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Purpose: To test whether analyzing DEPArray (Menarini Silicon Biosystems) isolated single B cells from the
vitreous fluid can reveal crucial genomic and clinicopathological features to distinguish patients with vitreoretinal
lymphoma (VRL) from those with chronic inflammation using immunoglobulin heavy chain (IGH), disease
biomarker myeloid differentiation primary response 88 (MYD88)L265P mutation, and copy number profiling.

Design: A single-center, retrospective study.
Participants: Remnant vitreous biopsies from 7 patients with VRL and 4 patients with chronic inflammation

were acquired for molecular analysis.
Methods: Vitreous fluid samples were prefixed in PreservCyt (Hologic) and underwent cytologic analysis and

immunohistochemistry examination. Single cells were isolated using the DEPArray NxT system, followed by
downstream genomic analysis.

Main Outcome Measures: The frequencies of the dominant IGH and MYD88L265P mutation and the
genome-wide copy number aberration (CNA) profiles of individual vitreous-isolated B cells were characterized.

Results: An average of 10 to 13 vitreous B cells were used in the single-cell IGH and MYD88 analyses. Higher
frequencies of dominant IGH (88.8% � 13.2%) and MYD88L265P mutations (35.0% � 31.3%) were detected in
patients with VRL than in patients with chronic inflammation (65.9% � 13.4% and 1.5% � 2.6% for IGH and
MYD88L265P, respectively). In a cytology-proven VRL case, all 15 vitreous isolated B cells were derived from the
same clone with 100% paired IGH: immunoglobulin light chain (IGK) sequences. Genome-wide copy number
profiling revealed a high degree of similarity between B cells from the same patient with VRL, with extensive gains
and losses at the same areas across the whole genome. In addition, 14 of 15 B cells showed a BCL2/JH t(14;18)
translocation, confirming cellular malignancy with a clonal origin. Clustering analysis of the copy number profiles
revealed that malignant B cells derived from different patients with VRL had no common genome-wide signatures.

Conclusions: Single B-cell genomic characterization of the IGH, MYD88L265P mutation, and copy number
profile enables VRL diagnosis. Because our study involved only a small cohort, these meaningful proof-of-
concept data now warrant further investigation in a larger patient cohort. Ophthalmology 2021;128:1079-
1090 ª 2020 by the American Academy of Ophthalmology. This is an open access article under the CC BY-NC-
ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Supplemental material available at www.aaojournal.org.
Vitreoretinal lymphoma (VRL) is a rare ocular malignancy
that can occur as a primary lymphoma or a secondary
manifestation of a primary central nervous system lym-
phoma (CNSL).1 Most cases of VRL are of B-cell origin,
with > 90% of cases manifesting as diffuse large B-cell
lymphoma (DLBCL).2 The annual incidence of VRL is
approximately 0.47 per million people.3 Because of the
rarity of VRL occurrence, there is a limited database of
VRL cases and consequential lack of consensus on disease
diagnosis, treatment, and monitoring.2 However, the
number of VRL cases has increased over the past 2
decades, with the incidence rate doubling from 1990 to
2010; thus, more attention on VRL diagnostics and
prognostics is warranted.3,4
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Vitreous liquid biopsies are routinely used for VRL di-
agnostics and prognostication. Clinically, VRL diagnosis is
challenging because the disease masquerades as uveitis.4,5

Despite the fact that cytology is the current gold standard
for VRL diagnosis, the technique alone can confirm only
45% to 60% of the clinical cases.6,7 Various techniques
have been developed and applied individually or in
combination to improve the success of VRL diagnosis.2,8

These techniques include the detection of immunoglobulin
heavy chain (IGH) gene rearrangements in lymphoma
cells by polymerase chain reaction (PCR),9,10

measurement of vitreous or aqueous interleukin-10 and 6
cytokine by enzyme-linked immunosorbent reaction,11,12

and identification of mutations in the myeloid
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differentiation primary response 88 (MYD88).13,14

However, most of these techniques suffer from issues such
as a low cellular yield, poor cytologic preservation, and
the presence of debris, necrotic cells, and reactive
inflammatory immune cells, which can all impede a timely
diagnosis.15,16

The establishment of molecular IGH clonality testing for
VRL diagnosis has generated great interest because of its
purported higher sensitivity compared with standard cyto-
logic diagnoses. The sensitivity of IGH clonality test ranges
between 65% and 95% depending on the quality of material
and choice of primers set.7,9,17 To date, IGH clonality
testing has been conducted on bulk samples comprising
heterogeneous cell populations. However, limitations
remain in this bulk cellebased IGH clonality assay. First,
false-negative diagnosis may occur if target B-lymphoma
cells are not abundant to meet the requirement of detection
threshold (> 1% clonal target cells in the bulk samples) as
required by the IGH clonality assay.17 Because of the
unique situation of the eye as an immune-privileged site,
ocular inflammatory conditions can also induce oligoclonal
expansion of reactive lymphocytes and lead to false-positive
diagnosis, especially in cases with low cellularity.10,14 More
important, B-cell clonalitydthe pairing of the IGH
(chromosome 14) and immunoglobulin light chain (IGK,
chromosome 2) on each individual B celldcannot be
detected using conventional clonality assays because they
rely on a mixed DNA source from bulk, not individual,
cells.

The DEPArray NxT system (Menarini Silicon Bio-
systems) is a platform that uses diaelectrophoresis to capture
the cell of interest and has the capability to isolate single
cells, including circulating tumor cells from liquid biopsy.18

We previously described the use of DEPArray NxT for
single B-cell isolation19 and reported the feasibility of
detecting the MYD88L265P mutation, a diagnostic
biomarker for VRL.2,14,20 It was shown that VRL-derived
B cells exhibited a mixed zygosity signature that con-
tained an MYD88L265P mutation. However, it remains un-
clear if the MYD88-mutant B cells are clonal and
significantly more abundant in patients with VRL than in
those with chronic inflammation. Thus, a more detailed
analysis of both IGH and MYD88 mutation at the single cell
level is required. We aimed to extend our single-cellebased
genomic analysis of vitreous biopsies by analyzing single B-
cell clonality, copy number aberration (CNA), and BCL2
translocation status to address the unmet diagnostic need of
a more accurate VRL diagnosis. We again used the real-
time, imaging-based, and single-cell sorting capabilities of
the DEPArray NxT system to isolate single B cells from
cytology residuum to maximize the diagnostic yield.
Methods

Study Design

Our study aimed to evaluate the feasibility of using single-cell
analyses to facilitate VRL diagnostics. Vitreous biopsies (n ¼
12) from 7 patients with VRL and 4 patients with chronic
inflammation based on cytologic examination were acquired as a
1080
remnant from routine clinical diagnosis and thus were not obtained
solely for research purposes. All samples were obtained after
receipt of written informed consent and anonymized with a
nonpatient-associated identifier in accordance with the Singapore
Personal Data Protection Act. The main objective was to improve
current IGH and IGK molecular clonality by elucidating the paired
clonality (IGH: IGK) of each B-cell isolated from the vitreous
biopsy, resolving the individual immunoglobulin identifier from
the bulk sample. The significance of using IGH clonality as a
diagnostic adjunctive was evaluated by comparing the occurrence
of dominant IGH in VRL and patients with chronic inflammation.
Samples were also tested for the MYD88L265P mutation, a diag-
nostic biomarker for VRL. In a cytology-proven VRL case, copy
number profiling and BCL2 translocation were incorporated to
support the use of single-cell analyses in corroborating the clinical
diagnosis. Our study was approved by the SingHealth Institutional
Review Board (CIRB Ref: 2017/2494) and conducted in accor-
dance with the Singapore Guidelines for Good Clinical Practice
and the Declaration of Helsinki.

Cell Lines

The germinal center B cell (GCB)-like diffuse large B-cell lym-
phoma Pfeiffer cell line (ATCC CRL2632) was purchased from
ATCC and used as an MYD88WT control.21 These cells were
cultured in Roswell Park Memorial Institute 1640 medium
supplemented with 10% (v/v) fetal bovine serum and 1% (v/v)
penicillin/streptomycin (Gibco) and incubated at 37o C in a 5%
CO2 humidified incubator. Genomic DNA was harvested from
5 � 106 Pfeiffer cells using a DNeasy Blood and Tissue Kit
(Qiagen), according to the manufacturer’s conditions.

Cytology and Immunohistochemistry

Vitreous fluid samples (volume 0.1e0.5 ml) were prefixed in
PreservCyt (Hologic) as described previously22 and underwent
cytologic analysis at the Singapore General Hospital, Department
of Anatomical Pathology and Cytology. The vitreous samples
were centrifuged at 500 to 800 rpm for 3 minutes using a
Thermo Scientific Shandon Cytospin (Shandon Scientific Ltd),
and cytospin slides were obtained for Diff Quik (Baxter) and
PAP staining using standard diagnostic and previously published
immunohistochemistry (IHC) protocols.23 In brief, single staining
for the B-cell marker CD79a (DAKO), T-cell marker CD3
(DAKO), macrophage marker CD68 (DAKO), and proliferation
index marker Ki-67 (DAKO) was performed using a Bond Poly-
mer Refine Detection Kit (Leica Biosystems), as described by the
manufacturer, together with diaminobenzidine staining. Clinical
cytospin slides were visualized under a BX42 Olympus micro-
scope (magnification, � 60; field diameter, 0.55 mm). Clinical
cytospin slides were also reviewed for VRL exclusion by both a
hematolymphoid and an ocular pathologist within 1 to 24 hours of
PreservCyt fixation to allow prompt diagnostic reporting.

DEPArray NxT Sample Preparation

Clinical samples were fixed with PreservCyt (Hologic) for a min-
imum of 72 hours, counted, and washed twice with autoMACS
running buffer (Miltenyi Biotec) before staining with DAPI, FITC
anti-CD79a (HM47), PE anti-CD3 (UCHT1), PerCP-Cy5.5 anti-
Ki-67 (Ki-67), APC anti-CD19 (J3-119), and APC anti-CD20
(B9E9). The samples were incubated at 4o C for 1 hour and
washed twice with SB115 (Menarini Silicon Biosystems). The
cellular loading concentration for each vitreous remnant sample
varies and is in the range of 11 and 241 cells/ml, which is within the
maximum tolerable loading concentration of 2.5 � 103 cells/ml
recommended by the manufacturer. In total, a 12 ml cellular sample
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in 2.5 ml SB115 buffer was loaded into the DEPArray cartridge for
acquisition.

DEPArray NxT System Operation

A loaded DEPArray cartridge (Menarini Silicon Biosystems) was
inserted into the DEPArray NxT system (Menarini Silicon Bio-
systems) and configured to detect bright-field, fluorescein isothio-
cyanate, PE, APC, PerCP-Cy5.5, and DAPI. The sample load,
sample scan, and image analysis steps were automated processes
on the DEPArray NxT system. Manual selection of CD19þCD20þ

cells was performed before the cells were eluted. Single cells were
eluted in approximately 20 ml SB115 and collected in 0.2-ml PCR
tubes. To remove the buffer, volume reduction was performed by
adding 100 ml 1 � phosphate-buffered saline and centrifuged at 14
100g for 10 minutes using a 4o C fixed rotor benchtop centrifuge.
After centrifugation, the supernatant was carefully aspirated to
leave 1 to 2 ml liquid containing the isolated cell. The isolated cells
were stored at �20o C before downstream molecular processing.

Whole Genome Amplification

Isolated CD19þCD20þ single B cells were thawed on ice before
whole genome amplification (WGA) using an Ampli1 WGA kit
(Menarini Silicon Biosystems). Whole genome amplification was
performed in accordance with the manufacturer’s protocol,
involving steps such as cell lysis, DNA digestion, adaptor ligation,
and amplification to obtain the resultant 50 ml of the amplified
products.

Whole Genome Library Preparation and
Sequencing

Whole genome library preparation was conducted using an Ampli1
LowPass Kit (Menarini Silicon Biosystems) with 5 ml of the single-
cell WGA products. A 3-step dual indexing library preparation
(consisting of a first extension, a second extension, and library
amplification with product cleanup in between) was conducted on
all isolated single cells. The purified products were quantified using
a Qubit 3.0 Fluorometer and Qubit dsDNA High Sensitivity Assay
Kit (Life Technologies), quality checked using an Agilent DNA
High Sensitivity Kit on an Agilent 2100 Bioanalyzer, and pooled to
a final concentration of 4 nM. Paired-end whole genome
sequencing was conducted using an Illumina MiSeq System (at the
Genome Institute of Singapore) in accordance with the sequencing
guidelines provided with the Ampli1 LowPass Kit.

Copy Number Aberration Analysis

Adapter sequences were removed using cutadapt software (MIT
License) as specified in the Ampli1 LowPass Kit (Menarini Silicon
Biosystems). The reads were then mapped to the Human Genome
Reference Consortium build 38 with Bowtie2 (Johns Hopkins
University), and CNAs were determined with FREEC v11 (Boeva
Lab) and presented using Tableau Prep and Desktop (Tableau
Software). For clustering analysis, sequence alignments were sor-
ted and filtered for a mapping quality > 5 with samtools (v. 1.7).
Reads mapping to 500 Kbp nonoverlapping genomic bins were
counted. The counts were normalized by lowest fitting against the
WGA fragments length distribution and the guanine-cytosine
content of the bin, and the ratio with respect to the median counts
per bin was determined. Segmentation of the copy number profiles
was performed with DNAcopy (v 1.52.0). The copy number ratio
was converted to absolute copy numbers by multiplying it to the
multiplication factor minimizing the root mean square error of the
genomic bins signal with respect to the segmented copy number
profiles. Clustering of the logged ratio of copy number profiles was
performed using the correlation metric and ward method.

IGH, IGK, and MYD88 PCR

Single-plex PCR consisting of 1 forward primer and 1 reserve
primer, a modification of the multiplex IGH (consisting of 6 for-
ward primers: VH1-FR1, VH2-FR1, VH3-FR1, VH4-FR1, VH5-
FR1, and VH5-FR1 and 1 reverse primer: JH) and IGK (consist-
ing of 6 forward primers: Vk1f/6, Vk2f, Vk3f, Vk4, Vk5, and Vk7
and 2 reverse primers: Jk1-4 and Jk5) PCR reported by the Euro-
pean BIOMED-2 consortium, was used to amplify both IGH and
IGK.17 The PCR was started with a preactivation step at 95o C for
7 minutes. Thermal cycling for denaturation (95o C for 45
seconds), annealing (60o C for 45 seconds), and extension (72o

C for 90 seconds) was conducted for 35 cycles followed by a
final extension at 72o C for 10 minutes. The MYD88 PCR was
initiated with a preactivation step at 95o C for 10 minutes with
thermal cycling steps consisting of denaturation (95o C for 15
seconds), annealing (50o C for 30 seconds), and extension (72o

C for 30 seconds) for 50 cycles followed by a final extension at
72o C for 10 minutes.14 All PCR reactions were prepared as a 50
ml reaction using custom primers (Tables S1eS3, available at
www.aaojournal.org) from Integrated DNA Technologies and
separated on a 2% Tris-acetate-EDTA gel at a constant voltage
(100 V).

Gel Extraction and Sanger Sequencing

Bands corresponding to the expected size were excised, and the
PCR product was extracted using a QIAquick Gel Extraction Kit
(Qiagen). The samples were eluted in 20 ml nuclease-free water
(Sigma-Aldrich) before Sanger sequencing (Bio Basic Asia).

Sequencing Data Analysis

The quality of the DNA trace was checked using FinchTV (Geo-
spiza), and a multiple sequence alignment was performed using
CLC Sequence Viewer (Qiagen). A sequence database search was
conducted using blastn (https://blast.ncbi.nlm.nih.gov/Blast.cgi)
and IGBLAST (https://www.ncbi.nlm.nih.gov/igblast/igblast.cgi).

BCL2/JH t(14;18) Translocation Assay

The BCL2 translocation was detected using a BCL2/JH t(14;18)
Translocation Assay MegaKit for Gel Detection (Invivoscribe
Technologies). A nested amplification approach was used to in-
crease the sensitivity of the detection. Briefly, 5 ml of single cell
WGA products were added to 0.25 ml AmpliTaq Gold DNA po-
lymerase and 50 ml first-round master mix (containing an outer
primer set to first amplify the major breakpoint and minor cluster
region of BCL2/JH t(14;18) translocation). Thermal cycling was
conducted in accordance with the manufacturer’s protocol. The
amplified products were then diluted 1:100 with 5 ml of each
sample added to 0.25 ml AmpliTaq Gold DNA polymerase and 50
ml of the second-round master mix (containing an internal/inner set
of primers to detect the translocation). The second amplification
step was conducted using the same thermal cycling program.

Statistical Analyses

The number of B cells isolated per vitreous biopsy are presented as
the means � standard deviation. A P value < 0.05 was considered
statistically significant. All statistical analyses were performed
using GraphPad Prism 8 software (GraphPad Software Inc).
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Results

DEPArray NxT Distinguishes, Selects, and Sorts
Single B Cells from Heterogeneous Vitreous
Fluid Samples

A confirmatory diagnosis had to be established by a pathologist
before the remnant sample was made available for single B-cell
isolation on the DEPArray NxT system. As a gold standard,
cytology and IHC were used to determine the diagnosis as VRL
(Fig 1AeF) or chronic inflammation (Fig 1GeL), with
undetermined and atypical cases excluded in our study. In a
VRL case, Papanicolaou (PAP) staining revealed a mixed
population of small and large cells, consisting of large, atypical
lymphoid cells with open chromatin (Fig 1A, red arrow) and
smaller reactive lymphocytes (Fig 1A, black arrowhead). By
contrast, PAP staining of the vitreous fluid from patients with
reactive chronic inflammation (Fig 1G) highlighted a mix of
inflammatory cells, including macrophages (Fig 1G, black
arrow), neutrophils (Fig 1G, blue arrow), and small reactive
lymphocytes (Fig 1G, black arrowhead).

We then performed IHC staining with 3’-diaminobenzidine
chromogen to characterize the inflammatory infiltrate. In the VRL
samples, the infiltrate predominantly comprised CD79a and CD20-
positive B cells (Fig 1B and F), but with some accompanying
reactive inflammatory CD3-positive T cells (Fig 1C) and CD68-
positive macrophages (Fig 1D). By contrast, the inflammatory
infiltrate in the chronic inflammation sample comprised only a
few CD79a- and CD20-positive B cells (Fig 1H and L) and was
rather characterized by CD3-positive T cells (Fig 1I) and CD68-
positive macrophages (Fig 1J). The presence of these latter 2 cell
types also in VRL samples illustrates that VRL can masquerade
as chronic inflammation if the tumor burden is low. In such a
case, the proliferation index marker, Ki-67, may be additionally
used to identify the proportion of proliferating tumor cells in the 2
sample sets. Typically, VRL samples have a higher proportion of
Ki-67epositive proliferating cells ranging from 30% to 90% (Fig
1E).24 By contrast, the Ki-67 proliferation index in the chronic
inflammation samples is usually < 30%, indicating a lower pro-
liferation status (Fig 1K).

Next, we stained the cytologic vitreous biopsies with an anti-
body cocktail that enabled imaging and selection of B cells by the
DEPArray NxT system (Fig 2A). DEPArray NxT could image,
distinguish, and sort CD19þCD20þ single B cells from
heterogeneous cellular samples containing CD3-positive T cells
from patients with VRL or chronic inflammation. Consistent with
our IHC results, the DEPArray images showed that the target B
cells from VRL vitreous biopsies were CD79aþKi-67þ prolifer-
ating B cells (Fig 2B), whereas most of the cells from chronic
inflammation biopsies were CD3þ T cells. Typically, the number
of cells available from vitreous biopsies used for diagnosis is
limited. The ability to select and sort rare target B cells from
vitreous biopsies poses a direct challenge for most mainstream
microfluidic-based single cell sorting instruments (e.g., FACS,
10X Genomics and Drop-Seq). Using DEPArray, we could sort on
average 10 to 13 rare B cells from each vitreous biopsy with the
high resolution and purity required for sensitive downstream single
cellebased genomic analyses.

Single B-Cell IGH and MYD88 Mutation Analysis
Distinguishes Patients with VRL from Patients
with Chronic Inflammation

To characterize the isolated B cells, we next aimed to determine the
clonality of each B cell by PCR. To do so, we used specific primer
1082
sequences reported by the European BIOMED-2 consortium that
target IGH and IGK.17 Because of the high background peaks
obtained by multiplex PCR (Fig S1, available at
www.aaojournal.org), we de-multiplexed the IGH and IGK reac-
tion mixes used in the European BIOMED-2 and performed single-
plex PCR with 1 forward primer and 1 reverse primer pair to
determine B-cell clonality. To start, we isolated CD19þCD20þ B
cells from a VRL case to test the feasibility of obtaining paired
clonality (IGH: IGK) from a remnant vitreous sample. We found
that the VH5 primer amplified a product (Fig 3A) that upon
sequencing corresponded to the IGHV5-51*01 allele and aligned
to the framework region (FR) 1, complementarity-determining re-
gion (CDR) 1, FR2, CDR2, FR3, and CDR3 variable region of the
IGH (Fig S2A, available at www.aaojournal.org). However, the
Vk1f/6 primer amplified a product (Fig 3B) that corresponded to
IGKV1D-43*01 (Fig S3A, available at www.aaojournal.org). We
demonstrated that isolated B cells were amenable to paired
clonality assessment.

We next conducted single B-cell MYD88 PCR to interrogate
the MYD88 mutational status in cells isolated from the same
sample. We observed MYD88 PCR amplicons (w200 base pairs)
in all 5 representative VRL B cells and the wild-type control cells
(Pfeiffer cell line). Sanger sequencing and multiple sequence
alignment showed 100% sequence alignment and identified the
CCG point mutation (MYD88L265P) in all 5 representative VRL B
cells (Fig 3CeF).

To examine the significance of the homozygous MYD88L265P

mutations and IGH alleles, we characterized and quantified the
frequency of the homozygous MYD88L265P mutation and the
dominant IGH allele in individual B cells from patients with VRL
(n ¼ 7) or chronic inflammation (n ¼ 4). For each vitreous biopsy,
we isolated and analyzed an average of 13 � 6 B cells per sample.
We found that patients with VRL had a higher percentage of ho-
mozygous MYD88L265P mutations (35.0% � 31.3%) compared
with patients with chronic inflammation (1.5% � 2.6%) (Fig 3G).
In our study, 4 patients were diagnosed with chronic inflammation
by cytologic examination (patients 8e11, Table S4, available at
www.aaojournal.org). Single-cell analysis revealed that all the B
cells from patients 8 and 10 carried no MYD88L265P mutation. Of
note, 1 of 22 (4.5%) B cells isolated from patient 9 carried the
MYD88L265P mutation.

Likewise, we observed a higher percentage of the dominant
IGH allele in patients with VRL (88.8% � 13.2%) compared with
patients with chronic inflammation (65.9% � 13.4%) (Fig 3H).
More than half of the B-cell populations from those with chronic
inflammation had an identical dominant IGH, indicating clonal
expansion of reactive B cells in the context of inflammation. On
the basis of the MYD88L265P mutation and IGH clonality
sequencing data, we considered that the remnant vitreous
biopsies were adequate and suitable for single-cell genomic
analyses.
Clonal B Cells from a Patient with VRL Show
Similar Copy Number Profiles and BCL2/JH
t(14;18) Translocation Events

To further expand on the amount of genomic data that could be
uncovered with our single-cell analysis workflow, we extended our
analysis to include copy number profiling and BCL2 translocation
assessment. We thus sought to assess the degree of genomic sim-
ilarity among individual B cells isolated from a cytology-proven
VRL case. We successfully isolated 15 single CD19DCD20D B
cells from a vitreous fluid biopsy and showed that 11 of 15 B cells
(cells 1, 4e10, 12, 14, and 15; Table 1) were derived from the
same clone, as evidenced by identical paired IGH: IGK loci
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Figure 1. Cytologic analysis of vitreous fluid biopsies from patients with vitreoretinal lymphoma (VRL) and chronic inflammation. AeL, Papanicolaou
(PAP) staining and immunohistochemical analysis (3’-diaminobenzidine chromogen) of representative VRL (top) and chronic inflammation (bottom)
vitreous biopsies. Magnification, �60; Scale bar, 50 mm. The red arrows indicate atypical lymphoid cells. The black arrowheads indicate reactive lym-
phocytes. The black arrows indicate macrophages. The blue arrow indicates neutrophils.
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(IGHV5-51*01: IGKV1D-43*01). The remaining 4 of 15 B cells
expressed the single IGHV5-51*01 locus (cell 13; Table 1) or
the IGKV1D-43*01 locus (cells 2, 3, 11; Table 1). Multiple
sequence alignment showed high sequence homology for both
IGH and IGK alignment for all tested cells (Fig S2B, available at
www.aaojournal.org). In addition, we detected the MYD88L265P

mutation in 93% (14/15) of the isolated B cells.
Finally, we analyzed the individual B cells by genome-wide

CNA analysis. We observed a striking level of similarity in the
CNA across all 15 isolated cells, with gains in copy number
observed in a segment of chromosomes 1, 2, 7, 8, 9, and 16 (Fig
4A). A gain in copy number throughout an entire chromosome
was noted for chromosomes 11 and 21 in all 15 isolated B cells
and chromosome 3 in 10 of 15 cells. A high, coinciding loss of
Figure 2. Single B-cell isolation using the DEPArray NxT system (Menarini Si
examination and stained with anti-human CD19 and CD20 antibodies to isola
fication was performed on the isolated single B cells for downstream immunoglo
differentiation primary response 88 (MYD88) sequencing. B, Representative im
CD3þ T cells (red box) isolated from a heterogeneous vitreous biopsy from a
CD79a, Ki-67, and DAPI before DEPArray NxT imaging and single-cell isolat
copy number was observed in chromosomes 1 and 8 (Fig 4A) in
all 15 isolated B cells. Additionally, we detected a translocation
event coinciding with the BCL2/JH t(14;18) amplicon in 14 of
15 cells (Fig 4B). Together, these results suggest that malignant
cells are derived from the same clone with a common B-cell
origin, and the detection of the BCL2 translocation indicates the
clinical aggressiveness of the disease.

B Cells from Different Patients with VRL Show
Distinct Copy Number Profiles for Selected
Genes

To investigate if there are common genome-wide signatures among
different patients with VRL, we performed a clustering analysis on
licon Biosystems). A, Remnant vitreous fluid was obtained during cytologic
te single B cells using the DEPArray NxT system. Whole genome ampli-
bulin heavy chain (IGH), immunoglobulin light chain (IGK), and myeloid
ages of target single CD19þ CD20þ B cells (purple box) and nontarget

patient with vitreoretinal lymphoma. The cells were co-stained with anti-
ion. BF ¼ bright field.
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Figure 3. Single B-cell immunoglobulin heavy chain (IGH), immunoglobulin light chain (IGK), and MYD88 mutation analyses in vitreous fluid biopsies.
A and B, Representative gel images of a single B-cell polymerase chain reaction (PCR) with the amplicon corresponding to VH5-FR1 primer use for (A)
IGH PCR and Vk1f/6 primer use for (B) IGK PCR. C, Single B-cell MYD88 PCR of 5 representative single Pfeiffer cells as MYD88WT control. D, Multiple
sequence alignment showed MYD88 T/C point mutation in 5 representative B cells. E and F, Chromatogram confirming the T/C point mutation
(MYD88L265P) (E) and wild-type allele (T; MYD88WT) (F). G, Homozygous MYD88L265P mutation frequency and (H) dominant IGH allele frequency in
vitreoretinal lymphoma (VRL) versus chronic inflammation. Each dot represents a patient with VRL. *P < 0.05, nonparametric ManneWhitney test.
IgH ¼ immunoglobulin H; MYD88 ¼ myeloid differentiation primary response 88; n.s. ¼ not significant.
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the CNA profiles of 3 vitreous-isolated B cells from 4 patients with
VRL. We observed distinct CNA profiles with a high level of
variability among the patients (Fig 5A). For example, we
discovered gains in copy number in a segment of chromosome 1
in patients 1, 2, and 4 but not in patient 3. On the other hand,
losses of copy number were detectable in chromosomes 1 and 8
of patient 1 but not in patients 2, 3, or 4 (Fig 5A). Of note, copy
number gains in a segment of chromosome 1 and the entire
chromosome 12 were observed in all the 6 B cells isolated from
patient 4, regardless of whether they were isolated from the left
eye (4L) or right eye (4R) of the patient (Fig 5A). In contrast to
patients with VRL, B cells from patients with chronic
inflammation exhibited relatively normal copy number profiles
with minimal aberrations (Fig S4, available at
www.aaojournal.org).

Next, we investigated the copy number profiles of 11 selected
genes (IGK, BCL2, MYD88, MYC, CD79A, PTEN, CDKN2A,
IGH, PTPRK, CD79B, BCL2) known to be associated with VRL
or B-cell function. These 11 genes are found on different chro-
mosomes (chromosomes 2, 3, 6, 8, 9, 10, 14, 17, 18, 19), except for
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MYD88 and BCL6, which are both found on chromosome 6 (Fig
5B). Variations in the copy number gains and losses of these genes
were found in individual B cells from different patients. For
example, B cells from patient 1 had consistent copy number
gains in BCL6, MYD88, and MYC but normal copy numbers in
IGK, CD79A, PTEN, CDKN2A, IGH, PTPRK, and BCL2. All
B cells from patient 2 had copy number gains in MYC and
CD79A but a copy number loss in PTPRK and normal copy
number profile in PTEN (Fig 5C). Other genes including IGK,
BCL6, MYD88, CDKN2A, IGH, CD79B, and BCL2 had
variable CNA profiles among individual B cells from patients 2
and 3. In patient 4, 3 B cells from the right eye (4R) and 1 B
cell from the left eye (4L) had normal copy number profiles in
all 11 genes (4 right-most columns, Fig 5C). By contrast, copy
number gains in BCL6, MYD88, and PTEN and copy number
losses in MYC, PTPRK, and BCL2 were observed in 2 B cells
from the left eye (4L) from patient 4 (Fig 5C). These results
suggest that malignant B cells derived from different patients
with VRL have no common genome-wide signatures, and they
express heterogeneous CNA alterations.

http://www.aaojournal.org


Table 1. IGH, IGK, MYD88 Mutation, and BCL2 Translocation Status in 15 Single B Cells Isolated from a Cytology-Proven VRL Liquid
Biopsy

Patient with Cytology-Proven VRL IGH IGK MYD88 Mutation BCL Translocation

Cell #1 IGHV5-51*01 IGKV1D-43*01 Yes Yes
Cell #2 ND IGKV1D-43*01 Yes Yes
Cell #3 ND IGKV1D-43*01 Yes Yes
Cell #4 IGHV5-51*01 IGKV1D-43*01 ND Yes
Cell #5 IGHV5-51*01 IGKV1D-43*01 Yes Yes
Cell #6 IGHV5-51*01 IGKV1D-43*01

IGKV3-11*01
Yes Yes

Cell #7 IGHV5-51*01 IGKV1D-43*01 Yes Yes
Cell #8 IGHV5-51*01 IGKV1D-43*01 Yes Yes
Cell #9 IGHV5-51*01 IGKV1D-43*01 Yes Yes
Cell #10 IGHV5-51*01 IGKV1D-43*01 Yes Yes
Cell #11 ND IGKV1D-43*01 Yes Yes
Cell #12 IGHV5-51*01 IGKV1D-43*01 Yes No
Cell #13 IGHV5-51*01 ND Yes Yes
Cell #14 IGHV5-51*01 IGKV1D-43*01 Yes Yes
Cell #15 IGHV5-51*01 IGKV1D-43*01 Yes Yes

IGH ¼ immunoglobulin heavy chain; IGK ¼ immunoglobulin light chain; MYD88 ¼ myeloid differentiation primary response 88; ND ¼ not determined;
VRL ¼ vitreoretinal lymphoma.
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Discussion

Making a VRL diagnosis is challenging because of the
scarcity of vitreous fluid from affected patients and the lack
of standardized markers. To address this unmet clinical
need, we used the DEPArray NxT system coupled with
single B-cellebased genomic analyses to (1) uncover the
identity of B cells in paucicellular vitreous biopsies and (2)
understand the underlying genetic predisposition to unfa-
vorable prognosis. Using the real-time, imaging-based,
digital sorting DEPArray NxT system, we could distinguish,
select, and sort rare target B cells from heterogeneous vit-
reous biopsies with low cellularity. Single B-cellebased
IGH and MYD88 mutation analyses distinguished patients
with VRL from those with chronic inflammation. Compre-
hensive genomic characterizations, such as paired IGK: IGH
clonality, CNA profiling, and BCL2 translocation at the
single-cell resolution, revealed crucial genomic profiles and
clinicopathological features associated with a cytology-
proven VRL case.

Polymerase chain reactionebased molecular techniques
focusing on IGH clonality and MYD88L265P mutation
profiling were developed to overcome the challenges in
making an accurate VRL diagnosis. The IGH clonality assay
was successfully developed and harmonized by the Euro-
clonality (BIOMED-2) consortium and has a reported
sensitivity of 65% to 95%, depending on the sample quality
and the choice of the PCR primer sets used.7,9,17 However,
limitations remain in this bulk cellebased IGH clonality
assay. For example, the frequency of clonal B cells must be
above the detection threshold (> 1% clonal cell in the bulk
samples).17 Otherwise, false-negative detection may occur if
the target B cells are not pre-enriched to meet the > 1%
threshold required for detection. In the IGH clonality anal-
ysis, we observed a substantial percentage of the dominant
IGH allele (65.9% � 13.4%) in B cells from patients with
chronic inflammation. This finding suggested that clonal
reactive B cells could exist in ocular inflammatory condi-
tions, as described in other studies.10,14 Thus, to avoid a
misdiagnosis of minor clonal expansion of inflammatory B
cells as evidence for VRL, IGH clonality results should be
interpreted with caution and only evaluated in the context
of clinical and morphologic features.25

In our single-cell IGH-PCR analysis, we found that
multiplex primers (consisting of 6 forward primers: VH1-6
and 1 reverse primer: JH, Table S1, available at
www.aaojournal.org) produced smeared PCR amplicons
with a high level of sequencing noise (Fig S1A, C,
available at www.aaojournal.org). This finding is likely
due to interference or competitive binding among the 6
forward primers in the multiplex IGH-PCR reactions.
Conversely, a single-plex primer (a pair of forward and
reverse primers) produced a clean PCR amplicon with no
sequencing noise (Fig 3A; Fig S1B, D, available at
www.aaojournal.org). Despite using the improved single-
plex IGH-PCR approach, we were still unable to deter-
mine IGH clonality in B cells from 3 patients with VRL
(patients 3e5, Table S4, available at www.aaojournal.org).
The exact reason for the failed IGH-PCR reactions is un-
clear but could be due to the somatic mutational profile of
VRL B cells that impedes primer binding.26

There has been a growing interest in using MYD88
mutation status as a diagnostic and prognostic VRL
biomarker.14,19,27 MYD88 is an adaptor protein in Toll/
interleukin-1 signaling; an MYD88L265P gain-of-function
mutation gives rise to constitutive NF-kB activation, a
characteristic of activated B-cellelike (ABC) diffuse large
B-cell lymphoma (DLBCL) that is more commonly seen in
VRL.20,28 Because ABC-DLBCL behaves differently from
GCB DLBCL, in terms of responses to therapeutic in-
terventions and prognosis, it necessitates the assessment of
the MYD88 mutation status in VRL cases.29,30 We precisely
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Figure 4. Chromosomal relatedness in single CD19þCD20þ B cells isolated from the vitreous fluid of a patient with vitreoretinal lymphoma (VRL). A, The
copy number aberration (CNA) profiles of 15 vitreous-isolated B cells. X-axis: copy number profiles for chromosome 1 to 22. Y-axis: copy number expressed
as a ratio to normal copy number (2, black dots), gains in copy number (> 2, red dots), and losses in copy number (< 2, blue dots). B, BCL2 translocation
events were detected in 14 of 15 single B cells. Translocation amplicons detected were similar in molecular weight, at w200 base pairs. Positive control and
negative control were control DNAs included in the kit. NC ¼ negative control; PC ¼ positive control.
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genotyped and enumerated the MYD88 mutation status in
single B cells; this resolution of information is impossible
to obtain from bulk samples.

Because of the extremely low target B cells of these 12
remnant samples (w5 to 58 B cells per sample, Table S4,
available at www.aaojournal.org), we must use all the
samples for single-cell isolation and analysis. As a result,
we did not have the opportunity to perform a comparison
between bulk and single B-cell MYD88 sequencing in these
12 samples. Systematic comparison of diagnostic sensitivity
1086
and specificity between bulk and single B-cell MYD88
sequencing should be conducted in samples with abundant
cells in the future.

Our single-cell analysis revealed 2 patients with chronic
inflammation who had no MYD88L265P-mutant B cells
(patients 8 and 10, Table S4, available at
www.aaojournal.org). Of note, 1 of 22 (4.5%) B cells
isolated from patient 9 carried the MYD88L265P mutation
(patient 9, Table S4, available at www.aaojournal.org).
Despite this low frequency, the existence of MYD88L265P-
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Figure 5. Copy number profiles of selected genes in B cells from patients with vitreoretinal lymphoma (VRL). A, Genome-wide copy number profiles of
vitreous-isolated B cells (n ¼ 3) from patients with VRL (n ¼ 4). The copy number was expressed as a log ratio to the normal copy number (white), gains in
copy number (red), and losses in copy number (blue). Each row represents the copy number profile of a single B cell. The cells were clustered based on
similarities in their respective copy number profiles. B, Representative genome-wide copy number profiles of single B cells. Selected genes with their
respective chromosomal locations are indicated by the orange lines. Chr: Chromosome; Red: gains of copy number; Blue: losses in copy number; Gray:
normal copy number. C, Copy number profiles of 11 selected genes of vitreous-isolated B cells (n ¼ 3) from patients with VRL (n ¼ 4). Each column
represents the copy number gains (red) or losses (blue) of selected genes in individual B cells. Selected genes: IGK, MYD88, BCL6, PTPRK, MYC,
CDKN2A, PTEN, IGH, CD79B, BCL2, CD79A; 4L, 4R: Vitreous-isolated B cells from the left and right eyes of VRL patient 4.
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mutant B cells could be an important risk factor associated
with VRL and CNSL pathogenesis. Indeed, a later clinical
follow-up found that patient 9 had CNSL. Nevertheless,
our study is limited by the small number of patients. Further
studies are warranted to examine and validate the associa-
tion among the MYD88L265P mutation status, VRL, and
CNSL pathogenesis in a larger cohort.

Combining the dominant IGH clonality and
MYD88L265P mutation status could serve as a complemen-
tary indictor for VRL diagnosis. Unfortunately, IGH clon-
ality and MYD88 mutation might not always be detected by
single-cell PCR analysis of vitreous biopsy-isolated B cells.
For example, we observed that > 25% (4/15) B cells iso-
lated from 1 VRL case only had a positive MYD88 (cells 2,
3, 11; Table 1) or IGH (cell 4; Table 1) result but not both.
The reason for this finding is unknown but could be due to
either DNA fragility or loss at the IGH or MYD88 loci in
these cells. Thus, to further prove that all the cells isolated
from our VRL case were clonal, we exploited the
uniqueness of the paired IGH: IGK, which is inherent to
individual B cells.31 We detected a single allele use of
IGHV5-51*01 or IGKVD-43*01 in these cells, and
> 70% (11/15) B cells expressed identical IGH: IGK
paired alleles. Although the biological implication of
biallelic expression (IGKVD-43*01 and IGKV3-11*01) in
cell 6 is unknown, biallelic expression has been
documented in other B-cell malignancies.32

Aberrant oncogene and tumor suppressor expression as a
result of structural and gene dosage (or copy number) per-
turbations is a cancer hallmark.33 Copy number aberration
profiling can detect such aberrations, define the genetic
lineage, and detect cancer-cell evolution.34 On the other
hand, BCL2/JH t(14;18) translocations involve reciprocal
chromosome exchanges that place the antiapoptotic BCL2
gene on chromosome 14 and under aberrant transcriptional
control of the IGH gene on chromosome 14, resulting in
the overproduction of BCL2 in B cells that promotes their
survival.35 Others have reported BCL2/JH t(14;18)
translocations in approximately 30% of DLBCL cases36

and approximately 57% cytology-proven VRL.37 In the
VRL case reported, although the genome-wide CNA pro-
files of the 15 single cells were not identical, we observed
salient gains and losses in chromosomes 1, 2, 7, 8, 9, 11, and
21. In addition, > 90% (14/15) of the B cells isolated from
the VRL case carried the BCL2/JH t(14;18) translocation,
which is associated with a poor prognosis.38,39 Taken
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together, our results provided compelling evidence that
vitreous B cells from the VRL case contain malignant
lymphoma B cells derived from a common progenitor.

Gene expression profiling of DLBCL revealed 2 molec-
ular distinct subgroups, namely, ABC-like and germinal
center B-cell (GCB)-like DLBCL.40 The BCL2/JH t(14;18)
translocation is more commonly found in GCB-DLBCL
than ABC-DLBCL. The detection of the BCL2/JH
t(14;18) translocation in the patients with VRL reported is
somehow at odds with the notion that most cases of VRL are
of the ABC-DLBCL subtype.2,25 However, our data are
compatible with a study that also reported the occurrence
of the BCL2/JH t(14;18) translocation in 57% of patients
with VRL (n ¼ 72).37 This finding suggests that VRL
might belong to a unique DLBCL subtype with an
unusually high BCL2/JH t(14;18) translocation rate.
Nevertheless, neither this previous study37 nor ours
performed extensive gene expression profiling for DLBCL
subgroup classification (GCB-DLBCL or ABC-DLBCL)
of the VRL samples. Simultaneous gene expression
profiling and BCL2/JH t(14;18) translocation analyses are
necessary to clarify this issue.

Although the genome-wide CNA profiles were not
identical for each cell, we observed relatively similar gains
or losses in chromosomal segments in B cells from the same
patient with VRL. However, distinct CNA profiles with a
high level of variability were identified among different
patients with VRL, indicating a lack of common genome-
wide signatures specific to VRL. In contrast to patients
with VRL, however, B cells from patients with chronic
inflammation have relatively normal copy number profiles
(Fig S4, available at www.aaojournal.org), suggesting that
there is little or no genomic perturbation to these reactive
B cells. B cells from VRL patient 4 exhibited similar
CNA profiles, regardless of whether they were isolated
from the left eye (4L) or right eye of the patient (Fig 5A).
These results suggest that lymphoma B cells might have
similar chromosomal alterations in different tissue
compartments from the same patient. Future studies
should focus on comparing the genetic landscapes
between different tissue compartments, especially in
paired samples in patients with VRL (vitreous or choroid)
and elsewhere in the central nervous system (brain, spinal
cord, cerebrospinal fluid).

Among the selected genes known to be involved in VRL
pathogenesis or B-cell function, we observed 2 gene groups
with different tendencies of gaining (BCL6, MYD88, MYC,
CD79A, and PTEN) and losing copy number (CDKN2A,
IGH, PTPRK, CD79B, and BCL2) (Fig 5C). Although the
copy number losses of CDKN2A, PTPRK, and PTEN in
VRL have been described previously,41,42 the CNA
profiles of other genes (IGK, BCL6, MYD88, MYC,
CD79A, IGH, CD79B, and BCL2) are novel. Consistent
with previous studies,41,42 we also identified losses of the
tumor suppressors CDKN2A and PTPRK in B cells from
VRL patients 2 and 3. In addition to the well-recognized
gain-of-function of the MYD88L265P oncogene mutation,
gains in copy number were also observed in some B cells
isolated from VRL patients 1, 2, and 4 (Fig 5C). Contrary to
the study by Cani et al,41 however, our results showed most
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B cells (13/15 B cells w87%) had no PTEN alterations, and
2 B cells had gains in the PTEN copy number (patients 3
and 4, Fig 5C). Other genes, including IGK, BCL6,
MYD88, CDKN2A, IGH, CD79B, and BCL2, had
variable CNA profiles among individual B cells from
different patients with VRL. Together, these results
suggest that malignant B cells derived from different
patients with VRL have no common genome-wide signa-
tures, and they express heterogeneous CNA alterations.

Single-cell technologies have been widely applied to
different biomedical research questions over the past decade
and have great potential for guiding precision diagnostics
and prognostics. Most of the mainstream single-cell tech-
nologies (e.g., 10X Genomics, Drop-Seq, FACS) require
samples with high cellularity for phenotyping and molecular
characterization. However, the number of cells typically
available from vitreous biopsies used for VRL diagnosis is
heterogeneous and limited. In our study, the number of
target B cells isolated from vitreous biopsies for analysis
was extremely low (5e22 B cells per sample, Table S4,
available at www.aaojournal.org). For most mainstream
single-cell technologies, it is challenging to isolate the rare
target B cells from vitreous biopsies. By contrast, the
imaging-based digital cell sorting DEPArray NxT technol-
ogy can distinguish, select, and sort rare target malignant
cells from paucicellular vitreous biopsies with the high
resolution and purity required for downstream genomic
analyses. At this moment, the DEPArray-based platform
needs to be set up in a specialized research laboratory;
however, with the ease of use and software automation
provided by the DEPArray technology, technicians from
standard pathology laboratories can be easily trained to
operate the platform. In the near future, we believe that the
DEPArray-based workflow will provide a clinically relevant
solution for single B-cellebased precision diagnostics of
VRL.

Our study is limited by the low number of isolated B
cells and small cohort size. Future studies should be
expanded to investigate a larger cohort of patients with
VRL. Nevertheless, we provide a proof of concept that
meaningful molecular data can be obtained from single
vitreous-derived B cells isolated from the DEPArray NxT
platform. The adjunctive and yet complementary
approach to the current gold standard might open avenues
for precision diagnostics and targeted therapeutic delivery
for patients with VRL. For example, ibrutinib, a thera-
peutic drug targeting Bruton tyrosine kinase, can be
considered to treat VRL with an underlying MYD88L265P

mutation, which is known to trigger lymphomagenesis by
Bruton tyrosine kinase activation. Likewise, the CDK4/6
inhibitor palbociclib and the inhibitor of Aurora, vascular
endothelial growth factor, and platelet-derived growth
factor tyrosine kinase families, ilorasertib, might be
useful for targeting VRL with underlying copy number
losses in CDKN2A. Both of these inhibitors are currently
being tested in patients with advanced CDKN2A-
deficient tumors (ClinicalTrials.gov, NCT02693535;
NCT02478320).

In summary, our study provides comprehensive genomic
characterization of vitreous biopsies at the single B-cell
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resolution. This information enables precision VRL diag-
nosis. Such single B-cell genomic analyses can identify
patient-specific genomic alterations, such as the gain-of-
function MYD88L265P oncogenic mutation and copy num-
ber alterations, which could be actionable therapeutic targets
for personalized medicine.
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