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Abstract

Purpose of Review The use of circulating tumor DNA (ctDNA) for the purposes of diagnosis, prognosis, assessment of treatment
response, and monitoring for relapse is a new and developing field in lymphoma. This review aims to summarize many of the
most recent advances in ctDNA applications.

Recent Findings Recent studies have demonstrated the use of ctDNA assessment across many lymphoma subtypes including
diffuse large B-cell lymphoma, follicular lymphoma, Hodgkin lymphoma, and T-cell lymphoma. In addition, many novel
applications of ctDNA assessment have been described such as the development of new prognostic models, investigation of
clonal evolution and heterogeneity, early assessment of treatment response, and prediction of response to targeted therapy as a
form of personalized medicine.

Summary The use of ctDNA has been shown to be feasible across many lymphoma subtypes and has shown significant promise
for several new applications. Additional studies will be needed to validate these findings prior to routine use in clinical practice.

Keywords Circulating tumor DNA - Minimal residual disease - Non-Hodgkin lymphoma - Hodgkin lymphoma

Introduction

An accurate assessment of lymphoma tumor burden is essen-
tial to providing the best care for patients with lymphoma.
However, despite recent advances in treatment of lymphoma,
our methods for assessing the disease have remained largely
unchanged in several decades. Current methods include biop-
sies, computed tomography (CT) scans, and positron emission
tomography (PET) scans, but these all have limitations.
Tumor biopsies often require invasive procedures that expose
patients to risk of harm and complications. Furthermore, tu-
mor biopsies only offer information about the lymphoma at
one specific time point and only about the small area that was
biopsied. If more tumor information is needed during the
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course of treatment, additional invasive procedures are need-
ed. PET-CT is often used to assess disease burden and to
evaluate treatment response. However, this relies on the pres-
ence of macroscopic tumor burden in order to detect areas of
lymphoma involvement. Due to this limitation, patients can be
incorrectly labeled as having a complete remission even
though microscopic disease may still be present. Although
an improvement over historical techniques, PET-CT has sub-
optimal specificity, can be associated with high false positive
rates in certain settings [1-3], and is subject to variability in
interpretation by the reading radiologist [4]. In addition, tech-
niques like PET-CT have relatively high costs and expose
patients to radiation that can result in downstream negative
health consequences [5—7]. In order to improve upon our cur-
rent ability to detect and measure lymphoma, the development
of novel disease assessment techniques is necessary.

One such novel technique is the detection and measurement
of lymphoma in the peripheral blood. This is accomplished by
measuring either intact tumor cells or circulating free DNA from
the tumor. The term circulating tumor cells (CTCs) refers to
intact lymphoma cells that are shed from primary tumors into
the bloodstream. Circulating tumor DNA (ctDNA) is
fragmented DNA that originates from tumor cells and is released
into the bloodstream after the cells have undergone apoptosis or
necrosis. Although both CTCs and ctDNA have been
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demonstrated to have potential applications in lymphoma, the
majority of recent studies have focused primarily on ctDNA
assessment. We have previously reviewed the data regarding
CTC and ctDNA assessment in patients with diffuse large B-
cell lymphoma (DLBCL) and mantle cell lymphoma (MCL),
including the use of minimal residual disease assessment as a
means of diagnosis, to determine prognosis, to assess treatment
response, and to detect relapse [8¢]. Briefly, prior studies have
shown that quantitative levels of ctDNA have prognostic value
in DLBCL and correlate with clinical stage [9¢], LDH [9e, 10,
11], international prognostic index (IPI) score [9¢], CT [12], and
PET-CT [13]. Following treatment, ctDNA was shown to be
more sensitive for residual disease than CT or LDH [14]. After
treatment of DLBCL, the presence or absence of ctDNA in
patients with imaging-based remission at the end of treatment
was associated with a high positive and negative predictive val-
ue for lymphoma recurrence [15]. In one study, the presence of
ctDNA was more specific for relapse than PET-CT [13]. Here,
we aim to highlight more recent advances and applications of
ctDNA in patients with DLBCL and other lymphoma subtypes.

Methods

Here, we provide a brief overview of the methods used to assess
lymphoma burden in the blood. We have previously reviewed
the methods for ctDNA assessment of lymphoma in greater de-
tail, including advantages and limitations of these methods [8¢].

Polymerase Chain Reaction-Based Methods

Polymerase chain reaction(PCR)-based minimal residual
disease assessment uses PCR primers designed to detect the
presence of tumor-specific genomic regions of interest. In
lymphoma, the regions of interest typically involve
breakpoint fusion regions, fusion-gene transcripts, aberrant
genes, immunoglobulin or T-cell receptor gene rearrange-
ments, or allele-specific oligonucleotides. Through the
PCR reaction, the presence of the tumor-specific DNA se-
quence can be detected and amplified, and ultimately quan-
tified. For allele-specific oligonucleotide PCR, specific
primers for the region of interest are generated for each indi-
vidual patient. Real-time quantitative PCR (RQ-PCR) incor-
porates fluorescent signals during the amplification phase
which can be measured in “real-time” with each PCR cycle,
eliminating the need for post-PCR processing [16]. This
method has a detection limit of approximately 10 or detec-
tionof 1 lymphomacell in 100,000 white blood cells. Droplet
digital PCR (ddPCR) is a variation of PCR in which the sam-
ple is separated into an emulsion with many compartments
within oil droplets, where individual reactions carried out
separately within each droplet. This allows for more precise
quantification of DNA and decreases error rates [17].

Immunoglobulin or T-Cell Receptor Gene
Next-Generation Sequencing

Immunoglobulin next-generation sequencing (IgNGS) and T-
cell receptor gene next-generation sequencing (TCR-NGS)
involve a two-step process: first, the clonal tumor sequences
must be determined from a tumor-containing tissue or blood
sample, and then, subsequent blood samples can be tested to
determine whether there are CTCs or ctDNA present. The
number of CTCs or ctDNA molecules present can be quanti-
fied in relation to the total number of sequencing reads in a
specimen. Ig or TCR-NGS utilizes a PCR reaction with uni-
versal primers to amplify the /g or TCR genes. The amplified
gene products are then sequenced with NGS and any sequence
that constitutes 5% or greater of the Ig or TCR sequences is
considered a tumor “clonotype.” Then the burden of tumor-
specific clones present in a blood sample can be assessed
using the same two-step process with a sensitivity of ~ 10~
or 1 lymphoma molecule in 1,000,000 diploid genomes
sequenced.

Cancer Personalized Profiling by Deep Sequencing

Like PCR-based methods and Ig/TCR-NGS, cancer personal-
ized profiling by deep sequencing (CAPP-Seq) is used to
identify tumor-specific genomic regions of interest in a tissue
sample. The differentiating feature of CAPP-Seq is the appli-
cation of NGS using a panel of single-nucleotide variants,
insertions or deletions, and translocations that are recurrently
altered in a disease of interest to allow for the concurrent
evaluation of several genes (as compared to only Ig or
TCR). Normal and mutant sequencing reads are compared to
allow for quantification of the burden of tumor-associated
sequences present. There is a high concordance rate between
genomic abnormalities detected in tumor samples and blood
drawn when the malignancy is active; therefore, it may be
possible for CAPP-Seq to be applied directly to blood samples
for liquid genotyping [18, 19¢].

Circulating Tumor DNA Levels Across Lymphoma
Subtypes

The amount of ctDNA shed by a lymphoma appears to vary
depending on lymphoma subtype [11]. In one study evaluating
ctDNA levels across a range of lymphomas, mediastinal gray
zone lymphomas and primary mediastinal B-cell lymphomas
had the highest levels of ctDNA. Other aggressive lymphomas,
including diffuse large B-cell lymphoma and transformed fol-
licular lymphoma, had lower but still high levels of ctDNA.
Classical Hodgkin lymphoma and follicular lymphoma had
the lowest levels. Renal function did not affect ctDNA levels,
indicating that accurate ctDNA detection is possible in patients
with renal failure. A previous study evaluating overall levels of
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cell-free DNA among patients with different lymphoma sub-
types compared with healthy controls similarly showed that
cell-free DNA levels were lowest in FL [20].

Diffuse Large B-Cell Lymphoma

Kurtz et al. [10] demonstrated that ctDNA can be an accurate
predictor of tumor burden and treatment outcome in newly
diagnosed patients with DLBCL. In this study, ctDNA was
assessed in 183 patients from six centers using CAPP-Seq.
Pre-treatment ctDNA was detected in 97% of patients.
Patients with higher levels of pre-treatment ctDNA had corre-
spondingly higher stage disease (P <0.0001). CtDNA levels
also varied between patients in different IPI risk groups with
higher IPI groups having a higher concentration of ctDNA
(one-way ANOVA, P <0.0001). There was also a significant
correlation between metabolic tumor volume on PET scan and
ctDNA level (P < 0.0001). CtDNA concentration significantly
correlated with both event-free survival (EFS) and overall
survival (OS). Patients with a pre-treatment ctDNA level
above the median had a significantly worse EFS compared
to those below the median (P =0.005, HR 2.7, 95% CI 1.4—
4.6). Given the strong correlation that was found between
ctDNA and traditional clinical prognostic factors, this study
demonstrates that ctDNA can be an effective tool for prognos-
tication in the initial treatment of DLBCL.

In another study, serial ctDNA measurements were used to
develop a dynamic model for personalized disease risk assess-
ment. A total of 125 patients were evaluated with serial
ctDNA monitoring using CAPP-Seq during the first three cy-
cles of treatment. Prior to treatment, ctDNA was detected in
98% of the patients. Similar to the previous study, pre-
treatment ctDNA level was again found to correlate with
EFS. After one cycle of treatment, patients who achieved a
2-log or greater reduction in ctDNA had a significantly better
EFS at 24 months than those who did not (HR 24, 95% CI
6.6-89, P<0.0001). Likewise, patients who achieved a 2.5-
log or greater reduction in ctDNA after two cycles also had a
significantly better EFS (HR 8.6, 95% CI 2.2-33, P=0.002).
Serial ctDNA measurements were then used to develop a
model for personalized risk assessment, termed the continuous
individualized risk index (CIRI). CIRI was better than the IPI
at predicting 24-month EFS (AUC 0.64 vs 0.79; net reclassi-
fication improvement 0.47, P=0.02) and OS (AUC 0.56 vs
0.84; net reclassification improvement 0.74, P=0.004) [21].
This study demonstrates an important advantage of ctDNA
assessment compared to traditional disease assessment tech-
niques—the ability to easily perform repeated testing for serial
monitoring, which can be applied to dynamically assess re-
sponse to therapy and the risk of adverse outcome throughout
the course of treatment.

Preliminary data demonstrates that ctDNA assessment may
be useful in the detection of a rare subtype of DLBCL,
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intravascular large B-cell lymphoma (IVLBCL). In IVLBCL,
lymphoma cells are demonstrated to be infiltrating into blood
vessels on a tissue biopsy. Because patients with this disease
often lack a focal tumor mass, diagnosis, and monitoring of this
entity can be difficult. Therefore, the prospect of detecting
IVLBCL via the peripheral blood is appealing. In 9 patients with
IVLBCL, targeted NGS sequencing for CD79B, MYDS8, PIM1,
PRDM]1, BTG2, B2M, CARDI11, and TNFAIP3 was performed
on blood samples using the Ion Torrent Personal Genome
Machine (Thermo Fisher Scientific). Analysis of ¢.794T>C,
p-Leu265Pro, (L265P MYD88) MYDS88 mutation was per-
formed using ddPCR. At least one mutation in CD79B,
MYDS8, PIMI1, PRDM]I, or BTG2 was found in all 9 patients
via ctDNA compared with 5 of the patients via tumor-derived
DNA (tdDNA) such as from bone marrow or random skin bi-
opsies. Variant allele frequencies were also significantly higher
in ctDNA than for tdDNA (mean, 39.8% vs 2.6%; P <0.001)
[22]. These findings suggest that ctDNA may be a useful meth-
od for monitoring and genotyping IVLBCL and thus warrants
further investigation.

Somatic copy number alterations (SCNAs) have been
shown to have prognostic significance in DLBCL [15, 23].
However, detection of SCNAs can be difficult as it often re-
quires invasive tissue biopsy. Therefore, Jin et al. [24] evalu-
ated the use of CAPP-Seq to detect and monitor SCNAs in the
peripheral blood. Pre-treatment blood samples from 209 pa-
tients with DLBCL (n = 168), primary mediastinal B-cell lym-
phoma (n=21), and classical Hodgkin lymphoma (n =20)
were analyzed and compared to 139 sequenced tumor biop-
sies. The sensitivity for detecting SCNAs was 77% when ~
1% of the plasma contained circulating tumor, and 95% when
~5% of the plasma had circulating tumor. In DLBCL, copy
number gains were detected in BCL2 (24%), PD-L1 (23%),
BCL6 (19%), and MYC (12%), and copy number losses were
detected in TP53 (27%) and CDKN2A (19%). These were
85% concordant with matching tumor biopsies. Similar to
other previously reported studies, it was found that changes
in copy number had prognostic significance. The copy num-
ber gains in MYC and BCL2, and loss of 7P53 predicted infe-
rior survival (P <0.0001, P=0.0013, P<0.0001, respective-
ly). These findings demonstrate the feasibility of detecting
SCNAs in the peripheral blood as well as the predictive value
of SCNAs in regard to survival. Given the ease of obtaining
peripheral blood samples, as opposed to tissue biopsy, this
could become a useful method for determining tumor biology
and guiding treatment decisions.

Follicular Lymphoma

Multiple recent studies have validated the ability to perform
ctDNA assessment in follicular lymphoma (FL) as well as the
prognostic value of ctDNA. The utility of [gNGS to measure
minimal residual disease (MRD) in follicular lymphoma was
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assessed in a study of 113 patients. [gNGS was used to se-
quence IGH clonotypes of peripheral blood and bone marrow
samples. An IGH clonotype was detected in 105/113 patients
(93%) with similar frequency between peripheral blood and
bone marrow samples. Results were validated by comparison
with either #(14;18) RQ-PCR (n=38) or IGH ASO RQ-PCR
(n=32). Post-induction MRD assessment by IgNGS correlat-
ed well with RQ-PCR (+* = 0.599, P < 0.00001). In a subset of
43 patients, MRD response measured by [gNGS was a good
predictor of PFS at a median follow-up of 6.2 years, with
patients deemed to be MRD negative having a median PFS
of 11 years compared to 2.2 years for those who were MRD
positive (P =0.0085). These results suggest that IgNGS of
peripheral blood and bone marrow may be a feasible method
of determining MRD in follicular lymphoma [25].

Many recent studies assessing the use of ctDNA in follic-
ular lymphoma have focused on the assessment of ctDNA as a
prognostic tool prior to treatment. Soo et al. [26] evaluated the
use of ctDNA in comparison to tumor biopsies in the applica-
tion of the m7-FLIPI risk score by the use of CAPP-Seq to
detect mutations in CREBBP, EZH2, ARIDIA, MEF2B,
FOXOI, EP300, and CARDII. They found a 100% concor-
dance of m7-FLIPI risk category when comparing two sepa-
rate lymph node biopsies obtained at diagnosis (n =5). There
was also a 100% concordance of m7-FLIPI risk category
when comparing tumor biopsy samples from the time of di-
agnosis and at the first relapse (n=36). However, concor-
dance of the risk categories between tumor biopsy and plasma
samples obtained at the time of diagnosis was 78.6% (n = 14).
They reported no significant difference in concordance of the
individual m7 genes, however when evaluating mutation
pairs, concordance of paired samples was lowest with EZH?2
(P=0.028). The assessment of the m7-FLIPI through ctDNA
in place of a tumor biopsy would be helpful in practice, but
this study demonstrates that further study is necessary.

A retrospective study of 133 patients evaluated the prog-
nostic value of pre-treatment CTCs and ctDNA as compared
with baseline total metabolic tumor volume (TMTV) mea-
sured by PET-CT. DNA was analyzed using PCR with 5’
primers for BCL2 mixed with 3’ primers for the Jak homology
(JH) domains JHI, JH2, JH3, JH4, JHS5, and JH6. Both
CTCs and ctDNA were found to correlate with TMTV (P <
0.0001 and P<0.0001, respectively), suggesting that both
may be effective means of assessing tumor volume.
Furthermore, the authors were able to identify threshold
values for each of the methods that predicted poorer out-
comes. At a median 48-month follow-up, patients with pre-
treatment TMTV > 510 cm® (P=0.0004), CTCs >0.0018
PB cells (P =0.03), or circulating free DNA (cfDNA) >
2550 equivalent-genome/mL (P = 0.04) had a lower 4-year
PFS. Interestingly, when these values were applied to 82
patients who received maintenance therapy, high ctDNA
and TMTYV were predictive of lower PFS but CTCs did not

have prognostic value [27]. A similar observation was made
in 92 patients from the PRIMA study where detection of pre-
treatment CTCs predicted decreased PFS and time to next
treatment in patients who did not receive maintenance ritux-
imab, but this observation was not present in patients who
were given maintenance rituximab [28].

Sarkozy et al. [29] aimed to characterize the heterogeneity
of follicular lymphoma in a retrospective evaluation of 34
patients registered in the PRIMA study. Using IgNGS to de-
tect unique rearrangements of /GH and /GK genes, they were
able to identify tumor clonotypes for tracking in 29 patients
out of 34 from diagnostic tumor samples. Prior to treatment,
ctDNA was detected in 25 out of the 29 patients (86%) who
had a clonotype identified in the diagnostic tumor sample.
However, IgNGS failed to detect ctDNA in 4 of 29 patients
(14%) who had an adequate clonotype detected in the tumor
sample, suggesting that [gNGS may require further refinement
in order to be applicable to all patients with FL. Patients who
had a ctDNA level above the median of 39,720 clonotypes per
million diploid genome at the time of diagnosis had a signif-
icantly worse PFS after chemoimmunotherapy compared to
those below the median (median 15.3 months vs. not reached,
P =0.004). However, in the patients who received rituximab
maintenance, this prognostic impact of pre-treatment ctDNA
disappeared, as no significant difference was seen between the
8 patients with high ctDNA level and the 4 patients with low
ctDNA levels (P =0.18). Interestingly, in 15 patients who had
more than one lymphoma clonotype in their tumor biopsy at
presentation (range 2 to 71 subclones), it was found that those
with a high number of subclones detected (> the median of 9)
trended towards a higher 6-year PFS than those with a low
number of subclones (<9) (83% vs 44%; P=0.12). The au-
thors postulated that the higher number of subclones could
reflect more occult disease that developed a higher mutation
rate over a longer period of time, possibly resulting in greater
immune response to the tumor cells. However, it was found
that in 16 patients who had multiple subclones detected in
ctDNA (range 2 to 20 subclones), there was no difference in
PFS based on the number of subclones (more or less than 2
subclones) (P =0.85). Given the small number of patients in
each of these groups, further exploration of the association
between degree of clonality and treatment of outcome is
warranted.

One promising application of ctDNA is to utilize non-
invasive genotype detection to develop personalized treatment
strategies. Daigle et al. [30] used IgNGS on pre-treatment
ctDNA and archived tumor DNA to assess for mutations in
DLBCL (n=122) and FL (n = 63) that could predict treatment
response to tazemetostat, an £ZH2 inhibitor in phase 2 clinical
development for relapsed or refractory non-Hodgkin lympho-
ma. The most common mutations identified in the samples
were KMT2D (65%), BCL2 (55%), CREBBP (36%),
HISTIHIE (23%), EZH2 (14%), and EP300 (11%). In
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DLBCL, mutations in CREBBP had the greatest association
with treatment response (P < 0.10), and EZH?2 had the greatest
association in FL (P < 0.07), although neither were statistical-
ly significant. Conversely, mutations in 10 genes including
PIM1, BCL6, TP53, and HISTIHIE were associated with
the lack of response to tazemetostat and progression of disease
(all P<0.06) in both DLBCL and FL. However, only varia-
tions in BCL2 demonstrated statistical significance through
multiple test corrections (adjusted P value = 0.04). These find-
ings demonstrate a novel application of ctDNA in the treat-
ment of lymphoma. With further validation, ctDNA assess-
ment could be utilized to non-invasively determine the muta-
tion profile of a tumor to allow for personalized medicine
using targeted therapies or immunotherapies that are known
to be effective in patients with certain genomic profiles.

Hodgkin Lymphoma

In Hodgkin lymphoma (HL), due to the relatively small num-
ber of tumor cells present compared to the number of sur-
rounding inflammatory cells, tumor genotyping has proven
to be difficult. Initial studies appeared to show that ctDNA
assessment in HL might be plagued by the same difficulty.
In a study by Oki et al. [31], a clonotype was identified in just
12 of 17 (71%) of tumor biopsy specimens and ctDNA was
detected in 8 of 11 (73%) peripheral blood specimens by
IgNGS. Similarly, in another study, a clonotype was detected
in tumor biopsy specimens using IgNGS in just 5 of 9 patients
(55%) with HL compared to 63 of 69 (91%) of patients with
NHL or CLL [32]. However, using CAPP-Seq, Schroers-
Martin et al. [11] were able to detect ctDNA in 97.4% of all
patients, with a similar rate of detection for HL compared to
other lymphoma types.

In another retrospective study of 80 newly diagnosed and
32 relapsed/refractory classical Hodgkin lymphoma (cHL) pa-
tients, CAPP-Seq was used to assess ctDNA [33¢¢]. Liquid
genotyping using ctDNA identified a total of 106 mutations,
compared to 96 mutations identified in micro-dissected tumor
biopsy specimens. Mutations that were identified most fre-
quently in the biopsy specimens were STAT6 (37.5%),
TNFAIP3 (35%), and ITPKB (27.5%). Notably, prior studies
describing findings of tumor genotyping in HL by other
methods (e.g., flow-sorting of Hodgkin Reed Sternberg cells)
had not described STAT6 as the most common recurrently
mutated gene in HL. Eighty-four of the 96 mutations
(87.5%) identified in the tumor biopsy specimen were also
identified in the ctDNA. A subset of 24 patients with ad-
vanced stage cHL had serial plasma samples evaluated during
therapy. In these patients, a 2-log decrease in ctDNA after two
cycles of ABVD was found to be associated with complete
response whereas a decrease of less than 2-logs was associated
with progression of disease and inferior survival. This associ-
ation of a 2-log decrease in ctDNA after two cycles and
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favorable outcome has also been reported for DLBCL [34].
If validated, interim ctDNA level could identify an important
dynamic biomarker of response in patients during treatment
and in the future, could help guide decisions regarding esca-
lation or de-escalation of therapy in real time. In this small
patient sample, it was demonstrated that ctDNA was a better
predictor for risk of relapse than interim PET-CT after two
cycles of ABVD. Six out of the 24 advanced stage cHL pa-
tients ultimately had progression of disease after initiation of
treatment. In these 6 patients, 4 had a negative interim PET-
CT (Deauville 3 or less). Thus, 4 out of the 6 patients (67%)
had falsely negative scans in light of their subsequent disease
progression. However, all 6 of the patients who had progres-
sion of disease failed to achieve a 2-log reduction in ctDNA.
On the other hand, 18 of the 24 patients did not experience
lymphoma progression after treatment. Four out of these 18
patients (22%) had a positive interim PET-CT but achieved a
complete response on the end of treatment PET-CT. However,
all 18 patients achieved a 2-log reduction in ctDNA [33e¢].
Although this was a small patient population, the findings
suggest that liquid genotyping using ctDNA may simplify
genotyping of HL and may provide complementary genotypic
information compared to traditional genotyping techniques.
Using dynamic ctDNA information (in this study, a threshold
of 2-log reduction in ctDNA level) may have a better predic-
tive value of subsequent treatment outcome than interim PET-
CT. These findings require further validation but suggest that
ctDNA assessment may overcome some of the traditional
challenges of genotyping HL and may have important appli-
cations in the treatment of the disease.

Peripheral T-Cell Lymphoma

Although much of the focus to date in evaluating ctDNA
assessment in lymphoma has centered on B-cell lymphomas
and HL, preliminary evidence suggests that ctDNA assess-
ment may be a useful tool in peripheral T-cell lymphomas
(TCL). In a study of 88 patients with a variety of lymphoma
subtypes who underwent allogeneic stem cell transplant, 10
patients had a TCL. A tumor clonotype was identified in the
blood of 83.3% of patients with TCL using TCR-NGS, dem-
onstrating the feasibility of ctDNA in TCL [32].

More recently, ctDNA assessment was evaluated in TCL
patients treated with EPOCH chemotherapy. Fifty TCL pa-
tients were included in the study, including patients with ana-
plastic large-cell lymphoma (n =21), peripheral T-cell lym-
phoma—not otherwise specified (n=14),
angioimmunoblastic T-cell lymphoma (n = 6), hepatosplenic
T-cell lymphoma (n = 5), primary cutaneous gamma-delta T-
cell lymphoma (n = 2), enteropathy-associated T-cell lympho-
ma (n = 1), and subcutaneous panniculitis-like T-cell lympho-
ma (n=1). Patients had tumor clonotypes detected using a
pre-treatment formalin-fixed paraffin-embedded (FFPE)
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tissue or serum sample using TCR-NGS to sequence the
CDR3 region of TCR{B/TCR~ genes. Tumor-specific
clonotypes were detected in 19 of the 23 patients (83%) with
available tumor biopsy specimens, and in 14 of 27 (52%)
patients with available serum samples. The use of ctDNA as
a means of detecting MRD was evaluated in a subset of 28
patients within 1 month of completion of treatment. There was
a trend towards improved PFS in patients who were MRD
negative at the end of treatment compared to patients who
were MRD positive (median, NR vs. 208 days, P=0.07). Of
the 20 patients who achieved remission after treatment, 10
eventually developed progression of disease. In 6 of the pa-
tients who progressed, ctDNA was detected prior to clinical
relapse with a median lead time of 13.2 months (range 2.7 to
88.5 months). Interestingly, in the 10 patients who did not
have progression of disease, 5 had low level ctDNA detected
without overt clinical progression [35].

Sakata-Yanagimoto et al. [36] applied ctDNA detection in
angioimmunoblastic T-cell lymphoma and PTCL-NOS using
NGS to sequence TET2, RHOA, DNMT3A, and IDH2. In the
14 patients studied, 24 out of the 29 (83%) mutations identi-
fied in a biopsy of the primary tumor were also detected via
pre-treatment ctDNA. Patients who had RHOA (n=6) or
IDH?2 (n=2) mutations in the tumor biopsy had 100% con-
cordance with ctDNA, although these represented a small
number of patients. In patients who had TE72 (n=10) or
DNMT3A (n=5) mutations, ctDNA had an 80% correlation
with the biopsy specimen. Of interest, one patient had muta-
tions in TET2, DNMT3A, and RHOA detected by ctDNA at
the time of diagnosis. But upon progression of disease, RHOA
was no longer detected by ctDNA while TET2 and DNMT3A
mutations remained detectable. This may represent clearing of
one of many tumor clones present at the time of diagnosis,
with the tumor clone containing the RHOA mutation
responding to treatment while TE72- and DNMT3A-mutated
clones continued to be released from tumor cells that were
resistant to the chemotherapy. This finding demonstrates the
potential limitations of tracking a single mutation, which may
provide information about a specific clone but lead to a falsely
negative assessment of disease status and highlights the po-
tential advantages of methods that assess multiple mutations.

Conclusion

Circulating tumor DNA allows for the non-invasive assess-
ment of lymphoma genotype and tumor burden. An increasing
number of studies have demonstrated the feasibility of ctDNA
assessment across lymphoma subtypes, including DLBCL,
FL, HL, and TCL. An expanding body of work has shown
the ability of ctDNA to be used as a method of liquid genotyp-
ing, as a prognostic tool prior to treatment, as a dynamic
marker of tumor burden during treatment, and as a method
to detect recurrence of lymphoma after treatment. In addition,

the simplicity of assessing ctDNA through a blood draw can
potentially increase the ease with which repeated lymphoma
assessments can be performed. Although ctDNA assessment
has not yet been sufficiently validated to justify its use in
routine clinical practice, the incorporation of ctDNA assess-
ment into ongoing and future clinical trials will evaluate the
utility of ctDNA-guided therapeutic decision-making. The
findings of these studies will be critical in determining wheth-
er the promise of increased sensitivity and specificity for de-
tecting lymphoma will translate into improved treatment out-
comes when ctDNA-based decision-making is applied.
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