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ABSTRACT

ecent studies suggest that circulating tumor cells and cell-free

DNA may represent powerful non-invasive tools for monitoring

disease in patients with solid and hematologic malignancies.
Here, we conducted a pilot study in 27 myeloma patients to explore the
clonotypic V(D)] rearrangement for monitoring circulating myeloma
cells and cell-free myeloma DNA. Next-generation sequencing was
used to define the myeloma V(D)] rearrangement and for subsequent
peripheral blood tracking after treatment initiation. Positivity for circu-
lating myeloma cells/cell-free myeloma was associated with conven-
tional remission status (P<0.001) and 91% of non-responders/progres-
sors versus 41% of responders had evidence of persistent circulating
myeloma cells/cell-free myeloma DNA (P<0.001). About half of the
partial responders showed complete clearance of circulating myeloma
cells/cell-free myeloma DNA despite persistent M-protein, suggesting
that these markers are less inert than the M-protein, rely more on cell
turnover and, therefore, decline more rapidly after initiation of effective
treatment. Positivity for circulating myeloma cells and for cell-free
myeloma DNA were associated with each other (P=0.042), but discor-
dant in 30% of cases. This indicates that cell-free myeloma DNA may
not be generated entirely by circulating myeloma cells and may reflect
overall tumor burden. Prospective studies need to define the predictive
potential of high-sensitivity determination of circulating myeloma cells
and DNA in the monitoring of multiple myeloma.

Introduction

The introduction of novel proteasome inhibitors,' immunomodulatory drugs® and
monoclonal antibodies® has led to deeper and longer-lasting responses in patients
with multiple myeloma.”” The detection of minimal residual disease has, therefore,
become increasingly important for the management of this disease.® Bone marrow
minimal residual disease studies using multicolor flow cytometry’ or next-genera-
tion sequencing (NGS) of the clonotypic V(D)] immunoglobulin (Ig) rearrange-
ment'" suggest that minimal residual disease predicts progression-free and overall
survival. The latter technology is currently the most sensitive, with a detection rate
of one per 10° bone marrow cells. It does, however, requires repetitive bone mar-
row sampling, a procedure that is painful for the majority of patients.

In solid tumors but also some hematologic cancers, circulating nucleic acids (cell-
free DNA) and circulating tumor cells are becoming a promising minimally-invasive
tool for monitoring tumor burden and response to treatment.”" To date, diffuse-
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large B-cell lymphoma is a prototype hematologic disease
in which the detection of the disease-specific V(D)J
rearrangement in peripheral blood cell-free DNA by NGS
has been shown to predict relapses before established
radiological staging methods demonstrate evidence of dis-
ease recurrence.”'® The general applicability of this moni-
toring concept to multiple myeloma does, however,
remain to be determined, since disease distribution, vascu-
larity, spreading and cell turnover differ from those in Iym-
phoma, potentially affecting the circulating malignant cell
and cell-free DNA compartments.

Here, we investigated the clinical utility of circulating
myeloma cells and DNA in the monitoring of multiple
myeloma using the clonotypic V(D)] rearrangement as a
highly patient-specific detection marker.

Methods

Patients’ characteristics and ethics statement

A cohort of 27 patients with multiple myeloma treated
at the University Medical Center Hamburg-Eppendorf
was investigated as approved by the ethics committee
(Ethikkommission der Landesadrztekammer Hamburg) and
after informed consent from the patients (Table 1). All
patients underwent bone marrow sampling, performed at
a time point with active disease, to determine the myelo-
ma clonotype sequence (IGH, IGL or IGK) as well as
peripheral blood sampling for analysis of V(D)J rearrange-
ments before and during the course of treatment. Baseline
clinical characteristics and remission status, according to
the International Myeloma Working Group (IMWG),
were assessed for all patients.

DNA preparation from peripheral blood and bone
marrow leukocytes and plasma

Whole blood or bone marrow aspirate was collected
into tubes containing heparin and processed within 2 h.
Plasma was separated by centrifugation and stored at -
80°C. Leukocytes were isolated with erythrocyte lysis
using a standard lysis buffer (ammonium chloride 8.29
g/L, EDTA 0.372 g/L, potassium hydrogen carbonate 1
g/L) and frozen in freezing medium (90% fetal bovine
serum, Biochrom, VWR, Darmstadt, Germany; 10%
dimethyl sulfoxide, Sigma-Aldrich, Taufkirchen,
Germany). Genomic DNA was extracted from frozen
peripheral blood or bone marrow leukocytes using a Gen
Elute Mammalian Genomic DNA Miniprep Kit (Sigma-
Aldrich, Taufkirchen, Germany). Cell-free DNA was
extracted from plasma using a QlAamp Circulating
Nucleic Acid Kit (QIAGEN, Hilden, Germany). DNA was
quantified by absorbance (Nano Drop ND-1000, Peqlab)
for genomic DNA or fluorometric methods (Qubit 3.0,
Thermo Fischer Scientific) for cell-free DNA.

Next-generation sequencing of V(D)J repertoires

Ig V(D)] segments were amplified with BIOMED2-FR1/-
FR3 (IGH), -Ig kappa (IGK) or -Ig lambda (IGL) primer
pools” containing Illumina-compatible adapters and bar-
codes as described previously with an input of 500 ng
(75000 genomes) genomic DNA or 250 ng cell-free DNA.*
Figure 1 shows a scheme of the amplification strategy. The
polymerase chain reaction (PCR) product was cleaned-up
using SPRIselect reagent (Beckmann Coulter, Brea, CA,
USA) and 2 uL eluted DNA were used for a second PCR,

during which Illumina adapter sequences were extended
and a sample-specific barcode was added. The final PCR
product was size-separated with 1.5% agarose gel elec-
trophoresis and amplicons were purified using the
NucleoSpin® Gel and PCR Clean-up Kit (Macherey-Nagel,
Diuren, Germany). The concentration of the final PCR
products was determined on Qubit 3.0 (Thermo Fischer
Scientific) and amplicon purity was controlled on an
Agilent 2100 Bioanalyzer (Agilent Technologies,
Boblingen, Germany). NGS was performed on an Illumina
MiSeq sequencer with 500 or 600 cycle single-indexed,
paired-end runs.

Data analysis and statistics

Demultiplexing and Fastq formatted data output was
generated by the MiSeq reporter. Raw sequences were
processed to Ig V(D)] clonotypes based on the MiXCR
analysis tool,” and the different sequencing samples were
compared using the tcR R package for Ig analysis.” Data
were plotted using R statistical software tools as well as
GraphPad Prism 5. A sample was considered positive
when the clonotypic rearrangement was detected at least
twice. Differences between two groups were analyzed
using the two-sided Student ¢ test and categorical data
were compared by the Fisher exact test. Linear regression
analyses were performed to evaluate an association
between response to treatment and positivity for circulat-
ing myeloma cell V(D)] [cmc-V(D)]] and/or cell-free
myeloma V(D)] [cfm-V(D)]]. Analyses were carried out
using IBM SPSS version 22. A P value of <0.05 was consid-
ered statistically significant.

Results and Discussion

Study design

A total of 27 myeloma patients requiring myeloma-
directed treatment were included in this investigation.
Clonotypic V(D)J rearrangements of the malignant plasma
cell were determined from the bone marrow and subse-
quently used for clonal tracking in peripheral blood leuko-
cyte DNA [cmc-V(D)]] and cell-free DNA [cfm-V(D)]]
before and after treatment initiation at routine clinical
remission assessments. Blood sampling was performed
after two to four courses of the indicated treatment or
within 6 months after high-dose melphalan/allogeneic
stem cell transplantation, unless specified otherwise. The
patients’ characteristics, treatments and sampling time
points are summarized in Table 1 and Online
Supplementary Table S1. A diagram of the study workflow
is shown in Figure 2.

Determination of clonotypic myeloma V(D))
rearrangements

In 19 of 27 patients, an unambiguous IGH VD]
rearrangement could be identified, two cases were biclon-
al and another two patients only showed an IGL V]
rearrangement (Table 1). The four cases without discern-
able rearrangements were excluded from further analysis.

Next-generation screening for circulating myeloma
cell-V(D)J and cell-free myeloma-V(D)J

Based on previous studies,”* we established optimal
PCR and NGS conditions for comprehensive immune
repertoire analysis and high-sensitivity detection of V(D)J
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®
rearrangements from leukocyte DNA. A sequencing depth ~ Figure S1A). To measure the sensitivity of our approach,
of 80,000 reads per sample was sufficient to comprehen- we spiked monoclonal B-cell DNA, derived from the
sively analyze the B-lineage repertoire from 500 ng Burkitt lymphoma cell line DG75, into polyclonal leuko-
genomic or 250 ng cell-free DNA, which can typically be  cyte DNA and determined detection rates of the clonotyp-
extracted from 1-5 mL of blood (Online Supplementary — ic DG75 V(D)] rearrangement by NGS. These experiments
Table 1. Patients’ characteristics.
Age (years) Isotype Clonotype CDR3* Treatment line Remission at
preceding blood sampling  sampling time
point!
MM023 M 69 1gG x CACPSRYSSVWRIDYW Btz (1st line) PR
Len (1/r) SD
MMO031 M 56 IgG A CAREYYYNYVRYFDSW HD-Mel (1st line) PD?
Len (1/r) vgPR
Len (1/r) CR®
MMO032 M 57 IsGA CVHRRMGQLQDWYFDLW HD-Mel (1st line) vgPR
HD-Mel (1st line) PD?
MM048 F 7 IgAN CARGGYGDNPYYHYGLDVW Btz (1st line) CR
CTX (v/r) PR
MMO050 M 79 IsGx CATEISSGASVGSVKVLW Btz (x/r) vgPR
Btz/panobinostat (1/r) PR
MMO056 F 73 IgGA CAREEQLFDDW** HD-Mel (1st line) vgPR
CTREGGSTDYAKNFDCW**
HD-Mel (/1) PR
MM059 M 61 IsGk CARDHLW allo-HSCT (x/r) vgPR
MMO060 F 55 IgAk CARAPAVSGPFDYW HD-Mel (/1) CR
MMO062 F 53 IgG A CQVSDSSSDHYVF (lambda) CTX (x/r) SD
MMO082 M 66 IgG A GARGCGSSGYY_TSFYDYVMDVW** HD-Mel (1st line) PR
CSTALGFWSGYRNYFDYW**
HD-Mel (1st line) PD?
MMO085 F 50 IgG A CVRAPARWLHPVSFGYW Btz (1st line) vgPR
HD-Mel (1st line) vgPR
MMO087 M 62 IgG A CARLDGYNYYYYMDIW Btz (1st line) PR
MMO088 M 57 IsGk CARDRPLDWGSGLDFW Btz (1st line) PR
HD-Mel (1st line) PD*
MMO090 M 59 IgGk CAHTGLSVAGFHYW HD-Mel (1st line) vgPR
maintenance vgPR
MMO095 F 62 IgA A CCSYVGSYTYVF (lambda) Btz (1st line) CR
MMO098 M 74 IgA CARIGISSPGTDYW HD-Mel (1st line) PD?
Btz/Len (1/r) PD*
HD-Mel (x/r) SD
MM120 M 76 IsGk CARLGFQWFGQSIW Btz (1st line) SD
Carf/Len (1/r) PR
MM122 M 54 IgAk CARIQTWAAGWYFDLW HD-Mel (1st line) vgPR
MM123 F 61 IgAN CATNTISHAFDYW Len (1/r) vgPR
MM125 M 58 IgA « CVRVPSLYSGSYYFDYW HD-Mel (1st line) vgPR
MM155 M 56 IgGk CARDGVAADYW Btz (1st line) vgPR
MMI170 M 50 1gG x CIRAQLLRGYDHYYYMDVW Btz (1st line) PR
MM174 M 75 IgAx CARDTTGGHYSGKIYPFKDW Btz (1st line) SD
MM094 M 54 LCk no IGH or IGK rearrangement
MM116 F 60 IgG k no IGH or IGK rearrangement
MMI31 M 73 IgAk no IGH or IGK rearrangement
MM132 M 70 IgAk no IGH or IGK rearrangement
Remission at sampling time point according to the International Myeloma Working Group uniform response criteria for multiple myeloma. CR: complete response; vgPR: very
good partial response,; PR: partial response; SD: stable disease; PD: progressive disease; M: male; F: female; LC: light chain; k: kappa light chain; A :lambda light chain; CDR3: com-
plementarity-determining region; Btz: bortezomib; Len: lenalidomide; Carf: carfilzomib; HD-Mel: high-dose melphalan plus autologous hematopoietic stem cell transplantation
(HSCT); allo-HSCT: allogeneic HSCT; r/r: relapsed/refractory; * IGH rearrangement, unless otherwise indicated, * * biclonal /GH rearrangement.'sampling was generally performed
after two to four cycles of the indicated treatment, or within 6 months of HD-Mel or allo-HSCT, unless otherwise specified.*sampling at PD occurring 24 years after HD-Mel. *sam-
pling after six courses of Len. 'sampling after 15 courses of Btz/Len.
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showed high fidelity detection even if only low amounts
of clonotypic genomes were spiked into the polyclonal
background (Online Supplementary Table S2).

Using these high-sensitivity detection conditions, the 23
cases with a definable myeloma V(D)] rearrangement
underwent further screening of blood samples before and
after initiation of treatment when routine remission eval-
uation was performed (Table 1). Figure 3 shows represen-
tative baseline bone marrow and peripheral blood V(D)J
plots of patient MM123 with evidence of cmc-V(D)] and
cfm-V(D)]. Overall, cmc-V(D)] was detectable in 71% and
cfm-V(D)] in 100% of cases at the baseline screening

Myeloma V(D)J monitoring from blood

(Figure 4A). At the follow-up time points after treatment
initiation, cmc-V(D)] was detectable in 40% and cfm-
V(D) in 34% of samples (Figure 4A). For further analyses,
V(D)] sampling was considered positive if cmc-V(D)] or
cfm-V(D)] or both resulted positive, which was the case in
47% of follow-up samples (Figure 4B). Clear associations
were observed between poor remission status (assessed
by M-protein-based IMWG criteria) and positive cmc-
V(D)] sampling (regression coefficient 1.60; 95% CI: 0.68-
2.50; P=0.002) (Figure 4A), evidence of cfm-V(D)J (regres-
sion coefficient 1.49; 95% CI: 0.70-2.27; P=0.001) (Figure
4A) as well as detection of V(D)] in at least one compart-
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Figure 3. Representative V(D)J bone marrow and peripheral blood repertoires of patient MM123 at diagnosis. Every dot represents a clonotypic V(D)J rearrange-

ment within the immunoglobulin repertoire. The size of each dot represents the

size of the clone. The malignant plasma cell clone is highlighted in the bone mar-

row as well as in the cellular and cell-free peripheral blood compartments. The plot was generated using R statistical software tools. BM: bone marrow; PB:

peripheral blood.

A B C ns.
‘ iation with response iation wi —_—
o |_association with j2ssociation with resporse 100-
> cme p=0.002, cfm p=0.001 - I
0 8 1001 b posityfor: & | [
Bl :r T 5% 45 cme-V(D)J %g
71N %% ] cfmV(D)J
% ?s % BSS i & ooV, 22 ]
s N UN U3 ] R B dmviD) &S
N A oot B RXX V(D) S 0
© b b (X
4 % N g N ©2 by 2 B or both
P ol N AN DN 8§ 1 olBd B B B .01
X N ON UN R -2 R Sl G 20
/AN UN UN UN =& s Sl =
AN UN AN AN mm o B3 ] 0 =
N UN UN AN AN 83 & sl 03 ' '
o SN KN N =
non-

%
%/@

Figure 4. Monitoring of circulating myeloma cells [(cmc-V(D)J)] and cell-free myeloma DNA [(cfm-V(D)J)] after myeloma treatment by next-generation sequencing.
(A) Positivity of patients’ samples for cmc-V(D)J and cfm-V(D)J at diagnosis/relapse and after treatment, respectively. Remission status is indicated according to the
IMWG criteria. (B) Positivity of patients’ samples for V(D)J at diagnosis/relapse and after treatment. Time points were considered V(D)J-positive if the malignant clone
was detectable in at least one compartment (cellular or cell-free). (C) Quantification of cmc-/cfm-V(D)J per global number of V(D)J rearrangements per compartment.
Patients with PD and SD were summarized as non-responders/progressors and patients with PR, vgPR and CR were summarized as responders. PD: progressive
disease; SD: stable disease; PR: partial response; vgPR: very good partial response; CR: complete response.
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ment (regression coefficient 1.67; 95% CI: 0.82-2.53;
P<0.001) (Figure 4B), and 91% of non-responders (patients
with stable or progressive disease) remained positive for
cme-/cfm-V(D)], compared to 41% of responders (patients
with partial remission or better) (P<0.001) (Figure 4B). The
percentage of clonotypic to polyclonal cellular and cell-
free V(D)] DNA did not differ significantly between
responders and non-responders/progressors (P=0.170)
(Figure 4C).

Detection of cmc-V(D)] was significantly associated
with cfm-V(D)J-positivity (P=0.042). Nevertheless, poly-
clonal V(D)] repertoires were virtually non-overlapping
and a discordance of about 30% was noted between cmc-
V(D)] and cfm-V(D)] positivity (example repertoire over-
laps are shown in Figure 5). This suggests that circulating
cellular and cell-free compartments contain complementa-
ry information and that cfm-V(D)] may not be generated
entirely within the vascular space (from circulating myelo-
ma cells), but that it reflects myeloma burden in extravas-
cular sites such as the bone marrow or extramedullary
manifestations. Concurrent investigation of both compart-
ments does, therefore, appear reasonable.

One unexpected aspect of our findings was the rather
low rate of positivity for cme-V(D)] (45%) or cfm-V(D)J
(39%) or both (68%) in patients with no or incomplete M-
protein responses (very good partial response or less).
Since our technical approach showed high repertoire cov-
erage as well as high sensitivity of detection, we conclud-
ed that this reflects true absence of the clonotypic DNA in
the blood-derived genomes used for sequencing library
preparation and that only higher genomic input could
eventually enhance the sensitivity of detection. To study
whether higher genomic PCR input resulted in higher
detection rates of the clonotypic V(D)] DNA, we selected
two cfm-V(D)] negative cases with progressive disease
and scaled up the PCR input from 250 ng (37,500
genomes) to 1250 ng (187,500 genomes), typically
extractable from >10 mL of blood. As expected, repertoire
diversity increased, but the clonotypic myeloma V(D)J
rearrangement could still not be detected in these samples
(Online Supplementary Figures S1B-D). This confirmed our
previous hypothesis that a fraction of patients with no or
incomplete M-protein responses may not release any
myeloma DNA into the plasma and that this biomarker
potentially has different biological implications than those
of M-protein.

Taken together, our pilot study gives valuable biological
insights into the circulating cellular and cell-free compart-
ments that can be explored by “liquid biopsy” in multiple
myeloma. It indicates that cmc-V(D)] and cfm-V(D)] may

decline more promptly in response to effective treatments
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Figure 5. Overlap of V(D)J repertoires from cellular and cell-free peripheral
blood compartments. Shared V(D)J clonotypes from different compartments
were calculated using the tcR tool*® and overlap repertoires were plotted using
the R statistical software tool. The V(D)J rearrangement of the malignant plas-
ma cell clone [(cmc- and/or ¢fm-V(D)J)] is shown in red.

than the relatively inert M-protein and may, therefore, be
more informative regarding cell turnover and potentially
suitable for immediate estimation of treatment efficacy or
even early prediction of minimal residual disease negativity,
not only in patients with low- or asecretory myeloma. Due
to the limitations of this study (small cohort size, heteroge-
neous treatments), the actual predictive significance of rapid
clearance of cmc-V(D)] or cfm-V(D)], but also its persistence
in M-protein responders cannot be reliably assessed. Future
prospective studies will need to address whether this non-
invasive diagnostic tool is of predictive importance and
therefore of additional value to the established protein-
based monitoring approach in multiple myeloma.
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