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There is significant potential clinical utility for the application of a liquid biopsy platform
for retinoblastoma, given that direct tumor biopsy is prohibited in these patients.
The aqueous humor (AH) forms in a separate compartment from the tumor but is
enclosed within the same ocular space. Thus, it is an enriched source of eye-specific
tumoral genomic information that can be used as a liquid biopsy or surrogate to tumor
biopsy for this disease. This manuscript details a methodology for safely extracting
the AH from retinoblastoma eyes via clear corneal paracentesis. Additionally, the
steps for genomic analysis, including cell-free DNA isolation and purification, next-
generation sequencing, somatic copy number alteration (SCNA) analysis, RB1 single
nucleotide variant (SNV) mutation identification, and tumor fraction estimation are
presented. The pre-analytical, analytical, and early clinical validity of the AH liquid
biopsy platform have been evaluated; however, it is not without limitations. These are
largely a consequence of the quantity of cell-free DNA that is required for certain steps
of the assay. Compared to other blood-based liquid biopsy platforms currently under
investigation for retinoblastoma, an AH-based platform is limited by the volume of
biofluid (and thus the quantity of DNA) that can be extracted from the eye; the benefit
is that AH is eye-specific. The platform discussed here is unique in that it detects
circulating tumor DNA in the AH via two mechanisms (SCNAs and RB1 SNVs), yielding
a higher sensitivity for identifying tumoral genomic information. The AH liquid biopsy
has the potential for direct clinical application to precision oncology for retinoblastoma

patients, with particular importance for patients with bilateral disease as the AH is
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specific to the tumors in each eye. There is ongoing research with applications of this

platform to patients with other ocular tumors as well.

Introduction

Retinoblastoma (RB) is a rare and unique cancer. While it is
the most common primary intraocular malignancy that forms
in the developing retina of infants and toddlers, there are only
about 7000 cases in the world annually, and approximately
250—300 of these are in the United States. Although patient
survival approaches 98% in developed countries', ocular
survival for advanced eyes, which are clinically classified as
International Intraocular RB Classification (IIRC)2 Group D/
E or AJCC cT2b/3, is far lower. Many of these advanced
eyes are enucleated either primarily (as first treatment) or
secondarily (after failed attempts at globe salvaging therapy).
In the current clinical practice of ocular oncology, there
are no tumor-derived, eye-specific molecular biomarkers
that are currently used clinically to assist in the diagnosis,
prognostication for eye survival, or treatment monitoring of
patients with RB. This is due, in large part, to the fact
that tumor tissue is only available for molecular and genetic
analyses from enucleated eyes because direct tumor biopsy
in RB is prohibited due to concern for extraocular tumor
spread3’4'5’6’7’8'9. Because of this prohibition, previous
retrospective studies on RB tumor genetics and their clinical
correlations were restricted to the analysis of tumor tissue
obtained from enucleated eyes onlym'11 12,13 Therefore,
there has been a lack of objective tumor-derived molecular
data available at diagnosis and throughout eye salvaging
therapy. This has limited not only the understanding of in
vivo tumor biology and the ways in which these tumors

change on a molecular level throughout therapy but also the

ability to develop personalized, eye-specific, genomic-based

treatment plans for these young cancer patients.

Aside from the prohibition of biopsy, another unique aspect
of this cancer is that most tumors are initiated by bi-allelic
loss of the RB71 tumor suppressor gene, which modulates
the cell cycle. The developing retina is exquisitely sensitive
to this loss. In 60% of patients, this bi-allelic inactivation
of the RB71 gene occurs in the retina only as somatic
loss and results in unilateral disease. However, in 40% of
patients, the initial RB7 mutation happens in the germline,
followed by a second 'hit' in the retina. In these children,
there are often multiple tumors affecting both eyes. Finally,
a very small subset (<2%) of tumors seem to be driven by
MYCN amplification without mutations in the RB7 gene. While
MYCN-driven tumors almost universally fail treatment and
require enucleation, there is currently no clear, objective way
to identify this aggressive tumor subtype at diagnosis14'15.
Furthermore, monitoring of intraocular RB tumor activity relies
almost exclusively upon imaging and clinical observations
of each eye by the treating ocular oncologist. There is no
gold-standard objective, quantitative means of diagnosis,
prognosis, or way to monitor eye-specific tumor dynamics
throughout treatment. Because of these unique limitations for
RB, the prospect of a liquid biopsy platform for this cancer
is enticing. Liquid biopsies utilize bodily fluids to isolate and
sequence cell-free DNA to determine if it is tumor-derived,
known as circulating tumor DNA (ctDNA). While serum is
researched for other cancers, RB ctDNA that is found in

the serum is not eye-specific, which has clear limitations
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for the 40% of patients who suffer from bilateral disease.
Additionally, it has only been described in the setting of
advanced intraocular or metastatic disease, generally with a

low tumor fraction (<5%)16.

In an effort to address these real clinical problems facing
patients and families, in 2017, we demonstrated that aqueous
humor (AH, the clear fluid in front of the eye), is a high-
yield source of ctDNA that can be used as a liquid biopsy
—or more so as a surrogate to tumor biopsy—to evaluate
RB!7:18.19  Wwith over 200 samples to date, ctDNA in
>95% of samples wasidentified, including less advanced
IIRC Groups A, B, and C eyes, as well as genomic
differences between eyes in bilateral patients18’19. This
DNA can be safely and effectively isolated for detection
of relevant molecular biomarkers in eyes that are actively
undergoing treatment or treatment-naive'®:20:.21 The AH
liquid biopsy platform can also be used to identify the
diagnostic RB171 pathogenic variants or primary MYCN

amplification that initiates tumorigenesi321'22

. Importantly,
we have identified a prognostic molecular signature—the
presence of chromosome 6p gain with an amplitude of 21.5 to

the median or focal MYCN amplification—which is associated

with a 16.5 increased likelihood of loss of intraocular tumor

control requiring removal of the eye'8.20.21

. Finally, it has
been demonstrated that changes in ctDNA tumor fraction
(TFx) in the AH correlate with the therapeutic response
as higher levels are correlated with active disease, and
decreasing levels are associated with positive treatment
response23. Given these applications and their potential
clinical utility, we wanted to delineate the methodology
for AH biopsy and evaluation. This includes clear corneal
paracentesis for sample acquisition and the protocol for
genomic analysis, specifically cfDNA library construction and

sequencing, SCNA amplitude determination, RB1 pathogenic

variant identification, and TFx calculation.

Protocol

This research is conducted under Children's Hospital Los
Angeles and University of Southern California Institutional
Review Board approval, and it adheres to the tenets of the
Declaration of Helsinki. Written informed consent is always

obtained from the legal guardians of all participants.

A schematic for the AH liquid biopsy workflow can be seen

in Figure 1.
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Figure 1: Workflow for the AH liquid biopsy to accompany the protocol described herein. EUA, exam under

anesthesia; LBX, liquid biopsy; cfDNA, cell-free DNA; CNA, copy number alteration; TFx, tumor fraction; IVM, intravitreal

melphalan. Please click here to view a larger version of this figure.

1. Surgical procedure:

NOTE: This procedure is performed during routine
examination under anesthesia (EUA) for clinical evaluation of
patients with RB. The paracentesis procedure to extract AH
should only be done by a trained ophthalmic surgeon who has

completed standard training in ocular surgery.

1. Patient selection and inclusion criteria are as follows.

1. Ensure that the chamber is formed and clear
without shallowing from the tumor, synechiae, or a
cataractous lens.

NOTE: In some advanced eyes, the chamber is too
shallow at diagnosis to safely extract the AH. In
these cases, it is recommended to wait until after the

first cycle of systemic or intra-arterial chemotherapy.

2.

Once the main tumor shrinks, the chamber generally

deepens, which allows for a safe approach.

2. Ensure that there is a clear view of all structures

and that the pressure is <22 mm Hg so that there is
no rapid shallowing of the chamber due to pressure
dynamics. This is true for all time points, but

particularly critical when AH is taken at diagnosis.

3. Ensure that there is no direct involvement of the
anterior segment by the tumor, which is evaluated by
direct visualization and ultrasound biomicroscopy.
This inclusion criterion is usually identified during

EUA.

Once the patient has been deemed appropriate and

consented, bring the patient to the operating room. Allow
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the attending anesthesiologist to initiate anesthesia as is

routine for EUA for the clinical care of patients with RB.

Once the patient is intubated and sedated, and all clinical
examination, imaging, and any local therapeutic needs
(e.g., laser or cryotherapy) pertaining to the EUA are
complete, extract the AH for the liquid biopsy platform.
Prepare and drape the eye in the usual sterile fashion.
This can be completed by the circulating nurse or the

operating surgeon.

1. Prior to the EUA, place the dilating drops routinely
used at the institution for an EUA in the surgical eye.
NOTE: Here, combination eye drops consisting of
2.5% phenylephrine, 1% cyclopentolate, and 1%
tropicamide are used. However, whatever standard
drops are used for dilation for EUA are sufficient; the
eye does not have to be dilated simply to extract the

AH.

2. Place 5% betadine drop in the surgical eye and apply
it using a sponge starting from the center and moving
peripherally. Include superior and inferior eyelid
margins in the surgical preparation. Complete the
surgical preparation using betadine three times, and

then wait at least two minutes before proceeding.

3. Place a sterile blue towel over the patient's head and
tuck it under the head to keep it from falling. Dry
the eyelashes and periorbital area with a sterile blue

towel or gauze.

4. Letthe operating surgeon scrub in, don a gown, and

don gloves.

5. Coverthe patient with sterile blue drapes, leaving the
surgical eye exposed. Place a sterile lid speculum

for optimal visualization of the sterile field.

NOTE: Additional topical anesthesia is not required
at our institution as the child is under general

anesthesia for the EUA.

6. Perform time out according to institutional protocol.
Here, an initial time out is done for the EUA and
a second time out to verify the eye(s) prior to the

procedure.

Using an operating microscope, perform a clear corneal
paracentesis with the extraction of 0.1 mL of AH with a

32 G needle on a 1 cc syringe.

1. Prior to starting the procedure, wet the eye
with a sterile balanced salt solution (each mL
containing sodium chloride 0.64%, potassium

chloride 0.075%, calcium chloride dihydrate 0.048%,

magnesium chloride hexahydrate 0.03%, sodium

acetate trihydrate 0.39%, sodium citrate dihydrate

0.17%, sodium hydroxide and/or hydrochloric acid

(to adjust pH), and water for injection) to maintain

corneal lubrication; this is a standard commercial

preparation.

2. Ensure the 32 G needle is luer-locked to the 1 cc
syringe and that there is no pressure in the syringe
(by moving the plunger of the syringe in and out

several times before use).

3. Afterward, pass the needle through the clear cornea
at the limbus (perpendicular to it, as is standard for
paracentesis) and stay within the anterior chamber

over the peripheral dilated iris.

4. Keep the needle tip bevel up anterior to the iris
under direct visualization via the microscope during
extraction. If preferred, stabilize the eye with 0.12

forceps as the needle passes through the cornea.
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NOTE: There should never be contact between the
needle tip and any ocular structure; it should remain

over the peripheral iris in the mid anterior chamber.

5. Extract 0.1 mL of AH. Manipulate the syringe plunger
with the surgeon's non-dominant hand (but with
practice) or by a trained assistant without moving the
needle. Do not lose direct visualization of the needle
tip. Prioritize the anatomy of the eye and take less
AH if necessary to ensure that the chamber remains

formed.

After extraction, gently remove the needle from the
anterior chamber. Ensure that the chamber remains
formed but slightly shallow; the pressure will be soft but
physiologic. Once the needle is removed from the eye,
bathe the eye copiously with sterile water; sterile water
is preferred over a balaced salt solution at this step as a

safety measure because water lyses cells.

1. Examine the needle site for any leakage. If there is
leakage, use a cotton tip applicator to apply gentle
pressure at the injection site for 30 seconds before
checking again for leakage. Repeat the process if
needed.

NOTE: Use of more invasive methods to stop any
leakage were never needed with this approach.
Sometimes this procedure is followed by intravitreal
injection of chemotherapy; for this methods paper,
the protocol focuses on AH extraction as a primary

procedure.

Once there is no leakage, the procedure is considered
complete. Remove the sterile drapes from the patient and

clean the betadine from the face.

Carefully remove the needle tip from the syringe, use a
sterile cap to close the sample via luer lock to not lose
any sample, and label the syringe appropriately.

NOTE: This should be done by the clinical research
coordinator or the surgeon while the child is being

extubated.

1. After specimen extraction, store the sample in a
capped syringe at -80 °C; samples can be placed on
dry ice to transport to an appropriate freezer from the

operating room.

Place a single drop of antibiotic eyedrops per surgeon
preference onto the surface of the surgical eye before
the patient is sent to recovery. Here, combination steroid-

antibiotic eyedrops are used, and the eye is not patched.

Once the procedure is complete, the attending
anesthesiologist ensures proper extubation. Bring the

patient to recovery.

1. Discharge the patient to home following institutional

postoperative protocol.

2. Inform the patient that the eye need not be covered

with any bandage or a protective covering.

3. Inform the patient not to completely immerse their
head in either a bath or swimming pool for 24 hours,
and the parents not to rub the patient's (child) eye;

there are no other limitations on patient activity.

4. Inform the patient that he/she/they are unlikely to
have pain from the paracentesis but could have
pain from associated procedures during the EUA.
The patient may take acetaminophen or ibuprofen
in case of any discomfort, as suggested by the

surgeon.
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2. cfDNA isolation and purification

1. Perform DNA isolation and processing within 72 hours of

AH extraction.

2. Thaw AH at room temperature. Check the sample
frequently and move toward extraction immediately after

thawing is complete.

3. Extract cfDNA from AH and elute it into 50 uL of AVE

solution (included in kit) using the cfDNA isolation and

1. Use 1 pL of the extracted DNA each for
DNA quantification assay and size profiling assay
(see Table of Materials) per the manufacturer's
protocols.

NOTE: Peak should be around 300 bp. If it is shorter
than 150 bp, the sample has been compromised.
See Supplementary file 1A for an example of a
sample that should pass QC and Supplementary

file 1B for an example of one that should not.

purification kit (see Table of Materials for details) perthe 4, Somatic copy number alteration (SCNA) data

manufacturer's instruction manual.

3. Next generation sequencing (NGS) and quality 1.

control (QC)

1. Construct the DNA libraries for sequencing using the

DNA library sequencing kit (see Table of Materials) per

the manufacturer's instruction manual. Amplify the library 2.

DNA with 14 cycles of polymerase chain reaction (PCR)

3.
as detailed in the DNA library sequencing kit manual.
NOTE: Final libraries can be stored at -20 °C up to 1
month before final sequencing for genomic analysis.
2. Sequence the DNA libraries on the NGS platform (see 4

Table of Materials) per the manufacturer's protocol
following single-end 50 cycles or paired-end 150 cycles
protocol.

NOTE: Other NGS platforms will work in principle
(although not tried here), with suitable adaptors for the

sequencing flow cell.

3. Perform QC for any AH samples that were taken at the
time of diagnosis or primary enucleation.
NOTE: QC cannot be performed for samples taken at
other time points as the DNA mass will be too low and

out of the detection range for the steps described below.

analysis

Map the reads obtained from NGS (section 3) to the
human genome (hg19, Genome Reference Consortium
GRCh37, University of California Santa Cruz Genome

24,25

Browser database) with an aligner.

Remove the PCR duplicates (samtools rmdup2®).

Normalize for guanine-cytosine content by computing
the percentage of guanine and cytosine bases in each

bin from the reference genome. A sample program is

described in Baslan et al.2” .

To obtain DNA segment copy numbers, divide the
genome into 5000 variable-length bins and then calculate

the relative number of reads contained in each bin.

1. Use reference-free log2 ratios to determine copy-
number estimates. Take the median window count

of normal autosomal chromosomes.

2. Perform segmentation wusing circular binary

segmentation with DNAcopy (Bioconductor28).

3. Define SCNAs as positive at 20% deflection from
baseline (log2 ratio = 0), meaning losses at log2

ratios < 0.2 (ratio of 0.87 or lower defines a deletion)
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and gains at log2 ratios = 0.2 (ratio of 1.15 or higher
defines an amplification).
NOTE: These thresholds are consistent with

previously established liquid biopsy analyses27’29.

5. RB1 mutational analysis of AH samples

1. Further, amplify the whole genome libraries to 500
ng each for capture-based targeted NGS for mutation

detection per manufacturer's protocol.

2. Perform NGS platform paired-end 150 bp or 50 bp single-
end sequencing on the captured libraries to >100x per

manufacturer's protocol.
3. Process the NGS data. In this study, an in-house pipeline
based on the bcbio pipeline at the CHLA Center for

Personalized Medicine is utilized30.

1. Trim the raw fastq data off adaptors and low-quality
bases with Atropos31 and align to human GRCh37

reference with BWA-MEM and NovoAlign (v3)32'33.

2. Mark duplicates with FreeBayes34 and then
determine the germline variant.
NOTE: In FreeBayes variant calling tools, each
position of the sample genome is compared to
the reference genome and the allele counts are

mathematically modeled to obtain the genotype

likelihood measures34.

3. Conduct variant annotation with Ensembl Variant
Effect Predictor (v96)35 following steps 5.3.4-5.3.5.

4. Use VarDict to determine somatic variants in the AH

or tumor without the paired normal blood sample

(i.e., blinded to germline variant)36.

5. Call loss of heterozygosity if a region's continuous
variants have <3% alternative alleles.
NOTE: Commercial genomic analysis software can

also be used with the parameters indicated above.

6. Determination of cfDNA TFx

1. Estimate TFx for each sequenced AH cfDNA sample
using ichorCNA software (CNA-based TFx estimation
software)37 .

NOTE: This is the standard software used in blood-based
liquid biopsies for determining cfDNA TFx38. The use of

the software on AH has been previously published21 23,

2. Individually review the genomic profiles and

corresponding TFx solutions to verify that the TFx

estimate for each sample is appropriatesg.

Representative Results

Comprehensive results from two eyes (cases 33 and 47)
are presented below. The case numbers remain consistent
with prior publications for comparison purposes18’20'21 . The
treating physicians were blinded to the results of the AH
liquid biopsy during therapy. All treatment decisions were
non-randomized and made per routine standard of care that
has been previously published40'41. Clinical outcomes data
remained separate from genomic data until final analysis.
Raw data from the results presented are available on request
from the corresponding author. Due to NIH funding, the data
is governed by NIH genomic data sharing policy and will be
available to other researchers via a controlled-access NIH

designated data repository (dbGAP) in the future; it is also

available via request from the corresponding author.

Cases 33 and 47 are both IIRC Group D2 eyes that had very

similar clinical presentations. Thus, they were treated with
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globe salvaging therapy at the parents' decision and treating
ocular and medical oncologists—specifically with systemic
chemotherapy for case 47 and intra-arterial chemotherapy for
case 33. Based on currently accepted clinical prognostication
that relies on the IIRC group of the eyez, the predicted
success of globe salvage for the eyes of these two patients
would have been the same: 65%-70% for Group D is
an average, although this varies by treatment center??.
However, based on the Group D data collected thus far from
tumor-directed molecular profiling at this center, the predicted
success of globe salvage would be 72% for case 47 (without
6p gain identified in the AH) and 9% for case 33 (with 6p gain

identified)18'20‘21 . This is demonstrated below.

Case 47 is an example of an eye with successful SCNA
and SNV detection using the AH liquid biopsy platform at
the time of diagnosis, along with TFx trends corresponding
to treatment response longitudinally. The patient is a female
who presented at 15 months of age with a 14 mm x 9 mm
IIRC Group D, stage cT2b RB with sphere vitreous seeding.
She was negative for RB1 germline mutation as determined
by routine clinical serum leukocyte testing. From the AH,
RB SCNAs 1q gain and 6p gain were identified in the AH
at diagnosis, in addition to two other non-highly recurrent
RB SCNAs 7p loss and 13q gain (Figure 2). Of note, the
amplitude of 6p gain was 1.2, and only amplitudes of =2 1.5
ratio to the median have been shown to portend a poor
prognosis. Given that there was no focal MYCN amplification
and 6p gain was below the 1.5 threshold, the prognosis for
salvage with treatment based on molecular features was high.
The same AH sample taken at diagnosis was also evaluated
for detection of RB71 pathogenic variants, which revealed
the SNV ¢.958C>T, p.Arg320* within the RB1 gene with a
variant allele frequency of 87.01% (95% confidence interval,

79.7%—94.6%). This patient was treated with six cycles of

Carboplatin, Etoposide, and Vincristine (CEV) with regression
of disease but demonstrated persistent sphere- and dust-like
seeding that required three sequential intravitreal melphalan
(IVM) injections. During IVM treatment, AH samples A-C
(each separated by two weeks) demonstrated a complete
normalization of the genomic profile, decrease in TFx, and
decrease in DNA concentration—all concurrent with clinical
regression of disease (Figure 3). Following diagnosis, TFx
values remained below the detection limit of 5% for the
remainder of treatment. At 19 months of follow-up, the eye
remained stable with no tumor recurrence or extraocular

spread of disease.

This is in contrast to case 33. This 22-month-old male had an
overall similar clinical presentation with an 11 mm x 18 mm
retinal mass and dust-type vitreous seeding, consistent with
unilateral 1IRC Group D, stage cT2b. He was also negative
for RB1 germline mutation as determined by routine clinical
serum leukocyte testing. AH taken at diagnosis demonstrated
RB SCNAs 1q gain, 6p gain (in this case with an amplitude of
1.5 ratio to the median), and 16q loss along with focal 6q loss
(Figure 4A). Based on the prognostic molecular profile, this
eye had a 16.5 increased odds of enucleation based on the
presence of 6p = 1.5 amplitude. No RB7 SNV was identified
in this sample, despite full coverage of the full length of the
RB1 gene. One reason an RB1 SNV may not be identified
is in primary MYCN driven tumors, where a concurrent RB1
mutation is not always expected14’ 15,42,43,44,45 However,
case 33 demonstrated no evidence of MYCN amplification
in any of its AH samples or its enucleated tumor tissue
(Figure 5). A more likely explanation for a negative RB1 SNV
result is that initial tumorigenesis was driven by epigenetic

dysregulation (e.g., methylation of the promotor)46’47, a
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known phenomenon in RB which would not be identified by

the assay described herein.

Initial treatment for this patient was four total cycles of
intraarterial chemotherapy with melphalan followed by four
IVM injections due to persistent vitreous seeding. Three
AH samples (each separated by four weeks) were obtained
during IVM therapy and demonstrated the same three SCNAs

that were present at diagnosis (Figure 5). TFx values

remained high throughout treatment, despite the decreasing
primary tumor volume reflecting the active tumor seeds in the
vitreous. This demonstrates how TFx is representative of the
overall disease state in the eye. Six months after diagnosis,
due to persistent active disease, the eye was enucleated.
The genomic profile obtained from the tumor tissue at that
time demonstrated 92.81% concordance with the AH sample

obtained at the time of diagnosis (Figure 4B).

1.0 1.4 20
1

Ratio to median

0.4
1

L
T T T TTTrTT T1

a 9 10 11 12 13 14

17 18 22 Y

Chromosome

Figure 2: Genomic profile at diagnosis for case 47. Highly recurrent RB SCNAs 1q gain and 6p gain, along with non-

highly recurrent RB SCNAs 7p loss and 13q gain, were identified in the AH taken at the time of diagnosis. The red line

represents the threshold for a gain, while the blue line represents the threshold for a loss. Notably, the amplitude of 6p gain
was <1.5 ratio to the median, which is below the threshold of the molecular signature that portends a poor prognosis. Thus,
based on the lack of negative biomarkers for eye salvage, this eye would be predicted to respond to therapy. Please click

here to view a larger version of this figure.
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Figure 3: Longitudinal information for case 47. This includes fundus photos, cfDNA quantification, estimated clinical

tumor volume from B-scan measurements, genomic profiles, and TFx estimations for each clinical time point at which AH

was sampled (Dx = diagnosis, A = IVM1, B =IVM2, C =

IVM3). This eye responded to treatment and remained salvaged at

19 months of follow-up. A decrease in cfDNA quantity was observed over time, consistent with previously published studies

showing the highest yield obtained at diagnosis. TFx also decreased over treatment, reflecting the resolution of seeding and

the decrease in the main retinal tumor volume (tumor volumes are indicated above each clinical time point's orange bar). As

expected with clinical regression of the disease, genomic profiles normalized as well. In the genomic profiles, the red line

represents the threshold for a gain, while the blue line represents the threshold for a loss. This figure has been reprinted with

permission from Xu, L. et al.2!, Please click here to view a larger version of this figure.
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Figure 4: Genomic profiles for case 33. The red line represents the threshold for a gain, while the blue line represents the
threshold for a loss (A) Genomic profile at diagnosis for case 33. Highly recurrent RB SCNAs 1q gain, 6p gain, and 16q loss
were identified in the AH at diagnosis, in addition to the focal 6q loss. Notably, the amplitude of 6p gain was 1.5 ratio to the
median, indicating a poor prognostic molecular biomarker. Thus, based on this molecular signature, we would predict that
this eye had a significantly increased likelihood of treatment failure. (B) Genomic profile obtained from enucleated tumor
tissue, which was highly concordant with the profile obtained from AH at diagnosis. Due to admixing with normal retinal
tissue, SCNAs from tumor tissue can demonstrate lower amplitude compared to AH due to diluted TFx. Please click here to

view a larger version of this figure.

Copyright © 2021 JoVE Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported jove.com September 2021-175- €62939 - Page 12 of 19
License


https://www.jove.com
https://www.jove.com/
https://www.jove.com/files/ftp_upload/62939/62939fig04large.jpg
https://www.jove.com/files/ftp_upload/62939/62939fig04large.jpg

jove

)+ @5 o -

Diaglnosm 5{ IVM 1 IVM 2 IVM 3 Enucleatmn
T 7 |
120 150
100 L0 % 0 days 0 a0 .
15 ssg
TEION 52
= RPN, TS S q— I 32 TE 1) TR 255
S mIeR : 2 _§
= Esimated Qitical Tumet Wiume (mn '3} s E
5
=
ZELON 2 e 1 g
0e DSS
CLC% [
55_07 55 A 558 %0 55 _E5
AH Sanple
I 1 ; g il . 3
= T o [ rpieames b ) .=
I Iy 3 = f it
9 Dx IvM 1 Tivm 2
«
i N 1
- . == & -

'r-
S,

Figure 5: Longitudinal information for Case 33. This includes fundus photos, cell-free DNA quantification, estimated
clinical tumor volume from B-scan measurements (tumor volumes are indicated above each clinical time point's orange bar),
genomic profiles, and TFx estimations for each clinical time point at which AH was sampled (Dx = diagnosis, A = IVM1,
=1VM2, C = IVM3, SE = secondary enucleation). This eye did not respond to treatment, ultimately requiring secondary
enucleation (ES). This was due to persistently active seeding accompanied by an apical tumor recurrence. CFDNA quantity
decreased over time, consistent with the previously published studies showing the highest yield obtained at diagnosis (1q
gain, 6p gain, 16q loss, and focal 6q loss). However, TFx remained high throughout treatment, a product of the persistent
seeding that still sheds tumor-derived cfDNA into the AH. Genomic profiles were consistent and showed the same three
SCNAs that were present at diagnosis. In the AH obtained at ES, a new large-scale 2p gain (*) and 19q loss were seen,
suggesting clonal evolution at the time of apical tumor recurrence. In the genomic profiles, the red line represents the
threshold for a gain, while the blue line represents the threshold for a loss. This figure has been reprinted with permission

from Xu, L. et al.2!. Please click here to view a larger version of this figure.

Supplementary File 1: An example of (A) a sample that Discussion

should pass quality control, with the peak around 300 bp and Clear corneal paracentesis is a procedure performed

(B) a sample that should not pass quality control, with the commonly for multiple diagnostic and/or therapeutic

peak around 150 bp. Please click here to download this File. indications in ophthalmology. Specifically for RB, it is part
of the standard intravitreal chemotherapy injection protocol
to decrease the intraocular pressure prior to injection to

prevent reflux to the injection site™8. Despite being a common
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procedure, it is not completely without risk; previous dogma
was that a needle should never enter an eye with active
RB. This dogma has evolved over the last decade, first via
the formative work from Patricia Chévez-Barrios on injected
adenoviral vector therapy49 followed by progressive safety
enhanced methods for ocular injections in RB by Francis
Munier*®. This work has paved the way for the extraction
of the AH to be used as a liquid biopsy, or surrogate to
tumor biopsy, for this cancer. We are now the first center
to report the utility of the platform and preliminary safety
results from AH taken at the time of diagnosis. Part of the
methods described herein is meant to ensure the safety of
patient selection and procedural aspects of AH extraction for
RB. Firstly, needles can only enter the anterior chamber and
should not make contact with the iris or lens, as this can
cause iris scarring or cataract that limits the ability of the
surgeon to monitor the tumor. It is most important that the
needle never enters the vitreous cavity (unless combined with
chemotherapy delivery as is the case for IVM), or contacts
the tumor as this hypothetically elevates the risk of tumor
seeding and extraocular extension of disease3'4:%. Both of
these structures are posterior to the anterior chamber and
separated from it by the lens and iris. To avoid damage to any
ocular structures, it is important to keep the needle bevel up
at all times, above the peripheral iris, and always under direct
visualization using the surgical microscope. There is a risk of
minor leakage of the AH from the needle site; if this occurs,
it will resolve with gentle pressure via a cotton tip applicator.
Using the smallest available gauge needle and ensuring that
the needle is slowly extracted from the same tract without
any lateral shearing will decrease this risk. Although slight
shallowing of the anterior chamber is expected, the chamber
should remain formed without iris cornea touch, and the

intraocular pressure should be soft, but physiologic.

Concerning genomic analyses, there are several critical steps
involved. The most important is the handling of the small
volume sample once extracted from the eye; it is crucial that
the sample remain frozen the entire time before processing
to prevent DNA degradation that can occur with repeated
freeze and thaw cycles50. Ensuring samples are placed on
dry ice immediately after extraction and transferred to a -80
°C freezer helps ensure this. Once samples have begun
processing, quality control steps are the main opportunity to
troubleshoot by guaranteeing that the cfDNA is constructed
into high-quality libraries. Using DNA quantification and
DNA fragment size profiling assay, quality control can be
performed on samples taken during primary enucleation or at
the time of diagnosis due to the higher yield of cfDNA present

in these samplesm’21

. When the peak obtained is around
300 bp, this guarantees that the cfDNA will be recognized
by the NGS platform. If the peak obtained is shorter than
150 bp indicating that the majority of fragments detected are
library construction primers or adaptor oligos, the sample has
been compromised and should not be processed further for
SCNAs. However, in our experience of processing hundreds
of samples, less than 5% need to be removed for quality
control due to poor reads alignment ratio?. Along with the
methods we standardized for specimen collection, handling,

storage, and processing, this procedure demonstrates the

pre-analytical validity of the AH liquid biopsy platform.

The AH liquid biopsy also has established analytical validity
based on its ability to accurately and reliably detect RB1
pathogenic mutations and SCNAs, with mean concordances
consistently >95% between genomic profiles generated from
AH samples and corresponding tumor tissue'8.20,21,22,23
Despite the platform's demonstrated analytical validity, it is

not without limitations. RB1 mutational analysis can only be

performed on samples with >10 ng of cfDNA, which are most
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frequently obtained in treatment-naive eyes at the time of
diagnosis or primary enucleation'®21. This is due to the
lower concentration of cfDNA present in AH samples from
eyes that are actively undergoing treatment compared to
AH at diagnosis or at the time of primary enucleation. An
additional constraint is that SCNAs cannot be detected at
TFxs below 5%, which prevents the monitoring of disease in
eyes wherein the tumor burden has fallen significantly; in our
experience, this occurs most commonly in eyes responsive to

intravitreal chemotherapy treatment?3.

In order to determine the TFx of cfDNA in the AH, CNA-based
TFx estimation software is utilized. This software is a standard
and accepted tool for TFx calculation in liquid biopsies,
and its algorithm has been described in detail®8-51. Briefly,
CNA-based TFx estimation software predicts large-scale
SCNAs within sequenced cfDNA utilizing a hidden Markov
model. TFx estimations are derived based on the presence
of SCNAs while accounting for differences in subclonality
and ploidy at each locus, and from these, the CNA-based
TFx estimation software chooses an optimal TFx solution38.
However, an inherent limitation of CNA-based TFx estimation
software is that TFx is calculated based on the presence of
SCNAs in a sample; thus, it is unable to determine TFx in
samples without SCNAs (i.e., with flat genomic profiles)38.
As has been previously demonstrated, not all RB tumors
have SCNAs'4:15.18.21,23.45 Therefore, a very low TFx as
determined by CNA-based TFx estimation software means
that either 1) the AH sample has no measurable tumor-
derived cfDNA in it or 2) tumor cfDNA is present, but
it is undetectable by CNA-based TFx estimation software
because of a lack of SCNAs38. Variant allele fraction (VAF)
for SNV is a surrogate for TFx. For this reason, we are working
to develop an RB1-based TFx pipeline based on VAF in order

to allow RB eyes without SCNAs to receive longitudinal TFx

monitoring as well. Given that all RB tumors, with exceptions

14,15,42,43,44,45’ contain

for primary MYCN driven tumors
somatic mutations in the RB7 gene, a pipeline not dependent
on SCNAs would broaden the application of the liquid biopsy
protocol presented herein. Additionally, because SNVs can
be monitored to TFxs below 5%, this would increase the

sensitivity of our platform.

The AH liquid biopsy platform described here is not the only
liquid biopsy platform that exists in the literature for RB, but
notably, it is the first to describe the aqueous as an enriched
source of tumor DNA and the first to describe the detection
of ctDNA via two mechanisms (SCNAs and RB71 SNVs) in
any biofluid based on published work to date. With the ability
to detect ctDNA in two ways, the AH liquid biopsy has a
higher sensitivity than other platforms in the literature. For
example, another group has successfully detected RB ctDNA
in the AH with RB7 SNVs°2. However, this platform relied on
targeted NGS reads based on a priori knowledge of the SNV.
In contrast, the platform detailed in this manuscript utilizes
non-biased WGS, giving it the ability to detect SCNAs and
SNVs. Blood-based liquid biopsies have been tried as well,
although the cfDNA obtained has consistently been below
the threshold for SCNA detection, which is the prognostic
for the likelihood of ocular salvage (at this time, RB1 SNVs
have not been shown to be prognostic for eye salvage,
however there may be an evolving role for detection of
metastatic disease)19. Kothari et al. described RB7 SNVs in
the plasma of RB patients, but only those with an advanced
intraocular disease requiring enucleation'®. The AH liquid
biopsy platform described here has the ability to detect ctDNA
in the AH of less-advanced eyes, even without the presence

19.21  Fyrthermore, blood-based liquid biopsies

of seeding
are not eye-specific, as ctDNA isolated from the serum may

be from both eyes in cases of bilateral RB. This limits the
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clinical utility of blood-based platforms, particularly in bilateral
patients who make up 40% of RB cases, while the AH remains
eye-specific and can demonstrate inter-eye heterogeneity at

both the SNV and SCNA levels®3.

The significance of the AH liquid biopsy for the field of RB
is paramount. Not only does the AH liquid biopsy provide
the opportunity to better understand intratumoral dynamics
in eyes that are actively undergoing therapy, but it also has
the potential to improve patient care. Based on previous
studies, we have established a molecular signature—based
on the presence of either MYCN amplification or chromosome
6p gain with an amplitude of 21.5 ratio to the median—
that is prognostic for a 16.5-fold increased likelihood of

18,20.21  with this

treatment failure requiring enucleation
knowledge at the time of diagnosis, clinicians would be better
able to counsel families on appropriate treatment options
and the likelihood of eye salvage with current therapeutics.
Although clinical validity of the AH liquid biopsy platform for
RB has been established'?-18.19,20,21,22,23 "t is cyrrently
approved for research only; larger prospective multi-center
studies are needed before the AH liquid biopsy can be
implemented clinically to help direct patient care for RB.
Regardless, the AH liquid biopsy has the potential to enable

precision oncology in the future, not only for RB, but for other

ocular tumors as well.
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