, Cambridge, MA,
USA), synaptophysin (NCL-L-SYNAP-299; Leica BioSystems,
Wetzlar, Germany), Arrestin 3 (ARR3, 11100-2-AP; Protein-
tech, Rosemont, IL, USA), Ki-67 (Ki-67 anti-human clone;
Dako, Glostrup, Denmark), and human nuclei antibody (nHi,
MAB4383; Merck, Kenilworth, NJ, USA) was tested using
conventional automated systems.?!:?2

Genomic Analysis

After DNA extraction from fresh or formalin-fixed and
paraffin-embedded tumor tissues, mutation analysis for RB1
was performed using Sanger DNA sequencing and CNA
analysis by multiplex ligation-dependent probe amplifica-
tion assay (P047-B1 RB1; MRC Holland, Amsterdam, Nether-
lands).”> Based on the comparison with calls from a normal
cohort and the database of benign copy number variants,
CNA greater than 500 kb in size and copy-neutral loss of
heterozygosity (LOH) greater than 10 Mb were considered
to be abnormal based on the established performance char-
acteristics of the assay.

WES analysis of fresh xenograft, human tissue, and cell
samples was performed in an Illumina HiSeq 4000 instru-
ment.”? Analysis was done using annotation of SNPs and
INDELS was done with PecanPIE?®? and interpretation was
aided by Alamut Software Suite v.2.14 (Interactive Biosoft-
ware, Boston, MA, USA) and Varsome.?® Somatic CNA anal-
ysis from aligned BAM files were obtained using FACETS*
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implemented in the Cancer Genomics Cloud.***! The dbSNP
database was used for BAF calculations.*?

Statistical Analysis

Eye survival was calculated using Kaplan Meier anal-
ysis. Between-group comparison of the percentage of
tumor dissemination into the different compartments was
performed by means of Fisher’s exact test using GraphPad
Prism. P < 0.05 was considered statistically significant.

RESULTS

Seven patients with metastatic retinoblastoma were enrolled
in the protocol after identification by the treating oncol-
ogists at Hospital JP Garrahan (patients 1, 2, 3, and 6)
or after referral from another national or regional clinical
center (patients 4, 5, and 7). Three patients presented with
metastatic disease at diagnosis and four had extraocular
relapse (Table). Three patients had CNS and orbital involve-
ment at diagnosis (patients 4, 5 and 6) and one at relapse
(patient 2), one developed hematogenous dissemination as a
consequence of poor treatment compliance (patient 3), and
one presented with an atypical pattern of massive orbital
and lymph node tumor infiltration without CNS metasta-
sis (patient 7).** Treatments were administered according to
COG-ARET 0321 or tailored to the family context as detailed
in Table. None of the patients are alive. In patients 1, 2, and 7
metastatic tumor specimens were collected after chemother-
apy whereas patients 3, 4, 5, and 6 were chemotherapy-naive
when specimens for model development were obtained.

Genomic Analysis of Metastatic Tumors

RB1 mutations were identified in all patients except case 7
(Supplementary Table S1). Patients 1, 4, and 5 had somatic
mutations classified as likely pathogenic or pathogenic in
Varsome with a varjant allele frequency >92% for patients
4 and 5 indicative of LOH. This second hit (LOH) was
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confirmed by CNA analysis (Supplementary Table S1). Vari-
ant allele frequency of the RBI mutation of the tumor of
patient 1 was 35%, and the purity calculated by FACETS
was 52% indicating the presence of normal tissue in the
analyzed sample. Patients with bilateral tumors (patients 2
and 3) carried heterozygous germline mutations classified as
pathogenic. Multiplex ligation-dependent probe amplifica-
tion assay analysis confirmed complete deletion of the RB1
gene in the tumor sample of patient 6. In addition to RB1,
BCOR was identified as the most frequently mutated gene in
metastatic sites with pathogenic variants found in patients 1,
3, and 6 (Supplementary Table S2).

A total of six specimens from different metastatic sites
were analyzed for genomic aberrations. We detected the
most frequently reported gains in 1q, 2p (or focal MYCN
gain/amplification), and 6p in 75%, 83%, and 66% of the
samples, respectively, whereas 16q loss was present in 66%
of the specimens. Patient 5 was the only case without
gain/amplification in chromosome 2p. Supplementary Table
S3 contains a complete analysis of CNA. We confirmed that
these aberrations harbored genes reported as tumorigenic
drivers in retinoblastoma such as MDM4 and KIF14 in 1q,
MYCN in 2p, DEK and E2F3 in 6p, and CDH11 in 16q.*

In Vivo Tumor Expansion of Human Biopsies and
Primary Cell Cultures

A schematic representation of sample collection and the
establishment of in vitro and in vivo models and the genomic
characteristics of each sample are represented in Figure 1.
Briefly, all patient specimens except the bone marrow aspi-
rate (patient 3) successfully engrafted as PDX in the flank
of immunocompromised animals. The average time from
subcutaneous implantation to engraftment was between 2
and 4.5 months, except for the PDX established from the
lymph node infiltration of patient 7 that engrafted one
month after inoculation.

We established four primary cell cultures; two derived
from the first filial generation (F0O) of the PDX after inoc-

Site of Patient-derived primary cell line Cell-derived Cell-derived xenograft
dissemination xenograft Y xenograft dissemination sites
;1 PDXCSF1 ———»  pG.CsF-1(RB1Y) — Q. ’C — No engraft
&
72 PDX-CSF-0A
es PDX-CSF-0B Ili
ps PDX-CSF-2 —> HPG-CSF-2 (RBT* MYCNirs) —> @1 0 — Brain and bone marrow
N \ &
o AN Q 4} Optic nerve, brain and
R o7’ @ = b HPG-RBO-1(RBT") I cerebrospinal fluid
P2,P3, P4, PS5, and P7
N=7
@@\ - ]
~ ¢ ) — > ® HPGRBG1(RBI"MYCNims) ——> @ 0 — Brain
N/ S 0.2
?7 \ 4
@ \4‘} Optic nerve and lymph
G » node
Ficure 1. Schematic representation of sample collection and establishment of in vitro and in vivo models of metastatic retinoblastoma.

Schematic representation of sample collection from the dissemination sites of each patient and the establishment of PDXs, primary cell
lines, and cell-derived xenografts. A description of the main genetic characteristics of each model is included. P, patient; PDX-CSF-0, human
tumors engrafted in the animal flank but no cell culture could be established.
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5 PDX-CSF-0B

6 PDX-CSF-2
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4 HPG-RBO-1
5 Orbital tumor -

B

6 HPG-CSF-2

"ol

7 Lymph node
7 HPG-RBG-1

H

. Eumnins

Subclonal gain Subclonal loss

=

Gain Loss LOH

Amplification Deletion

Subclonal LOH EI Focal feature

Ficure 2. Relevant copy number alterations of the metastatic preclinical models. Somatic copy number alterations of the metastatic preclin-
ical models and the matched tumors. Each row represents an individual sample, and the rectangular boxes correspond to the status of each
of the main characteristics. Boxes are partitioned if more than one relevant feature coexists. For copy number alterations, gains are shown in
red, blue represents losses, gray is for CN-LOH, whereas the intensity of the color shade is proportional to the value of the log-ratio (LRR).
In addition, full coloring means the copy number alteration comprises the whole segment (>90% of the arm), whereas a circle means part
of the segment is altered, and a star means it is a focal alteration (<15 genes). The orbital tumors of patients 4 and 5 were considered as a
surrogate of the CSF dissemination because they presented with optic nerve and chiasm or hemi-chiasm involvement. CNA of patient 7 lymph
node tumor infiltration and the derived model were previously published by Zugbi et al.??> CN-LOH, copy neutral-loss of heterozygosity; LN,

lymph node.

ulation of leptomeningeal dissemination of patients 1 and
6 (HPG-CSF-1 and HPG-CSF-2, respectively), one directly
derived from the orbital tumor of patient 4 (HPG-RBO-1),
and one derived from the lymph node tumor invasion of
patient 7 (HPG-RBG-1) (Table). Attempts to obtain stable
cultures from both the CSF dissemination and orbital tumor
specimens from patient 5 and orbital tumor tissue from
patient 3 were unsuccessful. For the purpose of clarity, the
institutional prefix HPG will be omitted hereinafter and
primary cell lines will be referred to as CSF-1, CSF-2, RBO-1,
and RBG-1.

Genomic Characterization of Primary Cell Lines

Short tandem repeat profiles authenticated the origin of
the metastatic cell lines to the matched human extraocu-
lar tumors (patients 4 and 7), and the CSF aspirates that
were expanded in the flank of mice (patients 1 and 6) as
described in Supplementary Table S4. RB1 mutations identi-
fied in the cell lines were the same as those of the tumor of
origin. Consistently with the parental tumor that was RB1/*
MYCN,p1, RBG-1 cells did not show RBI mutations.*

Most somatic CNAs, including the known driver alter-
ations, were shared between preclinical models (cells in
culture or xenografts) and matched metastatic human
tumors (Fig. 2 and full details in Supplementary Table S3).
Briefly, for the models derived from the tumor cells of patient
1, both the PDX-CSF-1 tumor and its derived cell line CSF-
1 shared gains in 1q, 2p, 6p, 14p and losses in 2q, 12q,
13q (including RBI) and a portion of the X chromosome.
The orbital metastasis of patient 4 and its derived cell line
shared the clonal gain in 2p, with focal amplification of
MYCN, gains in 15q and chromosome 20, and a loss of 9p
and the chromosome 13 LOH that includes RB1. For patient
5, both the orbital tumor and the PDX that derived from the
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leptomeningeal metastasis shared gains in 1q, 6p, 7q, 20q
(subclonal in the tumor) and losses in 1p, 2p (focal), 10q
(focal), 12p, 19q, 20p, as well as whole chromosomes 8 and
16. The PDX sample from the tumor of patient 6 as well as
its derived cell line shared gains in 1q, 2p (with focal MYCN
amplification), 6p, 12q (subclonal in the cell line), 14p, and
chromosome 18, as well as a loss in 13p.

Genomic features of HPG-RBG-1 cells and the matched
human tumor from patient 7 were extensively described by
Zugbi et al.*? In short, CNA analysis of this cell line using
exome sequencing revealed extensive aneuploid features.
These characteristics were confirmed by karyotype stud-
ies that also showed homogeneous staining regions and
double-minutes typically seen in MYCN-amplified cells. We
detected a focal high-level (>60x) amplification of MYCN
in 2p and a high-level amplification (>20) in 14q harboring
OTX2. No alterations in copy number were seen in the RB1
gene. WES point mutation analysis revealed a TP53 muta-
tion (nM_000546.4:c.713G>A, p.[Cys238Tyr]) with an allele
frequency of 98% resulting from an LOH in chromosome 17.
No point mutations or indels were detected in RB1.

Phenotypical Characteristics of Primary Cell Lines

All four primary cell cultures grew as tumorspheres (Supple-
mentary Fig. S1) showing positive staining for Ki67 (prolif-
erative cells), as well as expression of photoreceptor lineage
markers CRX and ARR3, and of the neuronal marker synap-
tophysin (Fig. 3). Phenotypical characteristics of the RBG-1
cell model have been previously reported.??

At passages 3 to 4, the four metastatic cell lines showed
an exponential growth pattern with an estimated mean
(range) doubling time of 2.6 days (2.3-2.9), 2.3 days (2.1-
3.3), 2.1 days (1.9-2.4), and 8.6 days (7.5-9.9) for CSF-1,
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Arrestin 3

Synaptophysin

HPG-RBO-1 HPG-CSF-2 HPG-CSF-1 HPG-RBT-12L Y79

HPG-RBG-1

Ficure 3. Immunocytochemical characteristics of the primary
tumor cell lines. Representative micrographs of each primary cell
model and the control cultures HPG-RBT-12L and Y79 are observed
for a hematoxylin-eosin staining (x20) and three immunohisto-
chemical stains (x20). Regarding the histological staining, HPG-CSF-
2, HPG-RBG-1, and Y79 cells present less compact and irregular
neurospheres, whereas HPG-CSF-1, HPG-RBO-1, and HPG-RBT-12L
models present compact and homogeneous neurospheres. All cell
lines were positive for the marker of neuroectodermal origin synap-
tophysin and for the specific photoreceptor lineage markers arrestin
3 and CRX. Characteristics of the HPG-RBG-1 cell model were previ-
ously reported.??

CSF-2, RBG-1, and RBO-1, respectively, whereas RBO-1 cells
showed the slowest growth rate (Supplementary Fig. S2).
Pharmacological sensitivity of the cell cultures to
standard-of-care chemotherapy is depicted in Figure 4
with the corresponding analysis provided in Supplementary
Table S5. Two metastatic primary cells (RBO-1 and RBG-1)
were more resistant to topotecan than cells of intraocular
origin. For instance, RBG-1 was insensitive to topotecan in
the range in which the drug can be solubilized.?* Although
RBO-1 cells were derived from a nontreated patient, they
exhibited more resistance to topotecan when compared
to intraocular cells. Noteworthy, CSF-2 cells (derived from
the CSF of a non-treated patient) demonstrated the highest
sensitivity to topotecan with an IC50 of 3 nM (P < 0.01,
compared to intraocular control cells). Regarding sensitiv-
ity to carboplatin, all metastatic cell lines exhibited greater
sensitivity than cells of intraocular origin (P < 0.01). Finally,
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all but RBG-1 metastatic cells demonstrated either similar or
higher sensitivity to melphalan compared to control cells.

Tumor Engraftment and Dissemination Patterns
of Cell-Derived Xenografts of Metastatic
Retinoblastoma

All eyes intravitreally injected with CSF-2 and RBG-1 as
two representative cell models of leptomeningeal and
Ilymph node dissemination, respectively, developed ocular
tumors (see Fig. 1 for workflow). In contrast, CSF-1 cells
(leptomeningeal origin) failed to engraft in the mouse
eyes. After the appearance of leukocoria (stage 1), eyes
showed clear proptosis, localized neovascularization, and
total occupation of the eyeball without macroscopic extraoc-
ular spread but with distension of the surrounding tissue
(stage 2 and 3) as shown in Supplementary Figure S3. Intrav-
itreal xenografts of the control Y79 and RBT-12L cells were
associated with a median ocular survival of 35 days (range
21-60) and 51 days (range 35-58), respectively. The median
survival of eyes injected with RBG-1 and CSF-2 cells was
29 days (range 20-42) and 47 days (range 43-64), respec-
tively, with the former having the shortest duration (Fig. 5A).

Eyes injected with CSF-2 cells showed undifferentiated
tumors that completely infiltrated the ocular structures
whereas eyes of RBG-1 xenografts exhibited aggressive
histopathological features resembling those of the metastatic
tumor of patient 7.2> Consistent with the absence of macro-
scopic tumor engraftment, eyes inoculated with CSF-1 cells
showed necrosis and calcium deposits without viable tumor
cells (Fig. 5B).

Tumor dissemination was detected in 70% and 90% of
the evaluated brains for the Y79 and RBT-12L intraocu-
lar xenografts, respectively (Supplementary Table S6 and
schematic representation in Fig. 1). In the metastatic models,
70% of the brains of the CSF-2 xenografts were positive for
retinoblastoma cells. Conversely, none (0%) of the animals
intravitreally inoculated with RBG-1 cells developed brain
dissemination (Fisher’s exact test P < 0.05 compared to the
percentage of brains of Y79 xenografts with tumor infiltra-
tion). Interestingly, the invasive capacity of the CSF-2 cells
into the brain also became evident as the tumor load of
the xenografts was 20 times higher than that of the Y79
xenografts, a well-established model of CNS tumor infil-
tration (P < 0.05).2!3* In accordance, these were the only
animals that exhibited leptomeningeal infiltration, as 60%
of the CSF specimens were positive for retinoblastoma cells
(Fisher’s exact test P < 0.05 compared to the percentage of
CSF invasion in Y79 xenografts) (Supplementary Table S6).

In agreement with the low capacity of dissemination into
the brain, optic nerves of intravitreal RBG-1 xenografts had
a tumor load of less than 5% of that found for Y79 or CSF-2
xenografts (P < 0.05). Conversely, all optic nerves of CSF-2
xenografts were positive for retinoblastoma and presented a
tumor load 40 to 400 times higher than that observed in Y79
and HPG-12L xenografts, respectively, denoting the intrin-
sic capacity of this metastatic model to disseminate into the
CNS.

Notably, RBG-1 xenografts were the only animals of
which almost all (90%) presented tumor dissemination in
the lymph nodes?* (Supplementary Table S6). Finally, in all
cases bone marrow specimens were negative for CRX mRNA.

After intracerebral (intraventricular) injection, CSF-2 and
Y79 cells engrafted rapidly and the mice presented symp-
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FiGure 4. Drug sensitivity to common chemotherapy in primary cell lines. Tumor cell growth inhibition of standard-of-care agents in control
and primary cell lines. Cell viability was determined at 72 hours using the methyl thiazole tetrazolium assay (MTT) assay. Symbols represent
percentage of cell proliferation as compared to untreated control cells expressed as means (SEM) of three independent experiments. Data
were fitted using a four-parameter nonlinear regression model.

toms of CNS disease, achieving a median overall survival reached the experimental endpoint (45 days) without clin-
(range) of 26 days (24-31) and 18 days (18-27), respec- ical signs of CNS disease and the histopathology showed
tively (Fig. 5C). Histologically, intracerebral CSF-2 xenografts absence of tumor engraftment in the CNS. These results are
displayed tumor cells growing in an infiltrative pattern consistent with the clinical evolution of patient 7 who even
in the leptomeningeal space, parenchyma, and spinal in the end stages did not develop CNS tumor involvement
cord (Fig. 5D). Conversely, intracerebral RBG-1 xenografts (schematic representation in Fig. 1).
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Ficure 5. Survival curves and histopathologic features of intravitreal and intracerebral CDXs. (A) Eye survival curves of intravitreal CDXs.
(B) Upper row, the hematoxylin-eosin (HE) stains are observed in the panoramic sections of the enucleated eyes of the established intravitreal
tumor CDXs (x10), evidencing how the tumor occupies the entire ocular globe. In the case of the HPG-CSF-1 model, there was no evidence
of intraocular tumor growth and areas of necrosis and calcium deposits were observed. The lower row (x40) shows that the histopathological
characteristics of intravitreal HPG-RBT-12L cells resembled those of the enucleated eye of the patient,* whereas Y79 xenograft features
were described elsewhere.?2:3% For HPG-CSF-2, a cellular morphology corresponding to medium-sized cells was observed, with a correct
nucleus-cytoplasm ratio and without evident nucleoli. For the HPG-RGB-1 model, cells were large and anaplastic with hyperchromatic nuclei
and prominent nucleoli. (C) Overall survival curves of intracerebral tumor CDX. (D) Tumor infiltration into the brain was assessed by: Upper
row (x10), HE staining; middle and lower rows (x10 and x40, respectively): anti-human nucleus (hNu) immunostaining. Y79 xenografts
showed a large number of tumor cells located intraventricularly (solid arrow) and in the leptomeningeal space (dotted arrow) without an
infiltrative pattern (Jower row). HPG-CSF-2 xenografts showed the pattern of tumor invasion as Y79 but with infiltrative characteristics (lower
row). HPG-RBT-12L and HPG-RBG-1 xenografts, in line with the absence of symptoms in the animals, these animals presented only small
cell clusters without infiltration capacity (lower row, brown stain). Animals injected with the same cell culture showed the same pattern of

infiltration and dissemination.

In line with the clinical and histological findings, molec-
ular detection of retinoblastoma in the brains of intracere-
bral CSF-2 xenografts showed that all were positive and the
tumor load was two and 200 times higher than that of the
Y79 and HPG-12L xenografts, respectively (Supplementary
Table S6). Although all brains of the intracerebral RBG-1
xenografts were positive for retinoblastoma, the tumor load
was only 20% of that attained in Y79 xenografts, likely indi-
cating the presence of only the inoculated tumor cells. Anal-
ysis of bone marrow samples showed that only animals
that developed CNS symptoms (intracerebral Y79 and CSF-2
xenografts) were positive for tumor cells (3/6, 50% and 1/6,
16.6%, respectively) (Supplementary Table S6).

DISCUSSION

We have developed and comprehensively characterized a
unique preclinical platform of metastatic retinoblastoma as
an essential tool for the understanding of the tumor biol-
ogy of these aggressive tumors and for screening potential
drug candidates to identify new treatment strategies. Our
final aim is to leverage the information provided by the
use of this platform to find new therapeutic interventions
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for patients who currently lack effective treatment options.
Primary cell lines and xenografts accurately retained the
histological and genomic features of the tumors from which
they were derived and faithfully recapitulated the dissemi-
nation patterns and pharmacological sensitivity observed in
the matched patients.

The incidence of metastatic retinoblastoma in Argentina
has decreased over the last few decades.>® Nevertheless,
we enrolled seven patients in most of whom late diagno-
sis probably contributed to the development of metastasis.
Although the cohort was small, the median age of the three
unilateral patients with extraocular disease at diagnosis was
40 months. This results is in line with previous reports
showing the association between lower income level, older
age at presentation, and a higher proportion of metastatic
disease.”3

Expansion of human tumors in the flank of immun-
odeficient mice was successful in all cases but the bone
marrow aspirate of one patient with hematogenous dissem-
ination, probably due to the low tumor burden, which was
insufficient for in vivo cell growth. In line with previous
reports showing that the most aggressive pediatric tumors
are the ones that engraft in mice and predict worse patient
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outcomes,'*37 all patients of our study died of their disease.
Moreover, the xenograft with the fastest tumor growth was
the one derived from the MYCN amplified RBI™/* tumor
disseminated into the lymph node of patient 7 who died
shortly after diagnosis despite intensive treatment.*?

We developed four PDX models from metastatic cells that
disseminated into the CSF (n = 3) and the orbit of four
patients, as well as four primary cell lines derived from
retinoblastoma dissemination in the CSF (CSF-1 and CSF-
2), lymph node (RBG-1), and orbit (RBO-1). Importantly, we
obtained models bearing genomic alterations in 11q, 17q,
and 19q chromosomes that are more frequent in metastatic
retinoblastoma and associated with aggressive features in
neuroblastoma. All the primary cell lines present MYCN
gains or amplification along with other genomic alterations
including gains in 1q and 16q loss, which are particular
features of subtype 2 tumors. This subtype was previously
characterized as less differentiated, with stemness features
and, importantly, with a higher frequency of metastases
compared to subtype 1 tumors, as we observed in our cell
models.” The concept that MYCN function confers an adap-
tive advantage to retinoblastoma cells is consistent with our
observation that the only primary cells that did not grow
in culture were those from patient 5, which had no 2p
gain or amplification.3®~%° Nevertheless, we acknowledge
that our data do not allow us to infer the clinical impli-
cations of MYCN amplification and an in-depth analysis of
the effect of different levels of MYCN gain on the survival
of the established cell lines is necessary. Altogether, we
emphasize the importance of developing preclinical models
bearing genomic alterations that are frequent in metastatic
retinoblastoma to elucidate the molecular mechanisms asso-
ciated with these alterations and to identify new therapies
for a rationale management of high-risk patients.

We observed a close concordance between the metastatic
cell lines and the matched tumor specimens in terms
of genomic alterations and CNAs reported as drivers in
retinoblastoma. A few differences were found in regions
not previously recognized as relevant for the retinoblastoma
phenotype or not harboring tumor suppressor or oncogenes.
Overall, the similarities in the genomic profiles between
tumors and the derived models validate the capacity of the
established metastatic cell lines to resemble the matched
tumor characteristics as appropriate research models.

The observation that RBG-1 cells exhibited the fastest
growth was expected, given the aggressive behavior of the
tumor in the matched patient and its low sensitivity to the
most common chemotherapy used in retinoblastoma treat-
ment.?? This cell line is MYCN amplified and TP53 mutant,
which has been associated with a highly aggressive and
chemoresistant phenotype in neuroblastoma.i!-%

CSF-2 cells were collected from a chemotherapy-naive
patient, which partially accounts for their high sensitivity
to the tested chemotherapy. Conversely, CSF-1 cells showed
lower sensitivity to the evaluated agents, probably because
of the development of acquired drug resistance in the
heavily pretreated patient from whom they derive. Inter-
estingly, RBO-1 cells derived from the orbital tumor of a
chemotherapy-naive patient showed similar or lower sensi-
tivity to standard-of-care chemotherapy than that observed
for CSF-2 cells. The longer doubling time leading to a
reduced probability of targeting actively replicating cells by
the cytotoxic agents may explain these findings.

The establishment of Y79 xenografts used as controls
validated our workflow for in vivo assays.*''* The find-
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ing that most of the metastatic cells engrafted after intrav-
itreal injection is superior to our previous experience
in retinoblastoma xenografts established from intraocular
tumors, in which approximately half of the models did not
engraft.?! However, it remains unclear why CSF-1 cells did
not engraft in immunocompromised animals.

In animals intravitreally or intraventricularly injected with
CSF-2 cells, the capacity of the xenografts to invade the
brain parenchyma and subarachnoid space was retained,
resembling the clinical course in the patient who rapidly
died of leptomeningeal disease. In addition to the spatial
continuity of the optic nerve and brain tissue, which could
facilitate the dissemination of retinoblastoma cells into the
CNS, the molecular characteristics of the tumors may also
play an important role in CSF dissemination and should be
elucidated. Despite the limited number of models of CSF
dissemination that hinders unveiling the biological features
of CSF-2 cells for homing to the CSF, our work in progress
aims to identify novel routes of drug delivery targeting
sanctuary tissues, such as the brain, and explore combina-
tions of chemotherapy to prevent tumor dissemination in
the SNC.

In our previous study, we showed that lymph node-
derived RBG-1 xenografts faithfully resemble the pattern
of tumor dissemination observed in the matched patient,
with 100% tumor infiltration in the cervical lymph nodes
of mice and none presenting CNS disease.?? This patient
had a highly aggressive and uncommon RBI17* MYCN,mi
retinoblastoma with mutated 7P53. TP53, along with other
mutated genes, has been proposed as driver of brain metas-
tasis in adult tumors.* Intriguingly, the genomic profile of
the TP53-mutated RBG-1 cell line, aggressive and proba-
bly induced after several rounds of chemotherapy, is more
similar to that described for brain metastasis in adults than
any other of the cell lines described in this study. However,
contrary to those, the RBG-1 cells showed no capacity to
invade CNS. Given the uniqueness of this cell line genomic
profile, which has not been described in retinoblastoma, we
can only speculate about the existence of inhibitory factors
that prevent CNS homing. In this sense, published evidence
involved miR-509 as a suppressor of brain metastasis in
breast cancer.®> Further studies should be performed to test
this hypothesis.

Even more surprising was that the metastases of this
model were limited to the lymph nodes, sparing the bone
marrow. Further studies should be performed to delve into
the molecular characteristics that may define a differential
homing pathway in cases of lymph node invasion.

Distant metastasis to the bone marrow only developed
in animals that had terminal CNS symptoms after intraven-
tricular inoculation of cancer cells. This observation is in
agreement with an important study in preclinical models
of metastatic medulloblastoma. Garzia et al.*® showed that
distant metastasis to the bone marrow only developed in
animals that had terminal CNS symptoms after intraven-
tricular inoculation of cancer cells. Based on the obser-
vation of circulating tumor cells in genetically engineered
animals and in an elegant model of medulloblastoma para-
biosis, the investigators provided evidence that supports that
upon inoculation in the mouse brain, medulloblastoma cells
enter the blood circulation. Moreover, circulating medul-
loblastoma cells were proposed to disseminate, resulting
in leptomeningeal metastases simultaneously to cell shed-
ding from the primary tumor into the CSF. We speculate
that similar mechanisms may be followed by retinoblas-
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toma cells, in accordance with our observations.®® Besides,

extending the follow-up may have allowed tumor progres-
sion and hematogenous dissemination to reach quantifiable
levels after intravitreal injection, but this was not ethically
permissible.

Primary tumor cell lines play a crucial role in the identifi-
cation of new treatment strategies for metastatic retinoblas-
toma. We previously reported on the use of CSF-1 cells
to evaluate the sensitivity to anthracyclines, which are
commonly used for advanced disease.?’” Also, we subjected
some of the established primary cell lines to broad phar-
macological testing evaluating thousands of compounds by
means of high-throughput analysis and, subsequently, a drug
decision process was developed to identify the most promis-
ing hits with potential for clinical translation.”® For the
highly resistant RBG-1 cells we found that the combination
of bortezomib, panobinostat, and carboplatin significantly
prolonged eye survival and prevented lymph node metas-
tases in the animal model.*?

We acknowledge certain limitations of our approach.
First, biopsies are usually restricted to one spatial site and
limited in amount and therefore may harvest subclonal
populations that could not represent the whole tumor molec-
ular characteristics. On the clinical side, small samples from
metastatic retinoblastoma, such as orbital tumor biopsy spec-
imens and cells in cerebrospinal fluid, require a first step of
tumor expansion after subcutaneous engraftment in mice.
This process results in a delay between sample collection
and the evaluation of candidate agents, which may hinder an
individualized pharmacological approach. Nevertheless, our
main objective was to develop a rational decision-making
process to define the most suitable treatment strategy for
a group of patients with similar pharmacological sensitivity
and clinical and genomic characteristics. This process should
be validated in prospective clinical trials. Last, leaving aside
patient 7 who had a unique genomic pattern and consider-
ing that all the other patients were classified as subtype 2, we
could not find consistent genomic findings that may be asso-
ciated with the phenotype characteristics of the developed
model. Analysis of more cases in the future may contribute
to unveiling the relations between genotype and phenotype
in metastatic retinoblastoma.

CONCLUSIONS

Altogether, our novel preclinical platform effectively
captured the phenotypic and biological heterogeneity of
metastatic retinoblastoma. These models are unique tools to
facilitate prioritization for testing the most promising drug
candidates likely to be active in the clinical setting.
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