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Abstract

* PURPOSE: To define the prospective use of the aqueous humor (AH) as a molecular diagnostic
and prognostic liquid biopsy for retinoblastoma (RB).

« METHODS: This is a prospective, observational study wherein an AH liquid biopsy is
performed at diagnosis and longitudinally through therapy for patients with RB. Tumor-derived
cell-free DNA is isolated and sequenced for single nucleotide variant analysis of the B gene
and detection of somatic copy number alterations (SCNASs). The SCNAs are used to determine
tumor fraction (TFx). Specific SCNAs, including 6p gain and focal MycN gain, along with TFx,
are prospectively correlated with intraocular tumor relapse, response to therapy, and globe salvage.

* RESULTS: A total of 26 eyes of 21 patients were included with AH taken at diagnosis.
Successful ocular salvage was achieved in 19 of 26 (73.1%) eyes. Mutational analysis of 26 AH
samples identified 23 pathogenic RB1 variants and 2 focal RB1 deletions; variant allele fraction
ranged from 30.5% to 100% (median 93.2%). At diagnosis, SCNAs were detectable in 17 of 26
(65.4%) AH samples. Eyes with 6p gain and/or focal Myc/N gain had significantly greater odds
of poor therapeutic outcomes (odds ratio = 6.75, 95% CI = 1.06-42.84, P=.04). Higher AH TFx
was observed in eyes with vitreal progression (TFx = 46.0% =+ 40.4) than regression (22.0 £ 29.1;
difference: —24.0; P=.049).

» CONCLUSIONS: Establishing an AH liquid biopsy for RB is aimed at addressing (1) our
inability to biopsy tumor tissue and (2) the lack of molecular biomarkers for intraocular prognosis.
Current management decisions for RB are made based solely on clinical features without objective
molecular testing. This prognostic study shows great promise for using AH as a companion
diagnostic. NOTE: Publication of this article is sponsored by the American Ophthalmological
Society.

Retinoblastoma (RB) is a childhood cancer of the developing retina and is diagnosed

in the first years of a child’s life. It is the most common pediatric eye cancer, and it
accounts for 3% of all childhood cancers.! - 2 RB can form in one (60%) or both (40%)
eyes and is diagnosed in 300 children per year in the United States and 8000 children
worldwide. The goals of the treatment are to save the eye and cure the child (with some
useful vision). If the tumor is confined to the eye at diagnosis, there is > 99% overall
survival rate from this cancer; however, even in high-income countries, ocular survival is
far less.3 Intraocular recurrence after failed attempts at therapy remains quite common,

and enucleation is required to prevent extraocular spread in upward of 50% of patients

with advanced intraocular disease.*~’ Unfortunately, there is a poor understanding of the
molecular basis underlying the clinical behavior of this cancer. At this time, there are no
molecular biomarkers that can prognosticate those eyes that are likely to respond to therapy
and be saved and those that are likely to fail therapy and require enucleation to save the
child’s life. The major reason for this is that we cannot biopsy RB tumors because of the risk
of extraocular cancer spread.8-11
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In terms of cancer genomics, RB is considered a canonical cancer, as RB1 was the first
molecularly described tumor suppressor gene,12 and chromosomal alterations were shown
to drive tumorigenesis.1® This discovery paved the way for a precision medicine approach
across multiple cancer types. Ironically, the cancer that started this field has never benefitted
directly from it as a consequence of the contraindication to tumor biopsy. Thus, the majority
of genomic studies in RB, which require access to tumor DNA, have been performed

only on advanced tumors from surgically removed eyes. Children with RB are not part of
the National Cancer Institute-Children’s Oncology Group Pediatric MATCH trial, which

is intended to molecularly sequence every pediatric malignancy, as there are no clinically
available means to attain tumor DNA without eye removal. Because of this, there is no
possibility of precision medicine approaches for RB.14: 15 Currently, the diagnosis and
ocular prognosis (the likelihood of saving the eye with therapy) for children with RB are
based entirely on clinical examination and imaging due to the lack of in vivo biomarkers.
Due to these real-world clinical problems, a liquid biopsy approach, which enables detection
of tumor DNA and prognostic molecular biomarkers in the absence of tumor tissue, is
critically needed to direct eye salvaging therapies for this cancer.

In 2017, our laboratory demonstrated for the first time that the aqueous humor (AH),

the clear fluid in front of the eye, is an enriched source of tumor-derived cell-free DNA
(cfDNA) in RB eyes.16: 17 This breakthrough provided the opportunity to use the AH for
the evaluation of tumor-specific biomarkers to support molecular diagnosis and prognosis
for RB. These findings opened up a whole new field of research. Over the last 5 years, we
have developed a liquid biopsy assay to detect somatic copy number alterations (SCNAS),
which are markers of aneuploidy and involve often large regions of chromosomal segments
that are gained (too many copies) or lost (too few copies), thus facilitating tumor growth.
We can also identify diagnostic pathogenic /81 variants from the AH—all from a single
100 pL sample—and the alterations are the same as would be identified in tumor tissuel®-
20__hijghlighting the ability of the AH to act as a liquid or surrogate biopsy for RB. On
the basis of retrospective analysis, we identified potential candidate biomarkers, such as
too many copies of chromosomal region 6p (called 6p gain) and focal gain of the MycN
oncogene, a known poor prognostic biomarker for RB and other cancers. The presence of
these biomarkers in the AH was associated with a 16.5-fold increased risk of treatment
failure requiring surgical removal of the eye.2! 22

We further demonstrated that changes in AH cfDNA tumor fraction (TFX) (ie, the percent
of DNA that is tumor derived) correlate with tumor response to treatment, with increases

in TFx being indicative of residual intraocular disease that portends cancer relapse within
the eye, requiring enucleation.23 Using the AH liquid biopsy, we most recently investigated
the genome-wide methylation status of 850,000 separate loci to identify genes aberrantly
activated or inactivated via epigenetic mechanisms.24 With the ability to profile gene
methylation status in vivo via the AH, we were able to identify low- and high-risk subtypes
of RB, which were highly concordant with RB subtypes determined through studies that
analyzed tumor tissue from enucleated eyes.? Finally, as nearly 40% of children with RB
have cancer in both eyes, and each eye often presents with distinct genomic alterations, 26 an
eye-specific liquid biopsy to direct ocular prognosis and therapy has potential to be highly
beneficial .2’
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Although our laboratory led the research in this arena,6 we were quickly joined by centers
around the world studying a liquid biopsy for RB.28 Most of this work has involved
validating our discovery regarding the presence of tumor DNA in the AH by identifying

the presence of RBZ mutant DNA (for molecular diagnosis of RB).2%-32 A few centers have
investigated prognostic AH biomarkers including survivin,33 metabolomic signatures,34 and
expression of secreted peptides.3> Other centers are also evaluating SCNAs and their impact
on RB ocular prognosis.3® However, the majority of these studies, including our own, are
retrospective and use AH samples taken only midtreatment or at the time of enucleation. It
was not known what, if any, biomarkers were present in the AH at diagnosis, and whether
they mattered. Because of the potential clinical impact of this liquid biopsy, we developed

a prospective approach that includes AH taken at the time of diagnosis from eyes with

the intent to salvage (ie, not at the time of primary enucleation). The goal of prospective
biomarker validation, as opposed to all previous retrospective reports, is to understand if

the biomarker is (1) detectable at diagnosis and (2) whether it does indeed prognosticate
outcomes when identified at diagnosis. This is currently unknown for RB and must be
answered before the broader ocular oncology community can use these results clinically. An
initial prognostic report of the first 12 months of data has been published.22 Herein we will
present data from 26 separate consecutive eyes with RB, with extended follow-up and AH
sampling, with the ultimate goal of biomarker validation for RB.

In this paper we aim to establish, based on prospective evaluation, that (1) cfDNA
biomarkers identifiable at diagnosis are associated with aggressive intraocular tumor
behavior; (2) tumor-derived RB1 mutation(s) are detectable in the AH routinely, which

can impact clinical genetic testing and counseling; and (3) monitoring of TFx in the AH is

a distinct molecular biomarker that correlates with treatment outcomes. We assert that the
ability to prognosticate ocular outcomes via the AH will help identify patients with eyes

that are likely to be saved, as well as those with eyes more likely to fail treatment and
require removal. This has the potential to help ocular oncologists and parents make informed
treatment choices based on the available molecular biology of the time and hopefully in the
future open new, impactful personalized medicine approaches to this eye cancer.

METHODS
* PATIENT, SAMPLE, AND MULTISITE CHARACTERISTICS:

Study participants include patients diagnosed with RB at Children’s Hospital Los

Angeles (CHLA). Research is performed under an established, prospective institutional
review board—approved Retinoblastoma Patient Clinical Database and Tissue Biorepository.
Biospecimens with associated coded clinical data are collected. Children with bilateral
disease can contribute samples and clinical data from both eyes. Eye classification for RB
ranges from International Intraocular Retinoblastoma Classification (IIRC)37 groups A-E,
with E being the most advanced; group A eyes have tumors < 3 mm. Clinical outcomes (eg,
globe salvage or enucleation) are evaluated with at least 12-month follow-up. The treatment
for all patients is carried out per routine clinical protocol, which may include either systemic
or intra-arterial chemotherapy for primary eye salvage, followed by intravitreal injections of
chemotherapy as needed.8 - 3839 AH genomic testing results did not influence treatment.

Am J Ophthalmol. Author manuscript; available in PMC 2024 July 01.
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Not all treatments will be required for each child, and only some children will have
intraocular recurrences or enucleation; thus, there are a range of AH samples collected
depending on the child’s clinical course.

* SPECIMEN COLLECTION AND STORAGE:

Specimen collection and storage has been described in depth.4 In brief, all samples are
taken while the child is under anesthesia for routine clinical care. No child was placed under
anesthesia for research purposes. A clear corneal paracentesis? with a 32-gauge needle is
performed to extract up to 100 pL of AH from RB eyes. AH extraction is taken at diagnosis,
at the end of chemotherapy and 6 months from the end of therapy, during intravitreal
injections for seeding (if required), and at the time of a recurrence or immediately after
enucleation of the eye (if these events occur). If an enucleation is required to save the child
from progressive disease, tumor tissue is obtained. During sampling, needles enter only

the anterior chamber via the clear cornea and remain bevel-up over the pharmacologically
dilated iris; thus, they do not touch the iris, lens, vitreous cavity, or tumor. Although the
anterior chamber may shallow slightly, it remains formed. Immediately after specimen
extraction, AH samples are flash-frozen on dry ice and quickly stored at —80 °C within
hours of extraction.

* AQUEOUS HUMOR CELL-FREE DNA ISOLATION AND LIBRARY CONSTRUCTION:

CfDNA from AH and blood plasma is isolated with the QlAamp Circulating Nucleic

Acid Kit (Qiagen). Library construction and sequencing of cfDNA have been described in
detail. #0-42 Briefly, isolated cfDNA is constructed into whole genome libraries using the
QIlAseq Ultralow Input Library Kit (Qiagen). The same library created from the AH cfDNA
is used for B mutation analyses and genomic analyses.

* DETECTION OF PATHOGENIC SOMATIC RB1 VARIANTS FOR MOLECULAR DIAGNOSIS
(SINGLE-NUCLEOTIDE VARIANTS):

Mutation detection is done using a customized laboratory-developed hybridization panel
(Cancer Predisposition Panel; Twist Bioscience), based on our published data for AH,
using a SureSelect panel (Agilent).20 This panel covers > 500 cancer predisposition genes,
including the whole exonic regions of the RB1 gene, MycN gene, and lesser-known
implicated genes such as BCOR, ARID1A, and CREBBP. lllumina sequencing is carried
out on the captured libraries. Bioinformatics analysis is performed to characterize single-
nucleotide variant (SNV) and loss of heterozygosity detection using an in-house pipeline in
collaboration with the CHLA Center for Personalized Medicine.

* WHOLE GENOME SOMATIC COPY NUMBER PROFILING OF AQUEOUS HUMOR
SAMPLES FOR MOLECULAR PROGNOSIS (SCNAS):

Analysis of the cfDNA from AH samples is based on established methods of SCNA
analysis.40-42 Briefly, whole genome libraries are sequenced on an lllumina HiSeq
(Illumina) platform. Copy number values are recorded as ratios to the median (relative to

a baseline human genome), with values <0.87 representing copy number losses and values
>1.15 representing copy number gains equal to 20% deflection from the human genome; due

Am J Ophthalmol. Author manuscript; available in PMC 2024 July 01.
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to tumor heterogeneity in a non-single-cell approach, values within 0.01 of these thresholds
were considered positive, for example, values <0.86 representing copy number losses and
values =1.14 representing copy humber gains.

* DETERMINATION OF CELL-FREE DNA TUMOR FRACTION IN THE AQUEOUS HUMOR:

The cfDNA TFx for each sequenced AH cfDNA sample is estimated using the ichorCNA
software (https://github.com), a standard validated tool for TFx assessment.43 The algorithm
employed by ichorCNA to determine TFx in the serum has been described in detail. 43

44 1n short, ichorCNA uses a hidden Markov model to predict large-scale SCNAs within
sequenced cfDNA. TFx estimations are thus based on the presence of SCNAs while
accounting for differences in ploidy and subclonality at each locus. An optimal TFx
solution is provided by ichorCNA.#3 The TFx is correlated with the actual SCNA amplitude
generated from our genome sequencing protocol; higher TFx has been shown to correlate
with higher SCNA amplitudes, which can be used as a surrogate to TFx values.

* CORRELATION OF TUMOR FRACTION AND CLINICAL OUTCOMES:

Based on examinations under anesthesia, the therapeutic response of the tumor at the time of
each AH extraction is recorded as either progressing, regressing, or stable disease using the
established RB-RECIST guidelines.*> We longitudinally evaluated cfDNA TFx in the AH

to determine objective thresholds for treatment response at the end of primary therapy and
thresholds that indicate minimal residual intraocular disease.

* DEMOGRAPHICS AND CLINICAL DATA:

To assess the relationship between the identified molecular biomarkers and clinical features
of RB, 89 unique clinical data points are recorded into the institutional review board—
approved biorepository from each patient and eye(s), including age at diagnosis, sex,
laterality, 1IRC group/tumor, nodes, metastases staging,*6 - 47 seeding morphology, therapies
given at each stage, histopathology, and follow-up times. RECIST guidelines, which stand
for Response Evaluation Criteria in Solid Tumors, is the standard accepted methodology

in oncology to evaluate tumor outcomes. Herein, treatment outcomes (eg, tumor response,
recurrence, ultimate globe salvage, and metastatic disease) are obtained according to the
specific guidelines published for RB, called RB-RECIST.#° Data are coded when entered in
the biorepository database.

* STATISTICAL CONSIDERATIONS:

Logistic regression was used to evaluate whether previously identified biomarker candidates,
6p gain and focal MycN gain, are prognostic for poor therapeutic outcomes (recurrence or
enucleation) in the prospective data set. Second, time to outcome (eg, time to recurrence or
enucleation) was evaluated with a Cox proportional hazard model. Because of limited study
power, both models evaluated the biomarker without covariates. To examine the impact

of covariates on results, 2 additional subanalyses were conducted on each model using 3
covariates—age at diagnosis, sex, and IIRC group; in the first subanalysis, the effects of
covariates on the prognostic utility of the biomarker were considered, and in the second

Am J Ophthalmol. Author manuscript; available in PMC 2024 July 01.
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subanalysis, the effects of covariates adjusted to be uncorrelated with the biomarker, but
related to the outcome, were considered.

TFx is reported as whole percentages instead of decimal values (eg, 27% instead of 0.27)
and is summarized as mean £ SD throughout. To account for the non-normal distribution of
TFx data, values were compared between groups using Mann-Whitney {tests. Longitudinal
data from all SCNA or RBI positive eyes that have more than 1 AH sample collected

were evaluated to determine the clinical utility of cfDNA TFx for predicting treatment
response; as the change in TFx between samples is as important as (or possibly even

more than) a single value, we included only eyes with more than 1 AH sample taken
longitudinally during treatment. The lowest limit of detection for tumor DNA in the sample
is 10%, which is a widely accepted cutoff for iChor analysis although lower reads are
available.%8 49 Therefore, patients with longitudinal samples who had < 10% TFx by
SCNA:s in their diagnostic AH sample were excluded from longitudinal analyses regardless
of the total sample number. Each eye may contribute a different number of AH samples,
depending on treatment requirements during the study. We considered TFx, and the change
in TFx, in longitudinal AH samples compared with the initial sample. Analysis consisted

of logistic regression models evaluating TFx as a predictor of clinical response (progression
or regression) in samples collected during therapy, one using TFx as a continuous measure
(0%—-100%) and the second replicating the 15% cutoff values described in the paper by
Polski and associates?? (ie, the % change in TFx between samples, or the % change relative
to baseline).

* PARTICIPANT DEMOGRAPHICS AND CLINICAL OUTCOMES:

A total of 26 eyes of 21 patients were included in the study; this includes 3 IIRC group A
eyes, 2 group B eyes, 4 group C eyes, 16 group D eyes, and 1 group E eye. Cases 44, 70,
72, 74, and 88 presented with bilateral disease and both eyes were included. Demographics,
diagnostic clinical features, and therapeutic courses are summarized in Table 1. Treatment
courses for eye salvage were nonrandomized and decided by the treating physicians without
prior knowledge of the AH biomarkers; case 65 was enrolled in the study with AH taken

at diagnosis and plan for salvage therapy; however, the family decided a week later to
pursue primary enucleation. No patients had complications secondary to AH sampling,
including infection, iris trauma, synechiae, hyphema, or cataract. Successful ocular salvage
was achieved in 19 of 26 (73%) eyes with 7 requiring enucleation. No child developed
extraocular disease or metastatic disease throughout the follow-up period. No participants
included in this study withdrew consent or were lost to follow-up over the study period.
Average follow-up was 33 months (range: 12-56 months).

* AQUEOUS HUMOR LIQUID BIOPSY: DIAGNOSTIC CONCENTRATION AND RB1
PATHOGENIC VARIANTS:

Of the 26 AH samples, 23 were available for cfDNA quantification, due to the volume
of AH needed for analyses. cfDNA was detectable in 19 (82.6%) of these samples (mean

Am J Ophthalmol. Author manuscript; available in PMC 2024 July 01.
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double-stranded DNA concentration 8.8 ng/uL, SD 16.6 ng/uL, median 1.1 ng/uL, range
0.076-56.6 ng/uL) (Table 2).

The AH sample at diagnosis was evaluated for detection of /RB1 pathogenic variants.
Mutational analysis of 26 AH samples identified 23 pathogenic 81 somatic variants and
2 RB1 deletions in 19 samples (73.1%). The variant allele fraction (VAF) of the mutated
gene ranged from 30.5% to 100%, with a median of 93.2% and a mean of 72.8% (Table
2). As per standard, the VAF is calculated as the number of altered or “variant” reads over
the total reads (altered and nonaltered). Mutational analysis did not identify either an RB1
pathogenic variant or deletion in 7 eyes, 4 from IIRC group A or B eyes with small tumors.
Of more advanced group C, D, and E eyes, mutational analysis was successful in 18 of

21 (85.7%) eyes. Case 48 is one case wherein an RB1 variant was not detected; this case
also demonstrated a focal MycN gain.>%-53 Tumor tissue was available for this case due to
enucleation; RB1 variants were also not detected.

* AQUEOUS HUMOR LIQUID BIOPSY: DIAGNOSTIC SCNAS:

AH cfDNA at diagnosis was evaluated via low-pass whole-genome sequencing (WGS) for
the presence of highly recurrent RB SCNAs including gain of 1q, 2p, 6p, loss of 13q,

16q, focal MycN gain, and focal RB1 deletion (identified on low-pass WGS). SCNAs were
detectable in 17 of 26 (65.4%) AH samples from eyes with RB ranging from group A

to E at diagnosis. Among the 17 eyes with positive SCNASs present in their diagnostic
samples, none were classified as 1IRC group A, 1 (5.9%) was group B, 2 (11.7%) were
group C, 14 (82.4%) were group D, and none were group E (Table 3, Figure 1). Nine

of the 26 eyes (34.6%) had no identified SCNAs at diagnosis, including group A and E
eyes. This is concordant with past reports, suggesting that approximately two-thirds of
RB tumor samples from enucleated eyes have SCNAs. This included the presence of focal
RBI gene deletions, which was seen in cases 44_OS and 64. As with the /RB1 alterations, a
lower concentration of cfFDNA due to small tumor size can affect this WGS analysis. Thus,
excluding group A and B eyes, SCNAs were identified in 16 of 21 (76.2%) eyes and 14 of
16 (87.5%) of group D eyes demonstrating the overall stability of this value, and also that
not all eyes, even advanced eyes, will have SCNAs.

Of the highly recurrent RB-SCNAs, 1q gain was present in 13 of 26 eyes (50.0%), 2p gain in
5 of 26 eyes (19.2%), 6p gain in 11 of 26 eyes (42.3%), 13q loss in 1 of 26 eyes (3.8%), 16q
loss in 7 of 26 eyes (26.9%), and focal MycN and MDMA4 gain seen in 1 eye each (3.8%)
(Figure 2).

* AQUEOUS HUMOR LIQUID BIOPSY: PROGNOSTICS FOR INTRAOCULAR RECURRENCE:

All eyes were followed longitudinally throughout therapy for at least 12 months (median
follow-up: 33 months).

An intraocular recurrence was detected in 14 of 26 eyes (53.8%), including 4 eyes with
a retinal recurrence, 9 eyes with a seeding recurrence, and 1 eye with both. Overall, 19
of the 26 eyes (73.1%) were cured with therapy and 7 (26.9%) required enucleation.
Case 65 was enrolled in the study with plans for salvage, and the family subsequently
decided to pursue primary enucleation; the other 6 eyes (cases 33, 48, 55, 66, 67, and

Am J Ophthalmol. Author manuscript; available in PMC 2024 July 01.
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72_0S) required secondary enucleation as definitive management due to persistently active
intraocular disease. Thus, 19 of 25 eyes (76%) that underwent salvage were cured, and 6 of
25 (24%) failed globe conservation attempts.

The subset of eyes with more “aggressive” tumor behavior was defined by recurrent ocular
disease and/or the need for enucleation. We evaluated the 15 eyes with an intraocular
relapse and/or enucleation for the presence of 6p gain or a focal Myc/N gain present at
diagnosis, which have been previously identified as poor prognostic factors for overall globe
salvage.50 54 Nine of these 15 eyes demonstrated 6p gain and/or focal MycN gain (60%) in
the AH liquid biopsy at diagnosis. Eleven eyes did not have an intraocular relapse (neither
seeding, nor retinal recurrence) and were saved with therapy; of these, only 2 (18.2%)
demonstrated 6p gain and/or MycN gain (cases 51 and 74_0S) (Table 1, Figure 1).

In a logistic regression model predicting either recurrence or enucleation, eyes from patients
with 6p gain and/or focal MycN gain (n = 11) had significantly greater odds of poor
therapeutic outcomes (odds ratio [OR] = 6.75, 95% CI = 1.06-42.84, P=.04). When time to
recurrence or enucleation was considered in a Cox proportional hazard model, those with 6p
gain and/or MycN gain had significantly greater hazard of recurrence or enucleation (hazard
ratio = 3.12, 95% CI = 1.10-8.81, £=.03, see Figure 3).

By IIRC class, the most robust data are for the 16 group D eyes included in this study.
Of these 16 eyes, 12 (75%) demonstrated aggressive tumor behavior. Of these 12 eyes, 8
(66.7%) had 6p gain compared with 6p gain in just 1 of the 4 eyes (25%) that did not
demonstrate an intraocular recurrence and were saved (case 51).

* AQUEOUS HUMOR LIQUID BIOPSY: TUMOR FRACTION AS A PREDICTOR OF DISEASE
PROGRESSION:

All diagnostic AH samples were analyzed for TFx using the iChor software (Table 4). iChor
relies on the presence of SCNAS to determine TFx. Thus, 8 of the 26 eyes (30.7%) had
no/few SCNAs and thus TFx values below the 10% threshold (cases 44_OD, 44 QS, 46,

64, 70_OS, 84, 88 _0OD, and 88_0S). In cases 44 _OD and 64, a somatic /RBI deletion was
detected in the AH, but no other SCNAs detected (Figure 2).

Although iChor determined the TFx to be < 10% due to the absence of SCNAs, RB1
mutational analysis did demonstrate tumor DNA with high TFx in many of these cases
(cases 44 _OD, 44_0S, 46, 88_0D, and 88_0S), highlighting the benefit of detecting tumor
DNA via more than 1 mechanism.

Of the 18 eyes with greater than 10% TFx in their diagnostic AH sample, 11 had 2 or

more AH samples collected, allowing for longitudinal analysis (Table 4). The TFx values

in those eyes responsive to RB treatment showed a trend of decreased TFx value compared
with the DX sample, whereas the TFx values of those eyes resistant to treatment maintained
high TFx values similar to the diagnostic sample. Seven of the 11 eyes (cases 47, 51, 73,

74 0D, 74_QS, 76, and 78) were salvaged with treatment, and their TFx trends reflect this;
in addition, the final samples on all of these cases were < 10% TFx with the exception of
case 51, which was 11.1% at the end of therapy. TFx values remain longitudinally elevated
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in cases 33 and 55, suggesting treatment resistance—both of these eyes were secondarily
enucleated after treatment failure. Case 67 was an outlier that had a relatively low TFx at
the time of secondary enucleation (3.1%); this case was treated with 1 cycle of intra-arterial
chemotherapy, and there remained no view to posterior pole, so the decision was made to
enucleate; histopathology showed near complete tumor necrosis.

TFx at diagnosis, as well as the change in TFx seen between subsequent samples, was used
to characterize disease progression and regression. In general, higher AH TFx was observed
in eyes with vitreal progression (TFx = 46.0% + 40.4%) than regression (22.0% + 29.1%;
difference: —24.0; P=.049). In samples where retinal progression had occurred, the same
general pattern was observed, where progression was associated with higher TFx values
(38.2% + 40.4%), and regression was associated with lower values (24.4% + 30.9%), but the
difference was not statistically significant (P=.44).

When used as a predictor of vitreal progression in a logistic regression model adjusted for
age, sex, and presence of 6p gain or MychN, each 1% increase in baseline TFx was associated
with 1.03 times greater odds of progression (OR = 1.03, 95% CI = 1.002-1.05, £=.03).
Baseline TFx was not significantly associated with increased odds of retinal progression,
although the magnitude of the effect is similar (OR = 1.01, 95% CI = 0.99-1.03; P=.29).

Changes in TFx in a given sample relative to previous TFx samples were also evaluated in
cases where multiple samples were obtained using logistic regression models. In general,
changes in TFx relative to the previously obtained sample did not predict progression.
However, changes in TFx relative to baseline showed nonsignificant trends in the expected
direction (eg, for retinal progression, OR = 1.04, 95% CI = 0.99-1.08, P=". 10). TFx
changes reduced to a 15% cutoff, as described in the paper by Polski and associates,23 could
not be evaluated as there were too few changes of this magnitude in the current data.

* CONCORDANCE WITH MATCHED TUMOR:

Of the 26 eyes in the study, 7 were enucleated. Tumor tissue was available for analysis from
6 of 7 eyes; 1 eye (case 67) was enucleated at an outside hospital while the primary surgeon
was on maternity leave.

When tumor was available, concordance was determined by dividing the median segmented
ratio values for the tumor by the median segmented ratio values for the AH and calculating
the percentage of “bins” in which the ratio was within 0.8 to 1.2 (excluding chromosomes X
and Y).%% In genomic testing, grouping reads to “bins” means aligning and assigning them
to regions of the genome. As per previous reports,'8 AH tumor pairs were 96.6% concordant
(range, 92.8%-98.7%)

DISCUSSION
* WHERE HAVE WE COME FROM?:

In 2017, the first report of using the AH as a liquid biopsy to serve as a surrogate to
tumor biopsy for RB was published.16 For the first time ever, tumor-derived DNA and other
tumor-derived molecules were safely available in vivo from an eye with RB that had not
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been enucleated. This ushered in an exciting new era of liquid biopsy research!” and began
the search for actionable liquid biopsy biomarkers for ocular tumors.>8

Only approximately 5 years have passed from this initial report, and in the interim, we
have identified some important biomarkers suggesting the clinical utility of AH analysis
for children with RB. First, with the ability to compare genomic profiles from eyes that
respond to therapy, and those that fail therapy, we noted that there seemed to be a disparity
in both the incidence and the amplitude of the known highly recurrent RB SCNA, gain of
chromosome 6p. In fact, in our 2018 report,1® which was the first study to correlate clinical
outcomes with SCNAs in the AH from RB eyes, we found that gain of chromosome 6p was
the most common SCNA in RB AH. With AH samples taken during therapy, this alteration
was found in 77% of enucleated eyes, compared with 25% of salvaged eyes (P=.0092),
and associated with a 10-fold increased odds of enucleation (OR = 10, 95% CI: 1.8-55.6).
The median amplitude of 6p gain was 1.47 in enucleated vs 1.07 in salvaged eyes (P=
.001). Overall, the presence of AH SCNAs, which indicates increased genomic instability,
was correlated retrospectively with eye salvage. The probability of ocular salvage was
significantly higher in eyes without detectable SCNAs in the AH (P =.0028), specifically
6p gain. Thus, these findings indicated that 6p gain in the AH was a potential prognostic
biomarker for poor clinical response to therapy.1®

We continued to evaluate the AH in an effort to better understand the genomic landscape of
RB tumors in vivo. This research led to a few exciting conclusions. First, we were able to re-
evaluate the findings of past studies that only had genomic information available from tumor
tissue obtained from enucleated eyes—arguably from the most advanced and aggressive
tumors. In an analysis of AH sampled from 54 eyes of 50 patients, we compared overall
genomic instability (number of SCNAs) to RB1 status, IIRC group, and age.>* Previous
reports had suggested that patients without germline R8BI mutations were more likely than
patients with germline mutations to develop genomic instability.>” However, in that study,
there was a significant association between younger age and germline disease. Of the 50
patients in evaluated cohort, 23 (46.0%; 27 eyes) had hereditary RB and 27 (54.0%; 27
eyes) had nonhereditary RB. Median age at diagnosis was comparable between hereditary
(13 = 10 months) and nonhereditary (13 = 8 months) RB patients (P = .818). There was no
significant difference in the prevalence or number of SCNAs based on (1) hereditary status
(P> .56) or (2) IIRC grouping (P> .47). There was, however, were significant correlations
between patient age at diagnosis and (1) number of total SCNAs (/(52) = 0.672, £<.00001)
and (2) number of highly recurrent RB SCNAs (/(52) = 0.616, £< .00001). This evidence
does not support the theory that specific molecular or genomic subtypes exist between
hereditary and nonhereditary RB; rather, the prevalence of genomic alterations in RB eyes

is strongly related to patient age at diagnosis with older children having more intratumoral
genomic instability regardless of RB1 germline status.

Ongoing comprehensive genomic analyses of RB in vivo facilitated by the AH liquid biopsy
demonstrated that, as with other cancers, genomic instability was associated with more
aggressive disease.1% We found that increases in chromosomal instability were associated
with more advanced seeding morphology (ie, cloud vs sphere vs dust, P=.015), later age

of diagnosis (P < .0001), greater odds of an endophytic tumor growth pattern (without
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retinal detachment, 2= .047), and larger tumor sizes with heights > 10 mm (P =.09). We
also identified some less commonly seen alterations, such as 20q gain and 8p loss, which
differed between primarily and secondarily enucleated eyes—including changes in genomic
alterations that were detected in the AH under therapeutic pressure.

Although overall genomic instability appeared to be a poor prognostic biomarker, the
evidence continues to mount for 6p gain as a useful and powerful predictor of significant
intraocular tumor recurrence, most often leading to secondary enucleation due to treatment
resistance. In a 2020 study published in Molecular Cancer Research, with nearly twice the
number of eyes and length of follow-up, we continued to demonstrate with our findings

that 6p gain was a potential prognostic biomarker for aggressive tumor behavior for RB.21
Again, 6p gain was the most prevalent SCNA (50% eyes). It was particularly more prevalent
in enucleated eyes (73.9%) than in salvaged eyes (29.6%; P = .004). 6p gain in AH cfDNA
portended nearly 10-fold increased odds of enucleation (OR =9.87, 95% CI = 1.75-55.65, P
=.009). In the enucleated eyes, 6p gain was associated with aggressive histopathologic
features, including necrosis, higher degrees of anaplasia, and focal invasion of ocular
structures. Other researchers similarly investigated 6p as a marker for aggressive RB and
found that it was associated with severe anaplasia in tumor specimens, significant and
quantifiable changes in tumor staining characteristics, and most concerning, with extraocular
tumor spread.>8

This highly recurrent alteration was not discovered via the AH liquid biopsy. Rather, 6p
gain had long been hypothesized to play a role in RB tumorigenesis beyond loss of RB1.13
We and others have shown that 6p gains often span the entire region of 6p—consistent

with the formation of an isochromosome, in which misdivision at the centromere leads

to abnormal gain of the entire 6p arm in the tumor.>® This isochromosome is the most
common underlying cause of 6p gain in RB and is unique—it is rarely seen in other ocular
malignancies.®® Previous studies of tumor tissue have identified the common region of 6p
gain to 6p22, a central region of the short arm of chromosome 6 that contains numerous
genes.1359-61 The oncogenes DEK and £2F3 have been hypothesized to be the most likely
drivers of RB in this region, as they demonstrate both RNA and protein overexpression in
the setting of 6p gains and promote abnormal cell proliferation when overexpressed.13 59
62 \We also found that £2F3and DEK are almost always included within the region of 6p
gain, regardless of the width of the alteration. Although DEK and £2F3remain promising
RB candidate genes, 6p gains are highly nonfocal in nature and include hundreds of different
genes in addition to DEK and E2F3— making it difficult to distinguish between true driver
genes in this region vs passenger events.13:61.63 |t remains unclear whether a particular
gene (or genes) on 6p is driving aggressive tumor activity, or whether 6p gain is simply a
measurable molecular marker of other underlying processes within the tumor genome.

* WHERE ARE WE?:

The data herein represent the first 26 eyes of 21 patients included in prospective,
longitudinal analysis of the AH liquid biopsy. Tumor-derived cfDNA from the AH was
isolated at diagnosis for complete genomic analysis to include SCNAs, RB1 mutational
analysis, and TFx, which was evaluated longitudinally.
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In terms of diagnosis, this AH platform detected 23 pathogenic RB1 somatic variants

and 2 focal RBI deletions in 19 of 26 samples (73.1%) with a median VAF of 93.2%
(range, 30.5%-100%) (Table 2). Excluding small tumors with low DNA concentration
(groups A and B, < 3 mm tumors), mutational analysis was successful in 18 of 21

(85.7%) eyes. Although approximately 85% is consistent with rates of mutation detection
in the literature,®3 - 64 there are multiple reasons why a mutation may not be detected

in the AH. This includes low quantity of DNA input, difficulty with probes annealing to
cfDNA, particularly in exonic reasons, or that a mutation is not actually present and rather
oncogenesis is due to epigenetic dysregulation via methylation of the promotor, which is a
known driver of RB tumorigenesis in the absence of an £B1 mutation.®5 - 66 This would not
be identified by our current assay (but is planned for future versions). Another possibility
is that a tumor is driven by MycN amplification with intact #BZ; focal MycN gain is
routinely detected via our SCNA assay, thus providing multiple levels of molecular tumoral
information.

Among our cohort, SCNAs were identified in 17 of 26 eyes (65.4%). Not surprisingly,
SCNAs were absent in all group A eyes but were identified in 1 group B eye, 2 of the

4 group C eyes, and 14 of the 16 group D eyes (Table 3, Figure 2). SCNAs were also

absent in the 1 group E eye included in analysis (88_OD); this patient with bilateral disease
was germline B mutation positive. Our diagnostic cohort exhibited more chromosomal
instability in samples from eyes with more advanced disease by IIRC, as previously
described.1® Of the highly recurrent RB-SCNAs, 1q gain was present in 13 of 26 eyes
(50.0%), 2p gain in 5 of 26 eyes (19.2%), 6p gain in 11 of 26 eyes (42.3%), 13q loss in 1 of
26 eyes (3.8%), 16q loss in 7 of 26 eyes (26.9%), and focal Myc/N and MDMA4 gain seen in 1
eye each (3.8%).

In this prospective cohort with a median follow-up time of 33 months, we again demonstrate
that the presence of 6p gain and/or MycN gain was prognostic for intraocular recurrence.
Not surprisingly, the most robust data are for the group D eyes—which are also the most
commonly seen eyes across most US centers and the most common included in this study.
Of the group D eyes, 75% demonstrated aggressive tumor behavior, of which 66.7% had

6p gain in the AH at diagnosis. This is compared with 6p gain in only 1 of the group D

eyes that did not demonstrate an intraocular recurrence and were saved (case 51) (Table 3).
Overall, in this prospective validation study, 6p gain was associated with increased odds of
recurrence or enucleation over time (hazard ratio = 2.95, 95% CI = 1.05-8.34, P=.04).

By iChor analysis, 18 eyes in our cohort had diagnostic TFx values greater than the 10%
threshold. All of the 7 eyes with the diagnostic TFx value below 10% were negative for
whole genome instability, that is, the presence of multiple SCNAs. Five eyes (cases 44_OD,
44 0S, 46, 88_0D, and 88_0S) had high RB1 gene SNV VAF, which is a surrogate of
TFx. However, due to the lack of SCNAs in the diagnostic AH sample, TFx values were <
5% (Table 4, Figure 1). This underscores the need for TFx testing that uses both SCNAs
and RBI1 SNV; however, as the concentration of cfDNA decreases in AH samples during
treatment (compared with diagnosis), mutation analysis is more technically difficult. Of the
eyes with > 10% TFx based on the presence of SCNASs, longitudinal TFx demonstrated a
trend of decreasing TFx in those eye responsive to treatment, with persistence of TFx values
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similar to the diagnostic sample in eyes nonresponsive to treatment. This is illustrated best

in comparing 2 cases. In case 33, the TFx value at diagnosis was 97.0%, and throughout
treatment, the TFx remained elevated at > 90%—this eye was ultimately enucleated after
treatment failure. In case 73, the diagnostic TFx was 41.8%, and the TFx remained
approximately 40% throughout intravitreal chemotherapy with melphalan injection numbers
1 through 4 (A-D), which occurred concurrently with systemic chemotherapy (carboplatin,
etoposide, vincristine (CEV)) cycles 2-6 due to persistent intraocular seeding. After 6 cycles
of CEV, intravitreal injections with a combination of melphalan and topotecan were initiated
(sample F) due to persistent active clinical seeds. Comparing TFx values in the sample

taken immediately before mel/topo injection number 1 (sample F) and TFx in a sample
taken immediately before mel/topo injection number 2 (sample G), there is a significant drop
in TFx, from 55.6% to 6.0%. This correlated with clinical clearance of the active seeds.

The patient’s TFx value continued to decline and was ultimately 0.0% in the most recent
sample collected. This initial lack of decline in TFx correlated with a period of persistent
disease while the stark TFx value drop reflected the eye’s excellent response to mel/topo
therapy, and the subsequent decreasing TFx value trend supports the eye’s ultimate treatment
salvage. Diagnostic TFx values > 40% were associated with seeding recurrence (P = .04),
which suggests that these eyes may benefit from intravitreal chemotherapy; however, more
samples are needed for robust logistic regression analysis. In addition, there is a trend toward
significance both for a TFx at diagnosis > 40% being associated with aggressive disease

and for a TFx < 10% at the end of therapy associated with the complete therapeutic effect.
TFx was more predictive of vitreal disease progression rather than retinal; however, a trend
toward significance was also seen for retinal disease. It may be that vitreous disease is

easier to detect via the AH, or simply that this analysis is limited by sample size. Further
prospective validation is required before clinical implementation of AH TFx in the care of
patients with RB.

Five patients enrolled in this study had a germline pathogenic variant in the RBI gene

and presented with bilateral involvement of RB. Unlike blood, cerebrospinal fluid, or other
liquid biopsy sources of tumor-derived molecular information, the aqueous is specific to the
overall tumor state in each eye.26 This is particularly impactful for patients with bilateral
disease. The overall high TFx in the AH also facilitates deep tumoral analysis of both
SCNAs and RB1 SNVs, or deletions. The simple goal to molecularly define solid tumors
can be impactful.

* WHERE ARE WE GOING?:

From our research, we suggest that the quantity of 6p chromosomal gains in AH may
correlate with RB disease severity. This is similar to uveal melanoma (UM), the most
common intraocular cancer of adults, where increased copy number (ie, higher amplitude
of gain) of chromosome 8q is significantly associated with a worse prognosis.6” In UM,

a gain of 1 copy of chromosome 8q correlates with moderate metastatic risk, whereas
higher amplitude of gain is increasingly associated with worse clinical outcomes. It has
been proposed that in molecular prognostication of UM, there is a role for chromosome
8q quantification; 8q copy number is even used to classify most severe UM disease by the
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Cancer Genome Atlas guidelines.58 Similarly, we propose a future role for 6p quantification
in AH samples for RB disease stratification.

Along with 6p, other biomarkers emerged through AH liquid biopsy analyses. MycN
amplification is another known marker of aggressive tumor activity, specifically described
(from tumor tissue) to initiate RB without loss of the RB protein (RB1 + / +) and usually
seen in young infants with unilateral disease.>° In our analyses of AH, we identified MycN
gain both in the setting of intact #B1 and with /B loss. Regardless of the RB status,
MYCN was associated with aggressive behavior.22

On the basis of extended prospective evaluation of our data,?! we continue to demonstrate an
impactful genomic signature for the risk of intraocular relapse that includes the presence of
either 6p gain and/or focal MycN gain. This signature is prognostic for a 16.8-fold increased
likelihood of treatment failure requiring enucleation. This model is 85.7% sensitive and
73.7% specific for the prediction of intraocular disease recurrence; the positive and negative
predictive values are 54.6% and 93.3%, respectively (P=.02); this is similar to past data on
this model.22

With these data, we now have a clinically available, college of american pathologists (CAP)-
clinical laboratory improvement amendments (CLIA) laboratory—validated assay available
from the Center for Personalized Medicine at CHLA demonstrating the clinical feasibility
of combined targeted and WGS of tumors using a liquid biopsy approach in pediatric

solid tumors.89 We hope that the use of this assay will allow for continued molecular
characterization of this tumor. This is the basis for the National Cancer Institute Pediatric
MATCH trial, to better understand the molecular landscape of pediatric solid tumors, as
well as the potential actionable alterations for personalized therapies.”® 71 In all likelihood,
further prospective analysis of the AH will support a similar goal for patients with RB.

An improved understanding of biomarkers that impact the care of children with RB, such
as 6p and MYCN but also MDMZ2/4, BCOR and other genomic alterations that may be
impactful to a personalized medicine approach. Prospective, longitudinal analysis may

also be impactful to our understanding of treatment resistance. For example, 19q loss has
been noted more frequently in secondarily enucleated eyes that have failed therapy.19 72
The AH liquid biopsy clinical test, which is now routinely available (https://www.chla.org/
center-personalized-medicine), may also be useful in the setting of diagnostic uncertainty
such as when there has been loss of view to the fundus.

Outside of genetics and genomics, the AH liquid biopsy platform is poised to identify

and define other molecular markers for RB such as methylation signatures, 2425, 73
proteomics,’# and extracellular vesicles.”® In addition, AH liquid biopsy plays a role in
disease diagnosis and prognostication outside of RB. Various analytes present in the AH
have been investigated for other ocular cancers including UM76 77 and vitreoretinal
lymphoma,”8 as well as for nononcologic ocular diseases such as age-related macular
degeneration,”® glaucoma,8 and neovascular retinal diseases®! among others. The AH is

a robust source of molecular information for a multitude of ocular conditions, with growing
indications for clinical use.

Am J Ophthalmol. Author manuscript; available in PMC 2024 July 01.


https://www.chla.org/center-personalized-medicine
https://www.chla.org/center-personalized-medicine

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

BERRY et al.

Page 16

The long-term goal of this study has been to identify and understand the clinical impact of
tumor-derived biomarkers in the cfDNA identified in the AH liquid biopsy. This includes
diagnosis of RB (/81 mutations), the prognosis for response to therapy and likelihood of
ocular salvage (SCNAS), pathogenic alterations (SNV) in RB1, and TFx as a biomarker to
monitor intraocular response to therapy longitudinally (TFx). Over the past several years,
we have developed a robust clinical data and specimen biorepository, now with prospective
and longitudinal AH samples, from which we continue to identify novel biomarkers that
may improve our understanding of the mechanisms of aggressive intraocular tumor behavior.
Ultimately, we believe that this research represents a significant step toward a molecular-
based, precision medicine approach for children with RB. Continued prospective validation
of the tumor-derived molecular biomarkers discussed is needed; this has potential to provide
impactful, objective information to clinicians and may not only guide treatment decisions
but also lead to new targeted therapies based on the data generated from this and other
studies in the future.
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FIGURE 1.
Genome-wide somatic copy number alterations (SCNAS) in the aqueous humor (AH) of

retinoblastoma eyes. Schematic heatmap of SCNAs identified via an AH liquid biopsy at
diagnosis. IIRC = International Intraocular Retinoblastoma Classification.
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FIGURE 2.

Retinoblastoma genomic profiles from the aqueous humor liquid biopsy. The diagnostic
genomic profile from each eye is shown; the x-axis shows the chromosomal location, the
y-axis demonstrates the copy number values that are recorded as ratios to the median
(relative to a baseline human genome), with values <0.87 representing copy number losses
and values =1.15 representing copy number gains equal to 20% deflection from the human

genome (red line).
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FIGURE 3.

Progression-free ocular survival over time by biomarker status. Aqueous humor with either
6p gain or MycN amplification (red line) shows reduced progression-free ocular survival
rates over time compared with noncarriers (blue line).

Am J Ophthalmol. Author manuscript; available in PMC 2024 July 01.



Page 24

BERRY et al.

45 e/ € ON SOA OAI aseyds anjebaN (@z10) 0 d S W SO —
45 e/ 4 ON SOA Al isng annefaN (0£10) 3 g S W ao 88
91 B/u 4 ON SOA OAI 1sn@ anirebaN (gzLo)a n 9 W ao 8
81T e/ 1 ON ON Qv abpug asayds anijebaN (az10) a n 8 4 SO €8
1C e/ € ON ON DAl [eunaigns annefaN (ge10) 0 n 4 W SO 8L
114 B/u L ON SOA NI [eunaIgns anipebaN (gzLo)a n 9 W SO 9.
154 /U € ON ON OAI [eunRIgNS anirehaN (gz10) 0 | 4 4 so —
1C e/ 4 SOA ON DAl 8UON anijebaN (at10) g g 4 4 ao V.
44 B/u 91 ON SOA OAI pnojo aniefaN (gzLo)a n Ge W SO €L
A L T SN ON Al pnoio 3AINSOd (gzL0)a | V4 4 so —
ve e/ 1 ON ON DAl aUON annIsod (VTLO) v g V4 4 ao 2L
€e B/u T ON ON Jasen 3UON 3AINSOd (VTLO) v | [ W SO —
€€ /U T ON ON Jasen BUON 3AINSOd (VTLO) Vv | [ W ao oL
6¢ 14 [ SOA ON ovI isng annefaN (gz10) a n ve N SO 19
Ge 6 g ON SOA ovi pnojo annebaN (gzLo)a | 4 4 SO 99
aJayds
ve 0 4 e/u e/u ad ‘pnojo anijebaN (gz10) a n ve W SO 59
9 /U T ON ON OAI asayds anipelaN (gzLo)a | ST 4 ao )
8¢ g € ON SOA ovI asayds anijebaN (az10) a n ve e} S5
114 e/u € ON ON ovI Isn@ annefaN (gz10) a n 0g W ao ]
Ly T T EIN ON o] pnojo annebaN (gzLo)a n 81 W ao 8y
9 e/ v ON SOA OAI asayds anjebaN (az10) a n 6T 4 @o Ly
L€ e/ 14 ON ON DAl aUON aniebaN (wz10) 0 n S W SO o4
95 /U T ON ON OAI 3UON anielaN (gzLo)a n 8 4 ao S
a§ e/ 1T SOA SOA OAI Isn@ annefaN (gz10) a g v W SO —
G§ e/ 14 ON ON DAl 8UON aniebaN (at10) g g 4 W ao 44
Ly g S ON SOA ovI asayds anipelaN (gzLo)a n 44 W SO 25
(ow) (ow) BquNN Xa ‘ad (ow)
Xa wol4 uolresonug a|dwes £90UB 1IN30Y £90UD 11NJ8Y Juawires | 1e Buipses Jo KJoSIH (WNL) Xa al
dn-mo| o4 o}awiL [elol feuiy Buipses feniu| SNOS A Kjiwred oYl Auerr preby x5  of3 ased

Author Manuscript

wedionied Apnis yoe3 Joj sesino) annadelay ] pue ‘sainyead [ealul]d ansoubelq ‘solydesbowsq [ealund

‘T31avl

Author Manuscript

Author Manuscript

Author Manuscript

Am J Ophthalmol. Author manuscript; available in PMC 2024 July 01.



Page 25

BERRY et al.

‘|essIe[IuUN = ) ‘S8SEISEISW ‘S3POU ‘IoWN) = |AIN.L ‘ewolse|qounas = gy ‘uolresjonus Arewrd
=34 ‘a1qed1|dde Jou = e/u ‘Adesaylowsyd sNoUSARIUI JIWRISAS = DA ‘UOIRIIIISSE|D BLIOISR|qOUIISY Je[ndor.iu| [euoeuIBIU| = DY || ‘Adessylowsyd [erisLe-enul = D] ‘sisoubelp = X ‘[esame)iq = g

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Am J Ophthalmol. Author manuscript; available in PMC 2024 July 01.



Page 26

BERRY et al.

10 ¥'L6—0'€6 1€2 'L€C S'L6 1< 2JTS.LD - -
T0 8'19-1'9¢ ST 'se 6'ch 1<0¢/.0T2 — —
T0 6'€5—0'0€ G2 '9S 9vv [3pE8T 281D anIrebaN 9L
ST - A A7 00T V<OT+GTCT 0 V< OT+GTCTO SO v/
7T - an anN anN V< OT+GTCTO ao v
8¢ ¢'L6-9'/8 /8 '68 8’6 19PEEET G-EEET™D anIrebaN €L
999 - vz 've 00T V< OT.G9 1<066ET SO ¢
an — anN an an 1<D66€T2 ao z.
S0 - aN aN aN 0<9T +209°0 SO 0L
anN - anN anN anN 0<9T +2099 ao oL
50 L'6Y-€'6€ £9'65T 9'6¢ dnpTo8T ¥6.T2 — —
S0 0'€5-0'9€ Zr'voT oy 13p620T 820T"2 anIrebaN 19
A%14 Y Ly—¢'0c 8T '6S §'0e O<DOC9ETD - —
14%14 ¢'69-9'8E | Arag 0'0S 1<908€ 9<0 29ET 99
0ve ¢9.-6'¢ 29 €¢ee dnpogee o - -
0ve €86—9'0¢ v'9 L'99 I3PO6ST 68GTD annebaN <99
B/ — — — uonsjep ausb 7g  /Z—g Suoxa Jo uonsjep snobAzolereH 9
B/U 0'85-0'€E 62 'TL 8'0r V<OT+STCT O - —
B/U Y'e¢L-€ce €1 '0¢ ey dnpg9go annebaN i
’/U — — — beT J0 sso aniebaN 15
v - aN aN aN aniebaN 8y
0€ L'66-T'€L 62 '1¢ G'€6 1<08560 annebaN A4
S0 1'86-€'€6 LS€'65€ ¥'66 1<O€9ET aniebaN 14
90 0°00T-5'S6 €zeoge 6'L6 V<OT-¢er1d anIrebaN 14
— — — — uonajap auab rgy — —
€ L6616 GE6 ‘LV6 1’86 1<0999T9 1<0999T1°0 SO ¥
1 8'08-9'€S £V 'v9 ¢'L9 1<0999T9 1<099912 ao
¥'E 0°00T-0'66 756 ‘.56 L'66 V<9T +G¢€¢0 aniebsN €e
(/Bu) vnasp 1D %56 Speay poellV 'speay [eI0L  dVA %  SluelleA T9Y HY welreA Tad YNab lele|ig y19hk3 alesed

Author Manuscript

sajdwes JownH snoanby ansoubeig 9z |V 104 SUOIRNUSIUOD WYNQ 9844-]|3D puUe SIUBLIBA T4 dluaboyred

‘¢31avl

Author Manuscript

Author Manuscript

Author Manuscript

Am J Ophthalmol. Author manuscript; available in PMC 2024 July 01.



Page 27

BERRY et al.

‘Rousnbauy a[a][e eLIRA = 4\7A ‘Pe10sIap 10U = QN ‘8]qe|IeAe 10U = &/u ‘YN d1woush = wNaB ‘wYNQ papues-ajgnop = NQsp ‘Jowny snosnbe = Hy

€0 €96-¢.8 69 ‘vL 76 dnpgeeT ™o dnpgeeT™d SO 88
90 — €9 €9 00T dnpg6eT o dnpgeeT o ao s8
70 — an anN anN aniehaN 8
S0 — aN an an EAEGEIN €8
7’0 8'86-T'06 7 ‘2 9'/6 1<0856' 1<0856' 8L
(M/BU) YNGSP 1D %S6  Speay pol|v 'speay [eI0L  dVA %  SIUelReA T9YH HY uelieA TG YNAb [eoe|ig J19k3 alesed

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Am J Ophthalmol. Author manuscript; available in PMC 2024 July 01.



Page 28

BERRY et al.

‘paniodal ale suona|ap auah 7/ 1890} Se [|aM Se ‘LG PUR NIAYY Jo suolrealyljdwe [eaoy ‘bt ‘beT 4o ssoj ‘dg ‘dz ‘bT Jo ureb :swNDS gy Jo :o:_ccmom

“BLIOISEIQOUNSI = gY ‘onsoubeIp = XA

anirebaN
aniebaN
aniebaN
aANIsod
aAnIsod
8ANISOd
aANIsod
aAnIsod
8ANISOd
aANIsod
aniebaN
aniebaN
anirebaN
aAnIsod
8ANISOd
aANIsod
aniebaN
8ANISod
aANIsod
aAnIsod
8ANISod
aniebaN
aniebaN
aniebaN
anirebaN

aAIsod

bt Jo ureo
bt Jo ures
boT J0 ssoj ‘dz ‘b1 Jo ureo

bgT 0 ssoj ‘b7 Jo ureb ‘uonesyijdwe LGN 12904
b9t 40 sso| ‘bT jo uren

bt Jo ures
boT J0 ssoj ‘dz ‘b1 Jo ureo
dz ‘bt jo uren
uona|ap auab rgy
boT 40 sso| ‘b Jo ures
bot ‘beT Jo ssop ‘dz ‘bT jo ures
bt 40 ueb ‘uorrearyrjdwe \oApy 12204
dz ‘bt Jo ures

uonajap auab gy

boT 40 ss0] ‘bT jo ure

107
S0'T
107
01T
01
¢0'¢
¢ST
or'T
01T
00T
0T
107
€07
ST'e
167
18¢C
66'0
81T
[4<y4
Tl
4
107
0T
107
[4o
8Y'T

anebaN
anebaN
anebsN
anebaN
anebaN
ureb Adoonnin
ureb Adod T Ajerewixoiddy
ureb Adod T Ajarewixoiddy
annebsN
anebaN
anebaN
annebsN
anebaN
ureb Adoannin
ureb Adod T Ajerewixoiddy
ureb Adoaninin
anebaN
ureb Adod T Ajerewixoiddy
ureb Adoaninin
ureb Adod T Ajarewixoiddy
ureb Adod T Ajerewixoiddy
anebaN
anebaN
anebsN
anebaN

ureb Adod T Ajarewixoiddy

[A
'S
€9
6've
9'€T
A7)
T'9¢
§'6E
8Ty
T¢L
0Te
0
TTT
6'SY
028
0'6e
¥'8¢
1414
6Ty
Tt
L'ce
L9
8'TT
4>
oy
026

SO 88
do 88
8
€8
8.
9L
SO v
ao v.
€L
SO ¢
ao e,
SO oL
ao oL
19
99
59
9
S5
16
8
Ly
o
S
SO
ao w
€€

AN|10RISU | BWOUBD B10U M

SVYNJIS gd BYlo

dg ueips |\ 01017y

uoireoy|dwy d9

(%) xd1L Xa remewe|gyehg alesed

sajdwes JownH snoanby annsoubelq 9z |1 104 sanjeA (X41) uonaeld Jown] pue (SYNDS) suoneialy JaqunN AdoD onewos

Author Manuscript

‘€31avl

Author Manuscript

Author Manuscript

Author Manuscript

Am J Ophthalmol. Author manuscript; available in PMC 2024 July 01.



Page 29

BERRY et al.

Author Manuscript

passalbay 9'6€ 14 ¥ OUAI
passaibay X°)4 S € DUAI
passalbay oy € 2 JUAI
passalboid €6 6 T JUAI
uoleUIWEXS BUl[aseg 8Ty — xa €L
passalboid T¢e 14 3s
uoljeulWwexa auljaseqg 6'St — xa 19
passaifoid 9ve 14 ¥ OUAI
passalbay ¥'€9 14 € JUAI
passalbay T€6 S 2 JUAI
passaifoid G566 14 T JUAI
uoleUIWEX? BUl[aseq 0.8 — xa 99
passalboid 9Ly 14 3s
passaibay 89y 8 T JUAI
uoleUILEXa auljaseqd VA 14 — Xa qS
passalbay TR 414 (e \E]
passalbay 'S A pus v
uoleUIWEX? BUl[aseq 6TV — xa 18
passaibiey (14 4 € JUAI
passaifoid [y} 4 2 JUAI
passaifoid 9 14 T OUAIL
uolreulWweXxs auljaseg 122 — xXa Ly
passaifoid 06 € s
passalbay ¥'.6 14 € JUAI
passalbay 106 4 2 JUAI
passaifoid 0'v6 7 T OHAIL
uoljeUIWEX? BUl[aseq 0.6 — xa €e
ssuodsoy onnede oyl (%) X4l  (m)9|dwes sewoldawil  Bulwilsdwes [elie|ig y1akg alased

v 31avl

Author Manuscript

sa|dwes 810N 10 Z pue 940T UBYL JaTealo) sanjen
uonoel4 lown] JownH snoanby ansoufeld Yl Sluailed ||V 104 uolew.ou] [eatul]) Buipuodsalio) pue sanjeA (X41) uonoei4 sowny Jeuipniibuo

Author Manuscript

Author Manuscript

Am J Ophthalmol. Author manuscript; available in PMC 2024 July 01.



Page 30

BERRY et al.

passaifioy 8'8
passaiboid L'S
passalfisy €
uoleUIWEXa dulfaseq Y9
passaifiay 8¢
passalfisy e
uoleUIWEXa dulfaseq 9€T
passaifiay ov
passalfiay 00
passaifioy L¢
passaifiay 8'8
passaiboid L'S
passaifioy €7¢
uoleUIWEXa dul[aseq Y9
passalfiay 9L
uoljeulwexs auljaseg T9¢€
passaifiay 00
passaiboid 00
passaifioy LT
uoleUIWEXa dul[aseq G'6E
passalfiay 00
passaifioy 90
passaifiay €q
passalfiay L'S
passaifioy 66
passaifiay S8
passalbay 0.2
passaifioy 66
passaiboid 09
passaiboid 9'sS
passalbay L'Ey

N = AN = &N N =S N

<

€

Z ONAI
T ONAI
pua DA

Xxa
an3
pua DA
Xxa
S ONAI
¥ OUAI
€ ONAI
Z OWAI
TOUAI
puz OAI
xa
puz OAI
Xxa
an3
703
pus DA
xa

ST DUAI
¥T OVAI

€T ORIAI

ZT DUAI
TT OVAI
0T OWAI
6 OUAI
8 ONAI
LOWAI
29 OUAI

pus JAI/S DHAI

9L

8L

9.

SO ¥

ao v.

asuodsay onnedeoyl (%) x41

(31m) a|dwres 1se7 Wo .4 awi |

Buiwiy sidures  ele|lg Jy19k3 Q| eseD

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Am J Ophthalmol. Author manuscript; available in PMC 2024 July 01.



Page 31

BERRY et al.

‘Adelaylowayo [ealliARIIUI UOITRUIGUIOD Uejeyd]aw pue aselswosiodo) Jo uonenul,

*UOI1981Y JOWN] = X4 ‘UOIEs|oNua

Alepuodss = 3§ ‘90UaLIN0al [eunial = D3y ‘Adessylowsyd [eaiaenul = DUA| ‘Adessylowsyd snousAeul I1WRISAS = DA ‘Adesayiowsyd [eLislie-enul = Dy/| ‘JUsWIesal) Jo pus = dNJ ‘onsoubelp = XA

Author Manuscript

passalboay 8'e
passalfiay '
uoljeUIWEX3 Bul[aseq 9€T
passalboay oy
passalfiay 00
passalbay 12

T¢

[4
1%

anN3g
pus JAI
Xa
S OHAI
¥ JUAI
€ DHAI

8.

asuodsay onnedeoyl (%) x41

(31m) a|dwres 1se7 Wo .4 awi |

Buiwiy sidures  ele|lg Jy19k3 Q| esed

Author Manuscript

Author Manuscript

Author Manuscript

Am J Ophthalmol. Author manuscript; available in PMC 2024 July 01.



	Abstract
	METHODS
	• PATIENT, SAMPLE, AND MULTISITE CHARACTERISTICS:
	• SPECIMEN COLLECTION AND STORAGE:
	• AQUEOUS HUMOR CELL-FREE DNA ISOLATION AND LIBRARY CONSTRUCTION:
	• DETECTION OF PATHOGENIC SOMATIC RB1 VARIANTS FOR MOLECULAR DIAGNOSIS (SINGLE-NUCLEOTIDE VARIANTS):
	• WHOLE GENOME SOMATIC COPY NUMBER PROFILING OF AQUEOUS HUMOR SAMPLES FOR MOLECULAR PROGNOSIS (SCNAS):
	• DETERMINATION OF CELL-FREE DNA TUMOR FRACTION IN THE AQUEOUS HUMOR:
	• CORRELATION OF TUMOR FRACTION AND CLINICAL OUTCOMES:
	• DEMOGRAPHICS AND CLINICAL DATA:
	• STATISTICAL CONSIDERATIONS:

	RESULTS
	• PARTICIPANT DEMOGRAPHICS AND CLINICAL OUTCOMES:
	• AQUEOUS HUMOR LIQUID BIOPSY: DIAGNOSTIC CONCENTRATION AND RB1 PATHOGENIC VARIANTS:
	• AQUEOUS HUMOR LIQUID BIOPSY: DIAGNOSTIC SCNAS:
	• AQUEOUS HUMOR LIQUID BIOPSY: PROGNOSTICS FOR INTRAOCULAR RECURRENCE:
	• AQUEOUS HUMOR LIQUID BIOPSY: TUMOR FRACTION AS A PREDICTOR OF DISEASE PROGRESSION:
	• CONCORDANCE WITH MATCHED TUMOR:

	DISCUSSION
	• WHERE HAVE WE COME FROM?:
	• WHERE ARE WE?:
	• WHERE ARE WE GOING?:

	References
	FIGURE 1.
	FIGURE 2.
	FIGURE 3.
	TABLE 1.
	TABLE 2.
	TABLE 3.
	TABLE 4.

