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Key Points

• Plasma cfDNA genotyping is
as accurate as genotyping of
the diagnostic biopsy in
detecting clonal somatic
mutations in DLBCL.

• Plasma cfDNA genotyping is
a real-time, noninvasive tool
that can be used to track
clonal evolution in DLBCL.

Accessible and real-time genotyping for diagnostic, prognostic, or treatment purposes is

increasingly impelling in diffuse large B-cell lymphoma (DLBCL). Cell-free DNA (cfDNA) is

shed into thebloodby tumorcellsundergoingapoptosisandcanbeusedassourceof tumor

DNA for the identification of DLBCLmutations, clonal evolution, andgeneticmechanismsof

resistance. In this study, we aimed at tracking the basal DLBCL genetic profile and its

modification upon treatment using plasma cfDNA. Ultra-deep targeted next generation

sequencing of pretreatment plasma cfDNA from DLBCL patients correctly discovered

DLBCL-associated mutations that were represented in >20% of the alleles of the tumor

biopsywith >90%sensitivity and∼100%specificity. Plasma cfDNAgenotyping also allowed

for the recovery of mutations that were undetectable in the tissue biopsy, conceivably

because, due to spatial tumor heterogeneity, they were restricted to clones that were

anatomicallydistant from thebiopsysite. Longitudinal analysisofplasmasamplescollected

under rituximab-cyclophosphamide-doxorubicin-vincristine-prednisone (R-CHOP) chemo-

therapy showed a rapid clearance of DLBCL mutations from cfDNA among responding patients. Conversely, among patients who were

resistant toR-CHOP,basalDLBCLmutationsdidnotdisappear fromcfDNA. Inaddition, among treatment-resistantpatients, newmutations

wereacquired incfDNAthatmarkedresistantclonesselectedduring theclonalevolution.Theseresultsdemonstrate thatcfDNAgenotyping

of DLBCL is as accurate as genotyping of the diagnostic biopsy to detect clonally represented somatic tumor mutations and is a real-time

and noninvasive approach to tracking clonal evolution and the emergence of treatment-resistant clones. (Blood. 2017;129(14):1947-1957)

Introduction

Diffuse largeB-cell lymphoma (DLBCL) is amolecularly heterogeneous
disease whose genetics may have clinical implications for patient
stratificationand treatment.1,2Mutationsof clinical importance inDLBCL
affect theTP53gene,whosevariants are consistently associatedwith poor
prognosis among patients treated with rituximab-cyclophosphamide-
doxorubicin-vincristine-prednisone (R-CHOP),3 and theCARD11,
CD79A,CD79B, andMYD88genes,whosevariants predict the benefit
or no benefit from ibrutinib monotherapy.4

Limitations in accessing fresh tumor material from DLBCL tissue
biopsieshasprevented the rapid translationofDLBCLgenemutations into
prognostic or predictive tools for clinical practice. Also, serial sampling of
tumors to track the acquisition of drug-resistance mutations requires a
rebiopsy of the DLBCL, which may not be routinely feasible in clinical
practice.Therefore, alternative accessible sourcesof tumorDNAmayhelp
to complement themolecular diagnostic analyses that are routinely carried
out on formalin-fixed paraffin-embedded (FFPE) tissue biopsies.

Cell-free fragments of DNA (cfDNA) are shed into the blood-
stream by tumor cells undergoing apoptosis.5 Accessing tumor cfDNA

through the bloodstream has clear sampling advantages and allows
serial monitoring of disease genetics in real time. cfDNA is also
representative of the entire tumor heterogeneity, thus enabling to
bypass the anatomical biases imposed by tissue biopsies in the
reconstruction of the entire cancer clonal architecture and to
identify resistant clones that are dormant in nonaccessible tumor
sites.5

In DLBCL, cfDNA has been quantified or used to track the tumor
clonotypic immunoglobulin gene rearrangement for minimal re-
sidual disease monitoring.6-9 Conversely, the evidence that cfDNA
mirrors the underlying tumor genetics in DLBCL and the proof that
cfDNA can be used to track in real time clonal evolution-driven
resistance upon treatment are currently limited to retrospective
series.10,11 In this prospective, training validation study, we show
that cfDNA genotyping of DLBCL: (1) is as accurate as genotyping
of the diagnostic biopsy to detect somatic mutations of allelic
abundance .20%; and (2) is a noninvasive tool to track the
emergence of treatment-resistant clones.
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Figure 1. Prevalence and molecular spectrum of nonsynonymous somatic mutations discovered in plasma cfDNA. The percentage of training (A) and validation (D)

DLBCL cases harboring nonsynonymous somatic mutations of genes investigated by targeted resequencing of plasma cfDNA. Color codes indicate the distribution of

mutations among GC and non-GC DLBCL. The final number and prevalence of mutated cases is given for each gene. The molecular spectrum of nonsynonymous somatic

mutations identified in plasma cfDNA of the training (B) and validation (E) DLBCL cases compared with the molecular spectrum of nonsynonymous somatic mutations that

have been detected in the tumor gDNA of published DLBCL series and reported in the COSMIC database (version 76). Genes mutated in .10% cases of the DLBCL series

are reported. The position and type of nonsynonymous somatic mutations that were identified in plasma cfDNA of the training (C) and validation (F) DLBCL cases. Genes

mutated in .10% cases are reported. Mutation maps were obtained through MutationMapper version 1.0.1.
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Figure 1. (Continued).
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Methods

Patients

The study had a prospective, observational, nonintervention, unicentered design
and consisted in the longitudinal collection of peripheral blood (PB) samples and
clinical data from DLBCL patients treated with R-CHOP at the University of
Eastern Piedmont. Inclusion criteria were: (1) male or female adults$18 years;
(2) diagnosis of untreatedDLBCL after pathological revision; (3) treatment with
R-CHOP; and (4) evidence of signed informed consent. A total of 50 previously
untreated DLBCL patients fulfilled the inclusion criteria and were recruited for
the study from November 2013 to August 2015 as training series (n 5 30), and
fromSeptember 2015 toOctober 2016 as validation cohort (n520) (supplemental
Table 1, available on the Blood Web site). All patients received R-CHOP.
Recruited patients did not harbor either morphological/immunophenotypic
evidence of PB involvement by DLBCL cells or bone marrow involvement by
DLBCL, as documented by both the bone marrow biopsy and positron emission
tomography/computed tomography (PET/CT).12 The diagnosis and immunohis-
tochemically defined cell of origin13 were revised by 2 independent pathologists
(R.B. and A.R.). The following biological material was collected: (1) cfDNA
isolated from plasma at diagnosis before the start of treatment, during R-CHOP
courses (on day 1 of each course before treatment infusion), at the end of
treatment and at progression; and (2) normal germ line genomic DNA (gDNA)
extracted from PB granulocytes after Ficoll separation. For comparative
purposes, tumor gDNA from the paired DLBCL diagnostic tissue biopsy was
available for 36 patients (extracted from fresh specimens in 25 cases and from
FFPE specimens in 11 cases). In the remaining 14 cases, the leftover tissue from
the FFPE diagnostic biopsy was not available or gave an insufficient amount of
DNA for cancer personalized profiling by deep sequencing (CAPP-seq). In all
instances, basal plasma samples were collected in close temporal proximity of
the tumor tissue biopsy (7-14 days after diagnostic tissue biopsy) and before
starting treatment. Clinical information was prospectively maintained in the
University of Eastern Piedmont lymphoma database. Disease response was
assessed by PET/CT.13 Patients provided informed consent in accordance with
local institutional review board requirements and the Declaration of Helsinki.
Paired plasma cfDNA and normal gDNA from granulocytes collected from 6
healthy donors were used to set the experimental and biological background of
the ultra-deep next generation sequencing (NGS) approach. The study was
approved by the Ethical Committee of the Ospedale Maggiore della Carità di
Novara, which is affiliated with the University of Eastern Piedmont (protocol
code CE 112/15).

DNA extraction

In order to avoid preanalytic confounding effects, a standardized approach was
used to extract cfDNA from plasma (supplemental Appendix).14 PB
granulocytes were separated by Ficoll gradient density centrifugation as a source
of normal germ line gDNA. Tumor gDNA was isolated from fresh or FFPE
diagnostic tissue biopsies containing .70% of tumor cells as estimated by
morphology and immunohistochemistry. gDNA was extracted according to
standard procedures.

Library design for hybrid selection

Atargeted resequencinggenepanel, including coding exons and splice sites of 59
genes (target region: 207299bp) that are recurrentlymutated inDLBCLandother
mature B-cell tumors, was specifically designed for this project (supplemental
Appendix; supplemental Table 2). The gene panel allowed a priori the recovery
of at least 1 clonal mutation in 92.6% (95% confidence interval [CI]: 83.6-97.5)
ofDLBCLpatients, as documentedby in silicovalidationagainst public genomic
datasets of DLBCL.15-19

CAPP-seq library preparation and ultra-deep NGS

In the training cohort, the gene panel was analyzed in plasma cfDNA collected
at diagnosis, during R-CHOP courses, at the end of treatment, at progression
(total cfDNA samples 5 127), and, for comparative purposes to filter out
polymorphisms, in germ line gDNA from the paired granulocytes. The tumor

gDNA from the paired tissue biopsywas also investigated to test the accuracy of
cfDNA genotyping. In the validation cohort, the gene panel was investigated in
plasma cfDNA collected at diagnosis and in normal and tumor gDNA from
paired granulocytes and the tissue biopsy, respectively. Tumor and germ
line gDNA from tissues (median5 318 ng) were sheared through sonication
before library construction to obtain 200-bp fragments. For plasma cfDNA,
which is naturally fragmented, 2 to 717 ng (median5 17 ng) of DNA were
used for library construction without additional fragmentation. The NGS
libraries were constructed using the KAPA Library Preparation Kit (Kapa
Biosystems), and hybrid selection was performed with the custom SeqCap
EZ Choice Library (Roche NimbleGen). In the CAPP-seq of cfDNA, the
manufacturer’s protocols were modified as previously reported.20 Multi-
plexed libraries (n 5 6 per run) were sequenced using 300-bp paired-end
runs on a MiSeq sequencer (Illumina).

Bioinformatic pipeline for variant calling

Details of the bioinformaticmethods are supplied in the supplementalMethods.
Nonsynonymous somatic mutation calling in plasma cfDNA was performed
separately andwasblinded frommutationcalling in tumor gDNA.AfterCAPP-
seq, FASTQ sequencing reads were initially deduped using FastUniq version
1.1. Then, the deduped FASTQ sequencing reads were locally aligned to the
hg19 version of the human genome assembly using BWA version 0.6.2 and
assembled into a mpileup file using SAMtools version 1. Single nucleotide
variations and indels were called in plasma cfDNA vs germ line gDNA and
tumor gDNA vs germ line gDNA, respectively, with the somatic function of
VarScan2. Variants annotated as single nucleotide polymorphisms (SNPs)
according to dbSNP 138 (with the exception of TP53 variants that were
manually curated and scored as SNPs according to the International Agency for
Research on Cancer TP53 database), intronic variants mapping.2 bp before
the start or after the end of coding exons, and synonymous variantswerefiltered
out. Two independent statistical approaches (Fisher’s exact test andZ-test)were
then used to filter out variants below the base-pair resolution background
frequencies in cfDNA across the target region. Only variants that had a
significant call in both tests were retained (Bonferroni-adjusted P, 63 1028)
(supplemental Appendix).

Sanger sequencing

Sanger sequencing was also used to validate the most abundant plasma cfDNA
mutations detected by CAPP-seq.

Statistical analysis

The sensitivity and specificity of plasma cfDNA genotyping were calculated in
comparisonwith tumorgDNAgenotyping as thegold standard.The analysiswas
performed with SPSS Statistics version 22.0

Results

Characteristics of the study cohorts

The study was based on a prospectively collected, consecutive series
of 30 newly diagnosed DLBCL patients (training cohort) whose
characteristics were consistent with an unselected cohort of DLBCL
(supplemental Table 1). Upon R-CHOP treatment, 83.3% (95% CI:
65.9-93.1; n 5 25/30) of patients achieved PET/CT-negative
complete remission, whereas 16.7% (95% CI: 6.8-34.0; n 5 5/30)
failed to achieve complete remission. Of the patients that achieved
complete remission (median follow-up: 6 months), 2 relapsed. The
median number of cfDNA molecules per milliliter of plasma at
disease presentation was 771.7 (range: 137.2-18 742.5). An in-
dependent validation series of 20 consecutive DLBCL patients was
also assessed to confirm the accuracy of plasma cfDNA genotyping
(supplemental Table 1).
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Plasma cfDNA genotyping discloses somatic mutations in

DLBCL-associated genes

To provide the proof of principle that plasma could function as a liquid
biopsy for tracking recurrently mutated genes in DLBCL, plasma
cfDNA collected at presentation from the training cohort was
genotyped by using CAPP-seq, a targeted ultra-deep NGS approach
for plasma cfDNA genotyping already validated in solid tumors
($80%of the target region covered.10003 in allDLBCL;$80%of
the target region covered .20003 in 17/30 DLBCL; supplemental
Figure 1, supplemental Table 3).20 Paired normal gDNA was also
analyzed to confirm the somatic origin of mutations. Overall, within
the interrogated genes, 66.6% (95% CI: 47.1-82.7%; n 5 20/30) of
patients harbored somatic mutations (total number: 129; range: 2-
13 mutations per patient) that were detectable in plasma cfDNA
(supplemental Table 4). In order to validate the NGS results,
cfDNA was extracted from a second aliquot of plasma and then
subjected to a second CAPP-seq and ultra-deep NGS sequencing.
The robustness of the plasma cfDNA CAPP-seq approach and of
the bioinformatic analysis was documented by the high concor-
dance (R2 5 0.916) of variant calling from the independent
duplicate experiments (supplemental Figure 2), which consistently
confirmed all the variants initially discovered in the plasma cfDNA,
including those of low allele frequency, thus excluding their origin
from a batch-specific experimental noise. Sanger sequencing
consistently detected all plasma cfDNA mutations whose allele

frequency was within the sensitivity range of this approach (allele
frequency .10%) (supplemental Figure 2), thus validating the
CAPP-seq results on a different experimental platform.

Consistent with the typical spectrum of mutated genes in DLBCL,
plasma cfDNA genotyping revealed somatic variants of KMT2D (also
known as MLL2) in 30.0% (95% CI: 14.7-49.4; n 5 9/30); TP53 in
23.3% (95% CI: 9.9-42.2; n 5 7/30); CREBBP in 20.0% (95% CI:
7.7-38.5; n5 6/30); PIM1 and TNFAIP3 in 16.6% (95%CI: 5.6-34.7;
n5 5/30); EZH2, STAT6, and TBL1XR1 in 13.3% (95% CI: 3.7-30.7;
n 5 4/30); B2M, BCL2, CARD11, CCND3, and FBXW7 in 10.0%
(95%CI: 2.1-26.5; n5 3/30);CD58,CD79B, andMYC in 6.6% (95%
CI: 0.8-22.0; n 5 2/30); and EP300, GNA13, MEF2B, MYD88, and
TNFRSF14 in 3.3% (95% CI: 0-17.2; n5 1/30) of cases (Figure 1A).
Although the sample size was not powered to show significant
enrichments of mutated genes within cell of origin categories of
DLBCL, EZH2 and BCL2 mutations were, as expected, more
frequent in germinal center (GC) DLBCL, whereas TNFAIP3
and PIM1 mutations were more frequent in non-GC DLBCL
(Figure 1A).1

Among recurrently affected genes, the molecular spectrum of
mutations identified in plasma cfDNA was highly consistent with that
of variants that have been detected in tumor gDNA of published
DLBCL series and reported in the COSMIC database (Figure 1B-C).
PIM1 andMYCwere affected by multiple hotspot mutations that were
suggestive of AID-related events (Figure 1C; supplemental Table 4).21

Notably, patient identification code (ID) 23, who had the t(8;14)MYC
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Figure 2. Overview of the DLBCL genotype discovered in tumor gDNA. Case-level mutational profiles of 20 training (A) and 16 validation (B) DLBCL tumors genotyped on

gDNA from the tissue biopsy. Each column represents 1 tumor sample and each row represents 1 gene. The fraction of tumors with mutations in each gene is plotted (right).

The number of mutations in a given tumor is plotted above the heat map. Cases are clustered according to the cell of origin.
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translocation, also harbored multiple MYC mutations in cfDNA,
consistent with the known accumulation of mutations in the trans-
locatedMYC gene due to the IGH enhancer-driven misfire of somatic
hypermutation (supplemental Table 4).22

Analysis of 6 healthy donors by CAPP-seq did not disclose
any somatic mutations in plasma cfDNA (supplemental Table 4),
suggesting that the ultra-deep NGS and variant calling approaches
used in this study did not pick up biological or analytical background
noise in cfDNA.

Validation of biopsy-free DLBCL genotyping

The fresh or FFPE tissue biopsy of 20 DLBCL patients from the
training cohort was genotyped by CAPP-seq, which was blinded from
the mutational profile recovered in the paired plasma cfDNA. To
validate our sequencing approachof FFPE samples, gDNAfrompaired
frozen/FFPE specimens processed from the same DLBCL biopsy
(n5 4) was subjected to CAPP-seq. Pairwise analysis of data showed

high (96%) concordance in variant recovery from FFPE vs fresh
samples (supplemental Figure 5).

In order to systematically derive the accuracy of cfDNA geno-
typing, the results of plasma cfDNA genotyping and tumor gDNA
genotyping (gold standard; mutation spectrum shown in Figure 2A)
were compared (Figures 3A-C) in 18 DLBCL training cases that
were provided with the paired plasma/tissue samples and were
mutated within the target region. Sequencing coverage of the tumor
gDNA was comparable to that of plasma cfDNA (supplemental
Figure 1).

GenotypingofplasmacfDNAcollectedatdiagnosis identifieda total
of 108 somatic mutations, whereas genotyping of the gDNA from the
diagnostic tissue biopsy identified 105 somatic mutations. Biopsy-
confirmed tumor mutations were detectable with 82.8% (n 5 87/105;
95% CI: 74.4-88.9) sensitivity in pretreatment plasma cfDNA samples
(Figure 3B). Biopsy-confirmed tumor mutations not discovered in the
cfDNA (n5 18/105) generally had low representation in the diagnostic
biopsy tissue (median allele frequency in the tumor biopsy 5 5.7%)
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(Figure 4A-B). Consistently, using receiver operating characteristic
(ROC) analysis, cfDNA genotyping showed the highest sensitivity
(97.1%; 95% CI: 89.5-99.8; n 5 68/70) in discovering mutations that
were represented in $20% of the alleles of the tumor biopsy
(Figure 4B), thus demonstrating that plasma cfDNA can accurately
mirror the profiles of the most abundant clones found in tumor tissues.
Plasma cfDNAwas uninformative on tumor biopsymutational status in
10% (95% CI: 1.5-31.3; n5 2/20) of DLBCL cases (Figure 3C). The
representationof thevariants inplasmacorrelatedwith theLDHlevels at
DLBCLdiagnosis, but not with disease stage (supplemental Figure S6).

Plasma cfDNA genotyping disclosed additional 21 somatic muta-
tions that were not detectable in the biopsy tissue, including 7 variants
affecting PIM1, a known target of somatic hypermutation (Figures 2A
and 3; supplemental Table 4).21 Repeated ultra-deep NGS consistently
confirmed these variants, thus excluding their origin from batch-
specific experimental noise (supplemental Figure 2). Because the target
region that has been sequenced in the compiled 20 DLBCL patients
might support a total of 18 011 440 potential nonsynonymous variants
if they were randomly distributed, and considering that only 21
nonsynonymous mutations were detected in plasma cfDNA but not in
the tumor biopsy, the false positive rate of plasma cfDNA genotyping
was 1.16 3 1026 corresponding to a specificity .99.99% compared
with tumor gDNA genotyping.

As previously reported in other cancer types,23 nonsynonymous
mutations occurring only in plasma cfDNA conceivably represented

tumor mutations restricted to clones that were anatomically distant
from the biopsy site, rather than false positive calls.Although the study
lacked a systematic multiregional sequencing of tumor samples from
multiple anatomical sites, the observations in support of the above
interpretation are that: (1) the plasma cfDNA FBXW7 p.S668G
mutation of patient ID9, although undetectable in the diagnostic
biopsy tissue, was identified in tumor cells from the cytospin of the
cerebrospinal fluid collected at the time of isolated meningeal relapse
(Figure 5); and (2) all mutations lacking in the diagnostic biopsy tissue
disappeared from cfDNA upon achieving complete remission of
DLBCL.

Plasma cfDNAwas alsogenotypedbyCAPP-seq in an independent
cohort of 20 consecutive DLBCL patients. Overall, within the
interrogated genes, 85.0% (95%CI: 63.1-95.6; n517/20) of validation
patients harbored somatic mutations (total: 83 mutations; range: 1-12
mutations per patient) that were detectable in plasma cfDNA
(Figure 1D; supplemental Table 4). The molecular spectrum of
mutations identified in plasma cfDNA of patients in the validation
serieswas highlyconsistentwith that observed in the cfDNAof patients
in the training series, and more in general with that of published
DLBCL cohorts (Figure 1E-F). CAPP-seq of paired tumor (Figure 2B)
and plasma samples collected from 16 DLBCL patients of the
validation series confirmed the sensitivity of plasma cfDNA genotyp-
ing in recovering biopsy-confirmed mutations (Figure 3D-E). Biopsy-
confirmed tumor mutations were detectable with 82.8% (n 5 58/70,
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95%CI: 72.2-90.0) sensitivity in pretreatment plasma cfDNA samples.
Most of the biopsy-confirmed tumor mutations not discovered in the
cfDNA had low representation in the diagnostic biopsy tissue (,20%;
Figure 4C). Consistently, using ROC analysis, cfDNA genotyping
showed thehighest sensitivity (91.3%;95%CI: 79.1-97.1%;n542/46)
in discoveringmutations thatwere represented in$20%of the alleles of
the tumor biopsy (Figure 4D).

Longitudinal monitoring of DLBCL genotype by using

plasma cfDNA

A total of 127 plasma cfDNA samples were sequentially evaluated to
assess the dynamics of mutations in plasma upon treatment with
R-CHOP. Longitudinal analysis showed a rapid clearance of DLBCL
mutations in the cfDNA of responding patients (Figure 6A). Among
patients who were primary resistant to R-CHOP (patient ID12 and
ID13), DLBCLmutations did not disappear from cfDNA (Figure 6B).
In 1 of the 2 patients who responded to R-CHOP but ultimately had an
early relapse in the central nervous system (patient ID9), mutations
were still detectable in the plasma cfDNA sample collected while the
patientwas in complete remission (1month before relapse). In addition,
among patients who were primary refractory to R-CHOP or relapsed
after treatment, newmutations appeared in the cfDNA that conceivably
marked resistant clones that were selected during the clonal evolution
process taking place under the selective pressure of treatment
(Figure 7).

Discussion

By applying a training validation approach, this prospective study
shows that plasma cfDNA genotyping: (1) is as accurate as genotyping
of the diagnostic biopsy to detect somatic mutations of allelic
abundance.20% inDLBCL; (2) allows the identification ofmutations
that are undetectable in the biopsy tissue conceivably because they are
restricted to clones that are anatomically distant from the biopsy site;
and (3) is a real-time, noninvasive tool to track clonal evolution and the
emergence of treatment-resistant clones.

The identification of genomic alterations with clinical rele-
vance in hematologic malignancies is increasing the need for
assays that can routinely identify tumor mutational profiles.
Among hematologic malignancies with a leukemic component,
the accessibility of tumor cells in the PB has allowed the fast
incorporation of gene mutations into genetic prognostic and
predictive algorithms.24-26 At variance with other hematologic
malignancies, DLBCL typically lacks leukemic involvement, and
bone marrow dissemination is infrequent.27 Limited access to the
tumor material has therefore hampered the development and
validation of molecular prognostic models in DLBCL, whose
molecular stratification represents an unmet medical need.28 On
these bases, among hematologic malignancies, DLBCL is an ideal
model in which the liquid biopsy may allow a step forward in the
translation of disease genetics into clinically useful markers,
especially in the era of novel agents that are active in the molecular
subgroup of the disease.4

Because of its .90% sensitivity and ;100% specificity, plasma
cfDNA is an easily accessible source of tumor DNA that allows
accurate profiling of DLBCL patients for cancer gene mutations
represented in .20% of the tumor alleles, which is the sensitiv-
ity threshold of conventional Sanger sequencing methods that are
broadly used to characterize tumor tissue specimens. On these bases,
plasma cfDNA is an effective surrogate for direct tumor genotyping
by conventional sequencing for the detection of clonally abundant
mutations.

Plasma cfDNA genotyping also identifies variants that are sub-
clonally represented in the tumor biopsy, although a proportion
(;50%) of low-abundancemutations (ie, allele frequency,20% in
the tumor biopsy) has been missed by our ultra-deep NGS
approach, conceivably because of its chemistry-dependent sensi-
tivity limit (;1023). Indeed, the allelic fractions of mutations in
tumor biopsies and plasma samples are generally correlated,
indicating that low abundant mutations in the tumor are scantily
represented in plasma. The increasing evidence that small
subclones have a clinical impact on treatment resistance and
outcome on B-cell tumors prompts the development of sensitive
approaches for cfDNA that are capable of exactly mirroring both
the clonal and subclonal composition of the tumor.29 For example,
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the incorporation of molecular barcoding in the library preparation
chemistry and the application of in silico bioinformatic algorithms
to suppress background NGS artifacts allow for an ;15-fold
increase of CAPP-seq sensitivity.30

Plasma cfDNA represents a complementary source of tumor DNA
for DLBCL genotyping compared with the tissue biopsy. On the one
hand, the complete molecular heterogeneity of a tumor cannot be
adequately assessed by a single or even multiple tissue biopsies,
whereas cfDNAgenotyping captures genetic information shed from all
sites of the disease. Also, plasma is an accessible source of tumor DNA
when DNA cannot be retrieved from the diagnostic biopsy tissue
(ie, because of the limited size or poor conservation of the
specimen). On the other hand, plasma cfDNA genotyping misses a
proportion of small subclonal mutations. Also, in its current
modality, plasma cfDNA genotyping cannot accurately differen-
tiate de novo DLBCL vs transformed tumors, precisely define the
DLBCL cell of origin, and fully detect tumor chromosomal
translocations,11 which can instead be all routinely scored by
analyzing the biopsy tissue. These notions suggest that liquid

biopsy is not a substitute for the tumor biopsy, but instead provides
complementary information in DLBCL.

Treatment of DLBCL is currently undergoing a shift from che-
motherapy toward regimens incorporating targeted agents.4,31 Along
with the clinical development of novel targeted agents in DLBCL,
mutation-driven mechanisms of resistance to these drugs are in-
creasingly emerging.4 On these bases, cfDNA genotyping may be used
as a strategy of molecular monitoring to inform the acquisition of
targeted drug-resistance in DLBCL. cfDNA analysis can be easily
repeated at multiple time points on plasma samples obtained before,
during, and after treatment to provide a picture of the changes in
tumor genetics, including dynamic changes in the mutation profile
that occur during therapy.22

In addition to clonal evolution, longitudinal cfDNAgenotyping can
alsoprovide information about residual disease in cancer.11OurCAPP-
seq approach does not reach the sensitivity of typical minimal residual
disease assays, and the number of informative cases (ie, cases that
achieved a radiological remissionbut ultimately relapsed) is small in the
present study cohort. Despite such limitations, the observation that,
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among early relapsing patients, low-level somatic mutations persisted
in plasma while the disease was apparently in remission supports the
development of plasma cfDNA mutational profiling as a tool for
residual disease surveillance in DLBCL.11

There are relatively few studies investigating the importance of
liquid biopsy in DLBCL that have shown very promising results with
different approaches. In 2 studies, the IGHV-D-J gene segment of the
rearranged immunoglobulinwas used as a plasma cfDNAbiomarker to
identify patients at high riskof treatment failure,whereas in2 additional
studies, cfDNA was used to detect somatic mutations.7,8,10,11 The
retrospective nature of the previous studies that relied on archival
material conceivably obtained and handled using different protocols
might have precluded a tight control of the preanalytic factors that have
a substantial effect on plasma cfDNAanalysis, including the amount of
“contaminating”DNA coming from circulating cells. The prospective
design and the standardizedprotocols for sample processingused inour
study allows for stringent control of preanalytic factors that might
influence the results of plasma cfDNAgenotyping. In particular, in less
controlled situations, such asmulticentered studies, the use ofCell-Free

DNA BCT tubes that avoid storage-related preanalytic biases, can
provide a broadly validated way to obtain stable cfDNA samples.14

An immediate clinical application of cfDNAgenotyping inDLBCL
patients is the incorporation of this assay in clinical trials to support
post-hoc patient stratification according to baseline disease genetics,
to develop treatment-specific prognostic, predictive, or actionable
genomic biomarkers, and to track treatment resistance in a clinically
relevant time frame.
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