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Abstract 
 
The diagnosis of vitreoretinal lymphoma (VRL), a rare subtype of primary central nervous system lymphoma, is 
challenging. We aimed to investigate the mutational landscape of VRL by sequencing circulating tumor DNA (ctDNA) from 
aqueous humor (AH) and/or vitreous fluid (VF), as well as applying ctDNA sequencing to diagnosis and treatment 
monitoring. Baseline AH and/or VF specimens from 15 VRL patients underwent comprehensive genomic profiling using 
targeted next-generation sequencing. The molecular profiles of paired baseline AH and VF specimens were highly 
concordant, with comparable allele frequencies. However, the genetic alterations detected in cerebrospinal fluid ctDNA 
only partially overlapped with those from simultaneously collected AH/VF samples, with much lower allele frequencies. 
Serial post-treatment AH or VF samples were available for five patients and their changes in ctDNA allele frequency 
displayed a similar trend as the changes in interleukin-10 levels; an indicator of response to treatment. A cohort of 23 
patients with primary central nervous system lymphoma was included as a comparison group for the genetic landscape 
and evaluations of the efficacy of ibrutinib. More MYD88 mutations, but fewer IRF4 mutations and CDKN2A/B copy number 
losses were observed in the baseline samples of primary central nervous system lymphoma than VRL patients. The 
objective response rate to ibrutinib treatment was much higher for patients with primary central nervous system 
lymphoma (64.7%, 11/17) than for those with VRL (14.3%, 1/7). In summary, we provide valuable clinical evidence that AH 
is a good source of tumor genomic information and can substitute VF. Moreover, molecular profiling of AH has clinical 
utility for the diagnosis of VRL and treatment monitoring.   
 

Introduction 
Vitreoretinal lymphoma (VRL) is a rare type of primary 
central nervous system lymphoma (PCNSL) which pri-
marily involves the retina and vitreous.1-3 Based on the ori-
gins of the lymphoma, it can be classified as primary VRL, 
synchronous VRL with central nervous system or systemic 
involvement, or secondary VRL, which occurs as a site of 
relapsed lymphoma.4,5 Approximately 95% of primary VRL 
are histologically identified as diffuse large B-cell lympho-
mas, while at the molecular level, both PCNSL and pri-

mary VRL are classified into MCD/C5 subgroups of diffuse 
large B-cell lymphoma based on concurrent MYD88 
(L265P) and CD79B mutations.6-8 Primary VRL is highly ag-
gressive with an elevated mortality rate, and 65% to 90% 
of patients eventually develop brain parenchymal involve-
ment. In contrast, 15% to 25% of patients with PCNSL have 
vitreoretinal involvement, either as synchronous VRL and 
PCNSL or secondary VRL.1 The diagnosis of VRL remains a 
challenge for clinicians as the symptoms of VRL can 
mimic those of posterior uveitis. Thus, patients are typi-
cally diagnosed with intermediate and/or posterior uveitis, 
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with vitritis and/or subretinal infiltrates.1,9,10 The diagnosis 
of VRL is made on the basis of histological and molecular 
tests. First, cytology and flow cytometry of ocular 
samples are used to identify a monoclonal neoplastic B 
lymphocyte population. Second, elevated levels of inter-
leukin (IL)-10 in aqueous humor (AH) and/or vitreoretinal 
fluid (VF), and the detection of MYD88 mutations in tumor 
cells can also be used as ancillary tests.11 However, cyto-
morphological evaluations often fail to detect lymphoma 
cells because of the limited sample volume, low cellular-
ity of VF samples, and cell lysis during biopsies.12-14 
Recently, several studies reported the genetic profiles of 
VRL using VF ctDNA sequencing.15-17 Vitreous biopsy is a 
common surgical procedure, but it is an invasive process 
and may cause severe complications. It has been reported 
that AH can serve as a source of liquid biopsy for molecu-
lar profiling in retinoblastomas, which is enriched in eye-
specific tumor-derived cell-free DNA (cfDNA) and can be 
collected for repeated sampling.18 Thus, AH is an emerging 
tool for the diagnosis, prognosis, and treatment monitor-
ing of tumors with ocular invasion.  
The MYD88 L265P mutation is a primary oncogenic driver 
in PCNSL and was recently identified as a disease bio-
marker in VRL as well.17,19 MYD88 L265P continuously acti-
vates the nuclear factor kappa light-chain enhancer of 
activated B cells (NF-kB) by Bruton tyrosine kinase (BTK), 
promoting tumor proliferation. As ibrutinib, a BTK inhibitor, 
can cross the blood-brain barrier, ibrutinib-based com-
bination therapy is widely used in PCNSL patients, with 
promising responses.20 However, the efficacy of ibrutinib 
in patients with VRL remains to be evaluated.  
In this study, we sought to investigate the mutational 
landscape of VRL and the application of serial molecular 
profiling of AH/VF ctDNA for treatment monitoring. We 
also explored the differences in genomic profiles between 
VRL and PCNSL patients, and their responses to ibrutinib 
treatment.  

Methods 
Patients and the diagnosis of vitreoretinal lymphoma  
A total of 15 patients who presented with severe vitreous 
opacity and/or diffuse yellow subretinal lesions were ad-
mitted to the Department of Medical Oncology at Sun Yat-
sen University Cancer Center (SYSUCC) between 
December 2018 and December 2020. VRL was diagnosed 
by two experienced specialists (DL and WS) at the Zhong-
shan Ophthalmic Center of the Sun Yat-Sen University 
(Guangzhou, China). The VRL diagnoses of three patients 
were confirmed by pathology studies using standard cyto-
logy and immunocytochemistry of B-cell markers, and 
clonality analyses for the presence of immunoglobulin 
heavy chain (IGH) rearrangements. The other 12 patients 

were diagnosed based on typical clinical manifestations, 
including elevation of the IL-10/IL-6 ratio and/or IGH re-
arrangements in AH/VF. All patients underwent further 
examinations, including positron emission tomography 
and computed tomography (PET/CT) or magnetic reson-
ance imaging and seven also underwent lumbar puncture 
for cytology and cerebrospinal fluid (CSF) ctDNA sequenc-
ing.  
This study was approved by the ethics committee of SY-
SUCC (approval n.: B2020-315-01) and was conducted in 
accordance with the Declaration of Helsinki. All partici-
pants provided written informed consent prior to sample 
collection. 

Sample collection and DNA extraction 
The median volume of AH/VF samples used for cfDNA 
extraction was 0.1 mL (range, 0.02–3.5 mL). Samples were 
transported to the laboratory at 4°C. cfDNA was extracted 
from the supernatants of AH/VF samples (1,800 g × 10 
min) within 48 h of collection. DNA was extracted using a 
Circulating Nucleic Acid Kit (Qiagen, Hilden, Germany) fol-
lowing the manufacturer’s protocol and stored at -80°C 
until further analysis. Fragment distribution was deter-
mined on a Bioanalyzer 2100 using a High Sensitivity DNA 
Kit (Agilent Technologies, Santa Clara, CA, USA).  
The tumor cell content of formalin-fixed, paraffin-em-
bedded (FFPE) sections from 23 PCNSL patients was de-
termined by a pathologist. Genomic DNA of the 23 PCNSL 
patients was purified from the FFPE slides using a 
QIAamp DNA FFPE Tissue Kit (Qiagen) and from oral swabs  
using a DNeasy Blood & Tissue Kit (Qiagen). This DNA was 
then quantified using a Nanodrop2000 (Thermo Fisher 
Scientific, Waltham, MA, USA). All DNA was quantified 
using the dsDNA HS Assay Kit on a Qubit 3.0 Fluorometer 
(Life Technologies, Carlsbad, CA, USA). 

DNA sequencing and genomic mutational analyses  
Targeted next-generation sequencing (NGS) was per-
formed using a panel (HemasalusTM) of exons and splice 
sites of more than 400 genes that are recurrently mutated 
in B-cell lymphomas. The full list of genes included in the 
panel is provided in Online Supplementary Table S1. NGS 
was performed in a testing laboratory (Nanjing Geneseeq 
Technology, Inc., Nanjing, China) accredited by the Clinical 
Laboratory Improvement Amendments (CLIA) and the Col-
lege of American Pathologists (CAP). The depth of cover-
age of the NGS panel was 500× for liquid biopsies. 
Sequencing libraries were prepared using the KAPA Hyper 
Prep Kit (KAPA Biosystems) and sequenced on a HiSeq 
4000 NGS platform (Illumina).21 Sequencing data were 
processed as previously described.22 In brief, the data 
were first demultiplexed and the FASTQ file was subjected 
to quality control to remove low-quality data or N bases. 
Qualified reads were mapped to the reference human ge-
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nome, hg19, using the Burrows-Wheeler Aligner. The Ge-
nome Analysis Toolkit (GATK 3.4.0) was used to perform 
local realignment around indels and base quality score re-
calibration. Picard was used to remove polymerase chain 
reaction duplicates. VarScan2 was used to detect single-
nucleotide variants and insertion/deletion mutations. A 
mutant allele frequency cutoff of 1% was used for tissue 
samples and 0.3% for cfDNA samples. ADTEx was used to 
identify copy number variations with a normal human DNA 
sample, NA18535. A cutoff log2 ratio was set at ±0.6 for 
copy number changes (corresponding to a 1.5-fold copy 
number gain and 0.65-fold copy number loss). 

Results 
Overview of the patients with vitreoretinal lymphoma  
As shown in Table 1, a total of 15 VRL patients were en-
rolled in this study with a median age of 56 years (range, 
38-68 years). Almost all patients (14/15) had binocular 
disease. Vitreous involvement was more frequent than 

Table 1. Patients’ characteristics.

Characteristics VRL PCNSL

Total number 15 23

Age in years, median (range) 56 (38-68) 58 (28-83)

Sex, N (%) 
Male 
Female

 
8 (53.3) 
7 (46.7)

 
11 (47.8) 
12 (52.2)

Location, N (%) 
Vitreous 
Subretinal

 
11* (73.3) 
8* (53.3)

 
- 
-

Subtype, N (%) 
Primary VRL (%) 
No brain involvement 
Subsequent brain involvement 

Synchronous VRL and PCNSL

 
13 (86.7) 
11 (84.6) 
2 (15.4) 
2 (13.3)

 
- 
 
 
-

Treatment, N (%) 
Systemic treatment with ibrutinib 
Local ocular treatment

 
7 (46.7) 
8 (53.3)

 
17 (73.9) 
6 (26.1)

*Four patients had both vitreous and subretinal involvement. VRL: 
vitreoretinal lymphoma; PCNSL: primary central nervous system 
lymphoma.

Figure 1. Overview of the patients’ char-
acteristics and study design. (A) The 
availability of samples from all enrolled 
patients, as well as ibrutinib treatment 
information are shown as indicated in 
the legend. The molecular features of the 
most prevalent gene alterations detected 
in baseline samples are also provided. (B) 
An illustration of sampling aqueous 
humor, vitreous fluid, and cerebrospinal 
fluid is shown on the left. The four aims 
of this study are listed on the right. ID: 
identity; VRL: vitreoretinal lymphoma; 
PCNSL: primary central nervous system 
lymphoma; AH: aqueous humor; VF: vit-
reous fluid; CSF: cerebrospinal fluid; 
NGS: next-generation sequencing.

A

B
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Figure 2. Mutational comparisons between 
matched aqueous humor, vitreous fluid and 
cerebrospinal fluid samples. (A) Four pairs 
of baseline aqueous humor (AH) and vit-
reous fluid (VF) samples underwent tar-
geted next-generation sequencing. The 
allele frequencies of shared and unique mu-
tations detected in matched AH and VF 
samples are shown in the top panel. The 
number of alterations detected in each pa-
tient is shown at the bottom of the panel. 
Shared, AH-only, and VF-only alterations are 
colored green, red, and blue, respectively. 
(B) The number of alterations detected in 
cerebrospinal fluid (CSF) and AH/VF 
samples from five patients is as labeled in 
the legend. The brain involvement in patients 
V1 and V10 was confirmed by positron 
emission tomography/computed tomography 
examinations. (C) Allele frequencies of muta-
tions present in both CSF and AH/VF samples. 
**P<0.05, ***P<0.01. AF: allele frequency. 

A

B C

subretinal infiltrates (11/15 vs. 8/15, respectively) and 
lymphoma was found at both locations in four patients. 
Thirteen individuals had primary VRL without brain in-
volvement or histories of other systemic lymphomas at 
diagnosis, and the remaining two patients (V1 and V10) 
were diagnosed with synchronous VRL and PCNSL. Rep-
resentative cytological and immunohistochemistry im-
ages of a VRL patient (V4) are shown in Online 
Supplementary Figure S1, with large, atypical cells posi-
tive for Ki67, CD20, and CD79A. Baseline AH and/or VF 
samples were collected from all patients, of whom five 
also underwent sequential sampling during their treat-
ment for disease monitoring. The median concentration 
of cfDNA extracted from AH/VF samples was 0.5 ng/µL. 
A full list of liquid biopsy volumes and cfDNA concentra-
tions is provided in Online Supplementary Table S2. 
Seven VRL patients received ibrutinib therapy, mainly for 
first- and second-line treatments (Figure 1A), while the 
remaining eight VRL patients were administered local 

ocular treatments (Table 1). 

High concordance of mutations detected in paired 
aqueous humor and vitreous fluid cell-free DNA 
samples 
Baseline AH and/or VF samples were collected from all 
15 VRL patients and underwent targeted NGS. Two-thirds 
of samples carried MYD88 L265P and/or CD79B muta-
tions (Figure 1A). Other frequently mutated genes in-
cluded PIM1 (80%), IRF4 (60%), and CDKN2A/B copy 
number losses (73.3% and 53.3%). A complete list of mu-
tations in all samples is provided in Online Supplemen-
tary Table S3. Four patients (V1-V4) had matched 
baseline AH and VF samples that were subjected to se-
quencing. Two patients (V1 and V2) shared an identical 
mutational spectrum in the matched AH and VF samples; 
their allele frequencies were also comparable (Figure 
2A). The concordance rates of mutations between AH 
and paired VF samples in the other two patients (V3 and 
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V4) were 90% (26/29) and 60% (10/16), respectively. Thus, 
those results suggest that AH can serve as a surrogate 
for mutational analysis of VRL and is more easily access-
ible than VF biopsies.  
In addition, to avoid unnecessary clinical injury to pa-
tients with binocular disease, AH/VF sampling is usually 

performed in a single eye. However, patient V5 under-
went AH extraction from both eyes for sequencing. Over-
all, 32 mutations were identified in AH samples from 
either the left or right eye, over 80% (26/32) of which 
were detected in both samples, with similar allele fre-
quencies (R2=0.899) (Online Supplementary Figure S2).  

Figure 3. Dynamic profiling of circulating tumor DNA and interleukin-10 levels in aqueous humor or vitreous fluid samples. The 
treatment histories of five patients (identity numbers in the top right corner of each panel) with dynamic and sequential sampling 
of aqueous humor (AH) or vitreous fluid (VF) are shown at the bottom of each panel. The allele frequency changes to driver mu-
tations and other alterations are shown in the line chart. Interleukin-10 levels (pg/mL) at each time point are indicated by the 
green circles at the top of each panel. AF: allele frequency; ctDNA: circulating tumor DNA; IL-10: interleukin.10; LEN: lenalidomide; 
TMZ: temozolomide; HD-MTX: high-dose methotrexate.  

A

B

C

D

E
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Early detection of circulating tumor DNA in 
cerebrospinal fluid in patients with primary 
vitreoretinal lymphoma may predict parenchymal 
invasion of the brain 
CSF samples were collected from seven patients for 
whom CSF cytology examinations were negative. Five of 
the patients were positive for CSF ctDNA and the median 
concentration of the extracted cfDNA from CSF samples 
was 1.1 ng/µL (Online Supplementary Table S2). The 
numbers of alterations in VF/AH and CSF samples are 
shown in Figure 2B, while the allele frequencies of the 
shared mutations are shown in Figure 2C. All five pa-
tients had significantly higher allele frequencies for the 
shared mutations in AH and/or VF samples than in CSF 
ctDNA. It is also of note that patients V1 and V10, who 
had synchronous PCNSL confirmed by PET/CT examin-
ations, harbored a higher number of mutations detected 
only in CSF samples with significantly higher allele fre-
quencies (P<0.01) than those of the other three patients 
(V5, V6, and V15). Notably, brain involvement developed 
in patients V5 and V6 after 9 and 19 months, respectively. 
Thus, positive CSF ctDNA detection might be an early in-
dicator of brain involvement with a subset of alterations 
in patients with primary VRL.  

Dynamic profiling of circulating tumor DNA in aqueous 
humor or vitreous fluid samples to monitor response to 
treatment  
Of the seven VRL patients who received systemic treat-
ment, five underwent a series of dynamic AH/VF sampling 
(4 underwent serial AH sampling and 1 underwent serial 
VF sampling) (Figure 3, Online Supplementary Table S4). AH 
or VF samples were collected for ctDNA detection through-
out treatment to dynamically monitor the therapeutic re-

sponses. In addition, the IL-10 levels in AH/VF samples 
were also analyzed to assist with the response evaluation 
of VRL patients. For patients V5 and V6, the changes of IL-
10 levels were highly concordant with the allele frequencies 
of AH/VF ctDNA (Figure 3A, B). For patient V15, all four IL-
10 tests were performed within the interval of two rounds 
of AH ctDNA sequencing, which provided limited informa-
tion about the correlation between the IL-10 levels and 
ctDNA allele frequencies (Figure 3C). The remaining two pa-
tients (V2 and V3) with extremely high levels of IL-10 at 
baseline showed dramatic decreases in post-treatment IL-
10 levels and AH ctDNA allele frequencies (Figure 3D, E). 
These findings imply that AH/VF ctDNA profiling could as-
sist in the evaluation of treatment efficacy, in addition to 
the use of IL-10 tests and eye examinations.  

Comparisons of mutational landscape between patients 
with vitreoretinal lymphoma and primary central nervous 
system lymphoma  
To further compare the mutational landscapes of VRL and 
PCNSL, we included another cohort of 23 PCNSL patients. 
When comparing the mutations detected in the baseline 
VRL AH/VF samples and PCNSL tumor biopsy specimens, 
we found that PIM1 mutations (80%) and CDKN2A copy 
number loss (73.3%) were the two most frequently ob-
served alterations in VRL patients, but were underrepre-
sented in the PCNSL cohort with frequencies of 56.5% and 
39.1%, respectively (Online Supplementary Figure S3). Fur-
thermore, the canonical oncogenic driver mutation, MYD88 
L265P, was less frequently detected in VRL patients than 
in the the PCNSL cohort (53.3% vs. 82.6%, respectively, 
P=0.07) (Figure 4A). In contrast, the frequencies of IRF4 mu-
tations and CDKN2B copy number loss were significantly 
higher in the VRL cohort (Figure 4A).  

Figure 4. Comparisons of mutation frequencies between 
patients with vitreoretinal lymphoma and primary central 
nervous system lymphoma. (A) The frequencies of the most 
prevalent mutations in patients with vitreoretinal lym-
phoma and primary central nervous system lymphoma are 
shown in the bar plot. *P<0.1; **P<0.05; ***P<0.01. (B) The 
locations of the mutations in the IRF4 gene are shown. Each 
patient is represented by a color, as indicated in the legend. 
The mutations detected in the baseline samples are repre-
sented by circles, while stars represent the mutations that 
were only detected in the post-treatment samples. VRL: 
vitreoretinal lymphoma; PCNSL: primary central nervous 
system lymphoma.

A

B
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In addition, we further investigated the mutational sites of 
IRF4 in VRL patients. Recurrent IRF4 mutations mainly oc-
curred in the DNA binding domain with L70V, Q60* and S18R 
being the most frequent mutations (Figure 4B). Most IRF4 
mutation sites were detected in primary and post-treat-
ment AH/VF samples (e.g., V1-V3 and V15), while G58S/D, 
G213D, Y282S, and L358F were acquired after multiple 
lines of treatment (e.g., V2, V5, and V15).  
In the VRL cohort, seven patients received ibrutinib, only 
one of whom (V2) achieved a partial response and had a 
significant improvement in visual acuity, leading to an 
overall response rate of 14% to ibrutinib (Online Supple-
mentary Table S5). In contrast, 17 PCNSL patients received 
systemic treatment containing ibrutinib and the overall 
response rate was 65%, with nine complete responses 
and two partial responses. It should be noted that these 
patients received either ibrutinib monotherapy (PCNSL, 
41%; VRL, 29%) or combined therapies (PCNSL, 59%; VRL, 
71%); 29% (5/17) of the PCNSL patients and 57% (4/7) of 
the VRL patients received ibrutinib as first-line treatment. 
The diverse treatment regimens prevented a direct com-
parison of the efficacy of ibrutinib between VRL and 
PCNSL patients; however, there was a trend to the efficacy 
of ibrutinib being poorer in VRL patients.   

Discussion 
To our knowledge, this study was the first to investigate 
the molecular profiles of AH/VF ctDNA using a large NGS 
panel covering over 400 lymphoma-related genes in the 
Chinese population. The findings revealed the potential 
utility of analyzing AH ctDNA for the diagnosis of VRL, as 
well as for disease monitoring with serial sampling. The 
high concordance between AH and VF profiles indicated 
that AH could serve as a surrogate for VF liquid biopsies, 
as AH is more easily accessible. We also revealed differ-
ences in the molecular landscapes between VRL and 
PCNSL, and the suboptimal responses to ibrutinib in the 
VRL cohort.  
Due to the low incidence of VRL, our study cohort was 
relatively small; however, this was a common limitation of 
other published studies as well.4 For instance, Lee et al. 
investigated the mutational signatures of primary VRL 
using whole-exon sequencing in an Asian cohort (n=9), 
finding that all patients carried MYD88 mutations. The fre-
quencies of IRF4 and PIM1 mutations in that cohort were 
44.4% and 88.9%, respectively, which were comparable to 
the frequencies observed in the current study (60% and 
80%, respectively).16 However, in another study of 16 pri-
mary VRL patients analyzed using targeted NGS, only 
18.8% harbored IRF4 mutations, and the frequencies of 
MYD88 and PIM1 mutations were both 68.8%.15 Notably, 
that study15 was conducted in a Western population, 

which might explain the different mutational frequencies. 
Bonzheim et al.15 also reported a similar frequency of 
CD79B mutations (43.8%) as that in our study (53.3%) and 
in a study by Yonese et al. (35%).23 Another small cohort 
study (n=8) detected MYD88 L265P in 75% of patients’ AH 
samples, with a consistency of 87.5% when compared to 
VF samples using polymerase chain reaction and pyrose-
quencing assays.19 Overall, the mutational frequencies re-
ported in those studies were comparable to those 
observed in the current study, although factors including 
the small cohort sizes and different ethnic populations 
being studied should be taken into consideration.  
IRF4 encodes a transcription factor that controls the dif-
ferentiation of B, T, dendritic, and myeloid cells, and regu-
lates various aspects of their respective immune 
responses.24 IRF4 is also an oncogene in some subtypes 
of diffuse large B-cell lymphoma and a tumor-suppressor 
in c-Myc-induced malignancies.25-29 IRF4 rearrangement 
and aberrant hypermutation were commonly character-
ized in lymphoproliferative malignancies, especially pedi-
atric large B-cell lymphomas.30 In our study, the detected 
IRF4 mutation sites spanned the complete coding region, 
and especially affected the DNA-binding domain (DBD) 
and the IRF association domain (IAD).  
CDKN2B (cyclin dependent kinase inhibitor 2B) is a tumor 
suppressor gene located adjacent to CDKN2A, both of 
which are frequently deleted in multiple tumors.31,32 In our 
VRL cohort, 73.3% and 53.3% of patients carried CDKN2A 
and CDKN2B deletions, respectively. In contrast, PCNSL 
patients showed much lower frequencies of deletions 
(CDKN2A: 39% and CDKN2B: 8.7%). These findings revealed 
the genetic differences between VRL and PCNSL, suggest-
ing that more precise clinical management is needed for 
this rare and unique type of cancer. 
There is a limited evidence-base to guide the treatment 
of VRL. There have been no randomized clinical trials di-
rected at the treatment of VRL specifically, although some 
trials of treatments for PCNSL have included patients with 
VRL, facilitating limited subset analyses.33 Recently, a 
phase II clinical trial showed promising efficacy of ibruti-
nib monotherapy in relapsed or refractory PCNSL and VRL 
patients, independently of B-cell antigen receptor path-
way alterations, including CD79A/B.34 Conversely, another 
study suggested that diffuse large B-cell lymphomas with 
mutated CD79B and MYD88 were more responsive to 
ibrutinib, while MYD88-only mutant tumors were likely to 
be ibrutinib-resistant.35 In our study, four PCNSL patients 
harboring concurrent CD79B and MYD88 mutations all 
achieved a complete response to ibrutinib treatment (On-
line Supplementary Table S5). The efficacy of ibrutinib 
treatment in our VRL cohort was suboptimal compared to 
that in PCNSL patients. There are a few possible explana-
tions for this observation, including the fact that both 
ibrutinib monotherapy and combined therapies were in-
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cluded in this study; the line of treatment varied from 
first-line to third-line; and subset analyses were not per-
formed because of the restricted cohort size. These limi-
tations prevented a direct comparison of the efficacy of 
ibrutinib treatment between VRL and PCNSL patients; 
however, the findings should promote additional well-de-
signed and comprehensive studies of the efficacy of 
ibrutinib in VRL patients in the future. 
The evaluation of disease progression in VRL patients, un-
like that of patients with solid tumors, relies mainly on 
eye examinations and patients’ visual acuities, which are 
subjective rather than quantitative. Our results suggest 
that the changes in AH/VF ctDNA allele frequencies were 
relatively concordant with IL-10 levels in AH/VF. It is 
known that IL-10 is a clinical marker of VRL,36,37 so AH 
ctDNA monitoring might be an efficient and quantitative 
tool to evaluate treatment responses in patients with 
VRL. In addition, we found that the early detection of CSF 
ctDNA might be an indication of brain involvement, sug-
gesting that patients with positive CSF ctDNA require 
close monitoring. Of note, although CSF has been ac-
cepted as a better surrogate than plasma for the molecu-
lar profiling of brain tumors.38,39 the allele frequencies of 
CSF ctDNA-derived mutations were significantly lower 
than those of AH/VF-derived aberrations. Furthermore, 
mutations detected in CSF samples represented only a 
subset of AH/VF-borne mutations. That observation sug-
gested that lymphoma was likely to be of an ocular origin 
in those patients, but considering that CSF has a much 
higher dilution volume than AH/VF, caution in the inter-
pretation of disease origin is warranted.  
Several limitations of this study should be noted. First, 
the cohort size was restricted due to the rarity of VRL, 
and thus, further validation in larger cohorts is warranted. 
Second, the volume of AH/VF samples available for cfDNA 
extraction varied between patients, but sample volumes 
were usually small, leading to a limited amount of cfDNA 
for NGS. Therefore, ctDNA sequencing with AH/VF bi-
opsies was technically demanding. Lastly, the efficacy 
profile of ibrutinib in VRL and PCNSL requires further in-
vestigation because of the heterogeneity and diverse 

treatment conditions between cohorts in this study. 
However, our collective findings revealed the molecular 
heterogeneity of VRL and PCNSL, and highlighted the 
clinical utility of serial AH/VF ctDNA profiling for the di-
agnosis and monitoring of VRL.  
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