1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Leukemia. Author manuscript; available in PMC 2019 June 21.

-, HHS Public Access
«

Published in final edited form as:
Leukemia. 2019 July ; 33(7): 1713-1722. d0i:10.1038/s41375-018-0329-0.

Combination of Flow Cytometry and Functional Imaging for
Monitoring of Residual Disease in Myeloma

L Raschel2, D Alapat3, M Kumar4, G Gershner!, J McDonald?, C.P Wardelll, R Samant4, R
Van Hemert4, J Epsteinl, A.F Williams3, S Thanendrarajan?, C Schinkel, M Bauerl, C
Ashby!, R.G Tytarenko?l, F van Rheel, B.A Walkerl, M Zangaril, B Barlogiel, F.E Davies?,
G.J Morganl, and N Weinhold?

IMyeloma Institute, University of Arkansas for Medical Sciences, Little Rock, AR, USA

2Department of Internal Medicine 2, University Hospital of Wiirzburg, Wirzburg, Germany
SpPathology Department, University of Arkansas for Medical Sciences, Little Rock, AR, USA

4Radiology Department, University of Arkansas for Medical Sciences, Little Rock, AR, USA

Abstract

The iliac crest is the sampling site for minimal residual disease (MRD) monitoring in Multiple
Myeloma (MM). However, the disease distribution is often heterogeneous, and imaging can be
used to complement MRD detection at a single site. We have investigated patients in complete
remission (CR) during first-line or salvage therapy, for whom MRD flow-cytometry and the two
imaging modalities positron-emission-tomography (PET) and diffusion-weighted magnetic
resonance imaging (DW-MRI) were performed at the onset of CR. Residual focal lesions (FLs),
detectable in 24% of first-line patients, were associated with short progression-free survival (PFS),
with DW-MRI detecting disease in more patients. In some patients, FLs were only PET-positive,
indicating that the two approaches are complementary. Combining MRD and imaging improved
prediction of outcome, with double-negative and double-positive features defining groups with
excellent and dismal PFS, respectively. FLs were a rare event (12%) in first-line MRD-negative
CR patients. In contrast, patients achieving an MRD-negative CR during salvage therapy
frequently had FLs (50%). Multi-region sequencing and imaging in an MRD-negative patient
showed persistence of spatially separated clones. In conclusion, we show that DW-MRI is a
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promising tool for monitoring residual disease that complements PET and should be combined
with MRD.

INTRODUCTION

Response rates in Multiple Myeloma (MM) have improved dramatically, and complete
responses (CR) are observed in up to 80% of patientsl. However, in CR patients minimal
residual disease (MRD) frequently persists, which cannot be detected using the traditional
combination of serum markers and bone marrow (BM) histology?2. Flow-cytometry is an
established tool for MRD monitoring, and it can identify a subgroup of patients with very
favorable outcomes35. As a result, MRD-negativity has been defined as a response criterion
by the International Myeloma Working Group (IMWG). Nevertheless, despite prolonged
progression-free survival (PFS) in these patients, relapses are still observed, raising a
question as to the origin of resistant tumor cells.

The iliac crest area is the usual sampling site for MRD testing, but the disease distribution is
often heterogeneous, and spatial genomic heterogeneity is a common phenomenon in
MM’~12_ Clones from focal lesions (FL) or extramedullary disease can have an unfavorable
genomic profile potentially leading to differential treatment response® 11, In this context, a
low concordance between MRD (with a sensitivity of 1x1074) and 18F-fluorodeoxyglucose
(FDG) positron emission tomography (PET) has been reported, including patients with
FDG-avid disease but negative MRD3. In the same study, concomitant MRD-negativity and
normalized PET scans defined a group with very favorable outcome, supporting the
conclusion that PET is complementary to MRD for assessment of residual diseasel3. We
recently showed that diffusion-weighted magnetic resonance imaging (DW-MRI) can detect
disease in a higher proportion of newly diagnosed MM (NDMM) patients than PET, as it is
independent of the tumor metabolism1#: 15, Yet, its performance for monitoring of residual
disease has not been described.

The aims of this study were 1) to compare DW-MRI to PET for the detection of residual FLs
in patients achieving CR, and 2) to test whether DW-MRI and PET could complement MRD
with a sensitivity of 1x107°. To address these aims, we investigated MM patients who
achieved CR during Total Therapies (TT), TT-like regimens or later during salvage therapy,
for whom PET and DW-MRI were available together with MRD data (Fig. 1). To account
for differences in response kinetics (e.g. time to best response is prolonged in patients of the
CD-2 molecular subgroup?8), we chose the onset of CR as an individual and flexible time
point; a strategy which has recently been used for relapsed patients receiving
Daratumumab?’: 18, The study highlights the power of combining multiple diagnostic tests
to address the negative impact of spatial tumor heterogeneity in MM on MRD diagnostics.

METHODS

Patients

The patient populations and the time points of assessment are shown in Figure 1. All
NDMM patients were treated with novel agents and at least one autologous stem cell
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transplantation. While 122 NDMM patients were enrolled in TTs, 46 patients were treated
with TT-like regimens. The median time to CR was 0.62 years (range 0.04-2.96 years).
Patients’ characteristics are presented in Supplementary Table 1. All 33 patients, who
achieved CR during salvage therapy, relapsed during/after TTs and had been treated with
novel agents and at least one autologous stem cell transplantation. Conventional response
was assessed according to the IMWG criteria, and CR was defined as negative
immunofixation on the serum and urine, disappearance of any soft tissue plasmacytomas,
and <5% plasma cells in BM aspirates!®. The study was performed under University of
Arkansas for Medical Sciences IRB approval (205415), and all patients signed written
consent in accordance with the Declaration of Helsinki.

Functional Imaging

DW-MRI examinations were performed on a 1.5-Tesla Philips Achieva scanner (Phillips,
Koninklijke, Netherlands). The protocol included scanning from vertex to toes in 7-9 slabs
depending on patient height. Each slab constituted 50 slices 5mm thick, field of view 450
mm, matrix 112x79, repetition time 7500 ms, time to echo 69.9 ms, number of acquisitions
2, with a “Q” body coil, =0 and 800 s/mm?. A coronal whole body T1 turbo-spin echo
image was obtained as a localizer. Total imaging time for the study was approximately 26
min of which 5 min were spent for T1 image acquisition. Imaging according to this protocol
has been performed at our institute since 2011. The following qualitative approach was used
to detect residual FLs on DW-MRI: initially, two experienced radiologists visually assessed
the signal intensity distribution on the inverted grey-scale b800 whole body DW-MRI
maximum intensity projection (MIP) image in consensus read. Well delineated focal
intraosseous intensities compared to the surrounding background (low signal on inverted
image) that measured at least 0.5 cm in the largest diameter were subsequently visually
inspected on the corresponding inverted grey-scale MIP exponential apparent diffusion
coefficient (EADC) map and respective source images. As recently advocated, coronal 6mm
T1-weighted whole body survey images were used to confirm intraosseous location2?.
Lesions were classified as restricting (low signal compared to the surrounding background)
and non-restricting. An example for a restricting lesion is shown in Figure 1.

PET was performed on a Biograph, Reveal, or Discovery scanner as previously described?5.
For PET, a FL was defined as a circumscribed focus with increased FDG uptake compared
to its surroundings®® 21 22 Two independent radiologists and one nuclear medicine
physician reported the scans and were blinded to the clinical information. Due to potential
reactive changes in the bone marrow during treatment, we did not consider increased diffuse
background signals as indicators of residual disease at the onset of CR.

Multiparamter flow-cytometry with 8 colors

For the flow-cytometric assessment of MRD, BM samples were immunophenotyped on a
FACSCanto Il flow cytometer using an 8-color technique [CD138 (V-500), CD38 (FITC),
CD19 (PE-Cy7), CD45 (V-450), CD27 (PercpCy5.5), CD81 (APC-H-7), CD56 (APC) and
CD20 (PE)] #. Acquiring at least 2.5x10° events, we defined MRD negativity by Flow as
less than 20 events indicating phenotypically aberrant clonal plasma cells. The median limit
of detection?? for newly diagnosed and relapsed patients achieving MRD negative CR was
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0.88 x 107 (0.57-1.68 x 107°) and 0.84 x 107> (0.59-1.04 x 1075), respectively. MRD
assessment has been performed at our institute since 2013.

Risk stratification by gene expression profiling and the international staging system (ISS)

CD138-enrichment of PCs was performed as published?4 25, GEP of CD138-enriched PCs
using Affymetrix U133 2.0 plus arrays (Affymetrix, Santa Clara, CA, USA), GEP70-based
risk designation and determination of the 1SS were performed as described?6: 27.

Whole exome sequencing, mutation calling, and copy number profiling

Statistics

Whole exome sequencing (WES) and mutation calling was performed as recently
described® 28, Briefly, tumor and control DNA were isolated from CD138-positive PCs and
peripheral blood leukapheresis products collected after induction therapy, respectively.
Exome enrichment was performed using the SureSelect Clinical Research Exome kit
(Agilent, CA, USA) with additional baits covering the Ig and MYC loci. Paired-end
sequencing was performed on a HiSeq2500 (Illumina, CA, USA).

Somatic single nucleotide variants (SNV) were called using MuTect v1.1.72° and Strelka
v2.8.330 with default parameters. The intersection of SNVs identified by both variant callers
was filtered using the fpfilter.pl script (https://github.com/ckandoth/variant-filter) with
default parameters. After exclusion of variants located in immunoglobulin loci, we
determined read counts for all mutations per patient using the Rsamtools R package v1.24.0
and the following inclusion criteria: unique reads, coverage exceeding 20x in all samples of
the patient, a mapping quality of at least 20 and base quality of at least 20 at the site of the
variant. To avoid an overestimation of heterogeneity, we increased the threshold for
heterogeneous mutations to a cancer clonal fraction of 0.2 (corresponding to a clonal
proportion of 20%). Ig and MY Ctranslocations were called using Manta v1.1.13! with a
variant quality score threshold of 30. Mutations and translocations were manually inspected
in IGV32, and annotated using ANNOVARS33 and SNPeff v4.234. Copy number aberrations
(CNAs) were called using Sequenza3®. The accuracy of CNA calls was verified by manual
inspection of LogR and B allele frequency values.

The Kaplan-Meier method was used for survival analyses. PFS time was measured from
onset of CR to relapse or death from any cause or censored at the date of last contact.
Overall survival was not considered for this analysis due to limited follow-up and
heterogeneous salvage therapies. For the same reason, we did not perform survival analyses
for relapsed patients. Residual FLs and Flow results were tested in a multivariate Cox
regression model including established risk factors. Fisher’s exact test was used to compare
the distribution of discrete variables across groups. Main analyses were undertaken using R
(v3.3.1) software.

Leukemia. Author manuscript; available in PMC 2019 June 21.


https://github.com/ckandoth/variant-filter

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rasche et al.

RESULTS

Page 5

Residual FL detected by DW-MRI are associated with early disease progression

Established

Recent studies have shown that residual PET-positive FLs in NDMM patients achieving CR
are associated with adverse outcomes3®: 37, Here, we addressed whether this holds true for
residual FLs detected by DW-MRI. The functional imaging technique DW-MRI is based on
measuring water diffusion /n vivo. Diffusion is impeded in tissues with high cellularity such
as tumor tissues38. We used 2 types of inverted grey-scale images to detect residual FLs: 1) a
DWI map, and 2) an EADC map. Usually, hyper-intensities on DWI maps have to be
confirmed by the corresponding EADC map, to exclude false-positive signals due to “T2
shine-through”; a phenomenon based on long T2 decay time in some tissues3°. On DWI
maps, we detected focal intensities in 82 of 168 first-line patients (49%) at the onset of CR.
However, for more than half of these patients these regions did not exhibit abnormal
impeded diffusion on corresponding EADC maps, indicating that the signals on DWI maps
were not due to increased tumor cellularity. Indeed, focal intensities which were not
detectable on the EADC map did not impact PFS after onset of CR (Fig. 2A). In contrast,
restricting FLs defined a group of 35 patients (21%) with short PFS (median: 3.38 years,
Hazard ratio: 2.01, p=0.01, Fig. 2A). Therefore, we only considered focal intensities with
confirmed abnormal impeded diffusion for the following analyses.

Compared to PET, DW-MRI detected more patients with residual lesions (21% vs. 6%).
Specifically, only 6 of the DW-MRI-positive patients also presented with FLs in PET. Yet,
there were 5 patients with FLs in PET only, suggesting that the two techniques are
complementary. In total, 40 of 168 (24%) patients had residual FLs at the onset of CR. The
PFS of patients with FLs, which were only detectable using DW-MRI, was not significantly
different from patients with PET-positive FLs (median PFS 3.4 years vs. 3.0 years, p=0.2,
Fig. 2B).

Together, residual FLs at the onset of CR are associated with adverse PFS, with DW-MRI
being the more sensitive method for detection of these lesions.

risk classifiers improve the prognostic value of residual lesions

To address the question whether disease features, which were determined at baseline, impact
the prognostic value of residual FLs, we stratified the patients by the gene expression based
GEP70 risk classifier or the ISS. In order to increase the power of this analysis, we defined
an “/maging+” group, which included the patients with PET+ and/or DW-MRI+ FLs.

GEP70 high risk (HR) patients with residual FLs had a dismal outcome with a median PFS
of 0.8 years after onset of CR (Fig. 2C). A similar outcome was seen in ISS Il patients with
residual FLs on imaging (median PFS of 0.9 years, Fig. 2D). In contrast, 30 patients with
ISS I and no FLs had an excellent PFS, with only 2 events occurring in the study period,
highlighting the power of combined functional imaging and risk status assessment. This is
supported by results of a Cox model including the imaging status, 1SS and GEP70, which
demonstrate that all 3 parameters independently impacted outcome (Supplementary Table
2).
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Functional imaging complements MRD diagnostics using Flow

For 83 NDMM patients MRD, PET and DW-MRI data were available at the onset of CR.
We detected MRD in 49 patients (59%), and MRD-positivity was associated with
unfavorable outcome (p=0.03, Fig. 3). Combining MRD and functional imaging, residual
disease was detectable in 53 patients (64%). The best outcome was seen for the 30 MRD-/
Imaging- patients (3 events with a median follow-up of 3.6 years), the worst outcome was
seen for the 10 MRD+/Imaging+ patients (median PFS: 2.1 years). Of note, 6 and 2 of the
MRD+/Imaging+ patients were classified as GEP70 low risk and ISS 1, respectively.
Extending the multivariate Cox model for PFS by including MRD results in addition to
Imaging, GEP70 and ISS, /maging+remained an independent prognostic factor (p<0.001).
Only 4 of 83 patients were MRD-/Imaging+, associated with residual FLs being a rare event
in MRD-negative NDMM patients at a sensitivity of 1x107°, Yet, in this small group two
patients experienced early relapse in the studied period, consistent with residual FLs in
MRD-negative patients being prognostically relevant.

Together, the combination of MRD and functional imaging improves detection of residual
disease leading to early relapse.

Focal residual disease challenges MRD diagnostics in late-stage patients

Recently, we identified macrofocal disease as a frequent relapse pattern*0. Macrofocal
disease, in which malignant cells are predominantly located in FLs and barely present in
random iliac crest biopsies, was seen in 25% of patients relapsing from TTs, showing that a
heterogeneous disease distribution is a common feature of late-stage patients. To test
whether this increased heterogeneity could confound MRD, we investigated a set of heavily
pretreated patients relapsing from TTs (median lines of therapy: 3). These patients achieved
CR during different types of salvage therapy which are listed in Supplementary Table 3.
Combining MRD and Imaging data for 33 patients in CR during salvage therapy, we
detected residual disease in 25 patients (76%). Of note, the proportion of patients, who were
MRD-negative but had residual FLs was significantly higher compared to NDMM (8/16 vs
4/34 patients, p=0.01). On the other hand, 10 patients (30%) were MRD+ but Imaging-,
supporting the idea that a combined MRD/Imaging approach can improve detection of
residual disease and should be used in late-stage patients.

Multiple clones can survive extensive treatment

Our data supports the concept of differential response occurring spatially in MM with focal
residual disease being the source of relapse. To further investigate this concept, we
addressed the phylogenetic relationship between baseline and relapse clones for one patient
who was comprehensively characterized longitudinally by multi-region sequencing, MRD,
and functional imaging. This patient presented with more than 100 FLs and extensive spatial
heterogeneity at baseline, defined by 4 different major clones at 4 BM sites (Fig 4). At
relapse from MRD-negative CR, we obtained a sample from a large FL with paramedullary
component in the left thoracic region. Using WES, we identified the baseline “Clone 1” as
the ancestor of the clone dominating at this site. The clone, which we termed “Clone 1.27,
shared a “KRASCIY12Val” with “Clone 17, but had 65 new missense mutations (4 clonal,
Supplementary Table 4), which were not detectable at the site of “Clone 1” at baseline
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(median sequencing depth of 260x, Supplementary Table 4). This observation is consistent
with the selection of “Clone 1.2” as a consequence of treatment. A second sample obtained
from the right iliac crest showed an additional resistant clone at relapse, which was not
detectable at baseline despite multi-region sequencing (Supplemental table 4). This clone,
which we called “Clone 5”, had 15 private missense mutations (6 clonal) including another
site-unique clonal KRAS mutation, indicating parallel evolution of KRAS-mutated clones,
and highlighting the survival of multiple, spatially separated, clones even in a patient who
was MRD-negative.

The MRD and Imaging follow-up data of this patient also recapitulated the aforementioned
impact of spatial heterogeneity on MRD diagnostics. The patient achieved an MRD-negative
CR but still presented with residual FLs (Fig 4). After relapse, the MRD level remained low
or even negative for several subsequent tests. Imaging showed dynamic changes in the left
thoracic region, with rapid resolution and recurrence of masses, while other FLs remained
stable, such as the one in the left upper femur. This observation illustrated the presence of
pronounced focally heterogeneous disease in late-stage patients.

Together, the case highlights the persistence and progression of multiple spatially separated
clones in the BM irrespective of being in an MRD-negative CR.

DISCUSSION

MRD-negativity is a strong predictor for outcome. It is anticipated that it will be
incorporated as an endpoint and for response adapted therapy*! 42, Recently, we
demonstrated that MM is characterized by spatial tumor heterogeneity with limited
exchange between clones at spatially distinct sites®. This type of heterogeneity is a possible
explanation for relapse in CR patients with an MRD-negative test based on a biopsy from
the iliac crest.

Whole body functional imaging has been proposed as a complementary approach for
monitoring of residual disease, because it can potentially detect focal residual disease at
alternate sites#3: 44, In this study we show for the first time that DW-MRI allows for
detection of prognostically relevant residual FLs, complementing the already demonstrated
value of this imaging technique as a tool for detection of FLs, disease staging, and prognosis
at baseline, as well as response assessment!4: 15.45.46 et only restricting FLs were
associated with short PFS, suggesting that non-restricting focal hyper-intensities in CR
patients do not necessarily contain MM cells. However, we would like to emphasize that the
biological basis underlying restriction within FLs in MM is poorly understood?%: 4748, |n
this context, we recently showed that large FLs with paramedullary components can lack
restriction in treatment naive NDMM®46. Furthermore, some residual FLs in this study were
FDG-avid but lacked restriction, highlighting the need for a comprehensive analysis of FL
characteristics. As we move forward to integrate DW-MRI into the diagnostics of MM, there
is also a need to standardize the interpretation and reporting of this technique. Furthermore,
since DW-MRI and PET provide non-redundant information, their concurrent acquisition
using a PET-MRI scanner deserves at least further evaluation. These attempts are on-going.
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Overall, DW-MRI detected more residual FLs than PET. Yet, we show that a dual approach
using DW-MRI and PET is the more sensitive approach, allowing for detection of focal
residual disease in 24% of NDMM patients achieving CR. The sensitivity for residual
disease detection could be further increased to 64%, when MRD was included as an
additional test. Confirming prior data, the best outcome in our set was seen for patients
becoming negative by both, functional imaging and MRD*3, This double-negativity could
serve as a new endpoint for future trials. In contrast, patients with double-positivity had such
a dismal outcome that a switch to alternative treatments would be beneficial.

We barely found residual FLs in MRD-negative NDMM patients in CR. In contrast, in late
stage patients with MRD-negative CR, imaging was frequently positive, highlighting the
pronounced heterogeneous distribution of disease. An important question for future studies
will be, whether increasing the sensitivity by using next generation MRD flow cytometry
(NGF) can improve detection of MRD in these patients. However, for NGF acquisition of up
to 10 million cells is required which may limit the feasibility of this approach23: 4950, Non-
optimal sensitivity is also an issue of current functional imaging techniques. It remains to be
seen whether PET with alternative tracers, such as 1C Methionine, or immunoPET
approaches improve detection of focal residual disease*4: 5152,

The patchy type of disease distribution in MM is perplexing and poorly understood. Our
multi-region sequencing data illustrates that multiple clones with distinct biological features
can persist at different sites in the BM cavity despite intense treatment and achievement of
deep responses. It also indicates selection of rare subclones, which are not detectable at
diagnosis despite high-depth sequencing of the identical site. Dissemination of resistant
clones within the BM seemed to be substantially limited in the studied patient, impacting
MRD diagnostics. Future studies are warranted to show whether this patient is representative
of cases relapsing from CR. However, frequent relapses from MRD-negative CR support our
idea that residual disease can persist at sites other than the pelvis.

Our observation of multiple resisting clones challenges the single iceberg as a metaphor for
disease burden in MM, where the tip of the iceberg is immediately visible but its foundations
go deep beneath the surface. Using this picture, MRD diagnostics aim “to reveal the
previously unseen disease”®3. Adjusting the metaphor by our observation, we think that
multiple icebergs better represent the situation in a MM patient (Fig. 5). The tip of these
icebergs (=FLs) may be visualized in medical imaging, depending on the size of disease foci
and the imaging method used. The foundation of the iceberg can be assessed using highly
sensitive approaches such as flow cytometry but false negative results will result during deep
responses, if the iliac crest region is iceberg (disease)-free.

In conclusion, DW-MRI is a promising tool for detection of residual disease and
complements PET. The combination of MRD diagnostics and functional imaging improves
prediction of outcome, with double-negativity and double positivity defining groups with
excellent and dismal PFS, respectively. Prospective trials using this information to tailor
therapy are warranted. From a biological perspective, this study highlights the confounding
effects of spatial heterogeneity and limited dissemination of clones within the BM on MRD
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diagnostics. This may especially be true for patients achieving deep responses during
salvage therapies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Patientsand study design.
In (A) the study design is shown. (B) Simultaneous DW-MRI and PET scans are shown for a

representative patient. A focal lesion in the left distal femur is indicated by arrows. TT, total
therapy; DW-MRI, Diffusion-weighted magnetic resonance imaging; PET, positron-
emission-tomography; Flow, 8-color flow cytometry with a limit of detection of ~1x107>;
FL, focal lesion; * MRD data was available for 83 first-line and all relapsed patients.
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Figure 2. Theimpact of residual focal lesions on outcome.
In (A) the impact of residual FL on DW-MRI is depicted stratified by restriction status of

these lesions on EADC maps. (B) Prognostic value of residual FLs detectable using DW-
MRI only and PET, respectively. The prognostic impact of residual FLs on outcome
stratified by the GEP70 risk classifier or the International staging system is shown in (C) and
(D). The log-rank test was used to perform the group comparison.
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Figure 3: Prognostic impact of MRD and its combination with functional imaging.
Progression free survival from onset of CR for newly diagnosed MM patients stratified by

(A) MRD results, and the combination of MRD and functional imaging (B). The log-rank

test was used to calculate p values.
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Figure 4: Theimpact of spatial heterogeneity on MRD diagnostics.
In (A) the phylogenetic relationship between clones from different regions at baseline and

relapse and the corresponding PET scans are presented for one patient. The location of
samples is marked in the PET scans using the color code that was assigned to clones. (B)
Follow-up DW-MRI scans of this patient together with MRD results from the iliac crest. The
MRD level is shown by the indicated color code.
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Figure 5: Theiceberg metaphor for disease burden in multiple myeloma adjusted for spatial
heter ogeneity.

The tip of these icebergs, which correspond to FLs, may be visualized in medical imaging,
depending on the size of disease foci and the imaging method used. The foundation of the
iceberg can be assessed using highly sensitive approaches such as flow cytometry but false
negative results will result during deep responses, if the iliac crest region is iceberg
(disease)-free.
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