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ABSTRACT ARTICLE HISTORY
Minimal residual disease (MRD) is a key prognostic marker for progression-free and Received 12 September
overall survival in multiple myeloma (MM). Existing high sensitivity assays primarily 2025

focus on tumor burden assessment, rely on bone marrow sampling, and are limited in Accepted 9 March 2026
their ability to support frequent longitudinal disease monitoring. Here, we describe a KEYWORDS
proof-of-principle workflow for isolating morphologically preserved circulating tumor Minimal Residual Disease;
cells (CTCs) from peripheral blood (PB) using size-based filtration. Based on controlled multiple myeloma;
spiking experiments with RPMI 8226 myeloma cells, we demonstrate an analytical limit three-dimensional

of detection of approximately 1 tumor cell per 107 white blood cells. Isolated cells telomere analysis; liquid
retain nuclear integrity and cytomorphology, allowing for downstream immuno- biopsy

phenotyping, three-dimensional (3D) telomere fluorescence in situ hybridization (FISH),

and single-cell telomere profiling, a known marker of genomic instability and disease

progression in multiple myeloma. The proposed workflow demonstrated its feasibility

for isolating, profiling, and analyzing plasma cells from PB of MM patients at different

disease stages. It revealed distinct nuclear and telomeric features in MM CTCs compared

with normal lymphocytes. The established technically robust liquid biopsy workflow

enables 3D telomere profiling of MM CTCs that can be adopted for noninvasive MRD

monitoring based on genomic instability rather than on the enumeration of MM plasma

cells alone.

ARTICLE HIGHLIGHTS

« Current high-sensitivity assays for assessing minimal residual disease (MRD) in
multiple myeloma (MM) patients rely on invasive bone marrow sampling and are
limited by sampling bias and poor suitability for frequent longitudinal monitoring.

+ This study presents a proof-of-principle liquid biopsy workflow that enables isolation
of morphologically intact circulating tumor cells (CTCs) from peripheral blood (PB)
using size-based filtration with the ScreenCell® device.

« Controlled spiking experiments with RPMI 8226 myeloma cells established an
analytical limit of detection of approximately 1 tumor cell per 107 white blood cells.

+ Technical feasibility of the new workflow for isolating intact CTCs from liquid biopsy
was confirmed in a cohort of 20 newly diagnosed MM patients at diagnosis, during
induction therapy, and after relapse, supporting its potential utility for longitudinal
disease monitoring.

+ Isolated CTCs were successfully immunophenotyped and subjected to quantitative
three-dimensional telomere fluorescence in situ hybridization (FISH), allowing
single-cell analysis of telomere length, number, aggregation, nuclear volume, and
spatial distribution.

- Quantitative telomere profiling revealed statistically significant differences in nuclear
and telomeric parameters between MM CTCs and normal lymphocytes, consistent
with known markers of genomic instability and disease aggressiveness in MM.

« By combining enumeration with risk assessment based on telomere profiling,
the current workflow can provide clinicians with much-needed biological insight
beyond mere tumor burden assessment. Incorporating minimally invasive telomere
profile-based risk assessment into MRD guidelines may guide treatment decisions in
cases of sustained MRD and inform the need for new treatment regimens when
residual disease is detected
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MULTIDISCIPLINARY ABSTRACT

Multiple myeloma (MM) is an incurable hematological cancer. Minimal residual disease
(MRD) is used as a prognostic surrogate marker for progression free survival (PFS) and
MRD negativity rate is a common primary endpoint for clinical trials. Current MRD tests
are accurate but require invasive bone marrow sampling, which is not ideal for routine
monitoring. In this study, we describe a new blood-based method that detects
circulating tumor cells (CTCs) in MM patients with higher sensitivity than any reported
approach to date. In addition to counting and characterizing these tumor cells, the new
method also enables a detailed 3D analysis of their telomeres, which serve as markers
of genetic instability and disease progression. This proof-of-principle study demonstrates
that MRD can be monitored through a simple blood test, opening the door to less
invasive, more informative, and more frequent monitoring for patients with MM that
does not rely on an initial diagnostic sample for tracking.

METHOD SUMMARY

We isolated plasma cells from the peripheral blood of multiple myeloma (MM) patients
by filtration, based on the principle of size exclusion. Isolated cells were counted and
immunophenotyped. 3D telomere profiles of identified MM plasma cells were analyzed
and compared to those of normal lymphocytes.

1. Introduction

Multiple myeloma (MM) represents approximately 1% of all cancers and 10% of all hematological malig-
nancies [1]. Novel therapeutic approaches in both front-line and relapsed/refractory settings have signifi-
cantly increased the median survival of MM patients, with over 70% achieving deep responses with
front-line therapy [2-4]. An important marker of disease response is minimal residual disease (MRD),
characterized by the presence of detectable clonal plasma cells in bone marrow with sensitivities of 107
to 1075. Moreover, given the patchy nature of myeloma’s marrow involvement, some patients may have
residual disease in sites of marrow that are not accessible through standard biopsy techniques and/or
plasmacytomas (which could be extra- or para-medullary). As a result, having a blood-based assay can
provide more insight into the disease rather than assessing a single site of bone marrow. Levels of cir-
culating tumor cells (CTCs) in the peripheral blood (PB) of myeloma patients are increasingly recognized
as a prognostic biomarker for risk stratification in newly diagnosed MM (NDMM), and have demonstrated
a correlation with the MRD negativity rate and PFS in two recent trials [5-10]. Evaluation of CTCs in PB
had superior prognostic value compared to quantification of BM PCs, and the threshold of = 0.01% CTCs
emerged as a new risk factor in novel staging systems for patients with transplant-eligible MM [8]. CTC
levels were also identified as an independent prognostic factor in the context of the most effective stan-
dard of care for transplant-eligible NDMM [11]. However, noninvasive detection of MM cells in peripheral
blood is not implemented in clinical practice due to a lack of standardization, high costs, labor intensity,
and, notably, the absence of clear thresholds for MRD positivity or negativity based on the numbers and/
or characteristics of CTCs in the liquid biopsy of MM patients [12,13]. Furthermore, despite significant
correlations in CTC levels in the peripheral blood of SMM and MM patients, CTC counts alone are insuf-
ficient to describe the disease’s dynamics and fail to accurately reflect clonal heterogeneity, including
high- and low-risk clones [14].

In this context, single-cell analyses enable a more accurate assessment of clonal diversity and the
inherent heterogeneity of MM, as well as the detection of treatment-resistant clones or subpopulations,
which are indicative of clonal evolution and aggressiveness [13,15]. Studies have shown that achieving
MRD negativity at a sensitivity threshold of 1076 is consistently associated with improved PFS and overall
survival (OS) [15,16]. Clinically recognized MRD detection approaches, such as next-generation sequenc-
ing (NGS) and multiparametric next-generation flow cytometry (NGF) are based on bone marrow speci-
mens, requiring the invasive marrow aspiration, considerably limiting the ability to monitor patients over
time [17-20]. Furthermore, due to the patchy nature of the MM infiltration, bone marrow aspiration
introduces a risk of a sampling error that is not observed with liquid biopsy [21-23]. Therefore, develop-
ing methods that are based on liquid biopsy, such as cell-free DNA primers to estimate residual cell
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number and mass spectrometry to monitor immunoglobulin protein synthesis, has become a focus of
attention [24]. Liquid biopsy offers a minimally invasive way to longitudinally monitor disease burden,
molecular changes, treatment response, resistance, and emerging therapeutic targets. It is especially ben-
eficial for monitoring precursor, extramedullary, or serologically non-measurable disease. Nevertheless,
the sensitivity of liquid biopsy for MRD detection still lags behind that of bone marrow-based assays
[24]. Therefore, there is a specific need for standardized methods and more sensitive technologies to
expand the clinical utility of blood-based MRD assessment, ultimately supporting more precise risk strat-
ification and individualized care.

Furthermore, isolating intact plasma cells from the PB enables 3D analysis of the malignant cell archi-
tecture to identify additional markers of genome instability, such as telomere length and spatial distri-
bution within the nucleus, which have been linked to the progression of several hematological
malignancies, including MM [25-30]. Recently, spatial telomere profiling using TeloView, a software spe-
cifically designed to quantify key 3D telomeric parameters on a single-cell level, has demonstrated utility
in predicting higher risk disease across the spectrum of myeloma, from monoclonal gammopathy of
undetermined significance (MGUS) to smoldering MM (SMM), and MM, in a prospective study of 214
patients who were followed for 5years [25]. Furthermore, TeloView profiling was used to identify NDMM
patients developing resistance to first-line therapy and to stratify smoldering MM (SMM) patients by risk
of disease progression [31,32]. TeloView identifies and quantifies several crucial parameters of genomic
instability, such as the number of telomeres as an indicator of aneuploidy, their length as measured by
relative fluorescent intensity, number of aggregates, the spatial distribution of telomeres throughout the
cell cycle (axial or a/c ratio, with lower a/c values indicating spherical nuclei typical of proliferating cells),
nuclear volume, and the telomere numbers to the nuclear volume ratio [33].

Here, we describe a new workflow for the efficient isolation of myeloma cells from liquid biopsies and
demonstrate through a spiking experiment that the method achieves a limit of detection of 10~7. We
then show that the new workflow is adaptable for isolating plasma cells from the PB of MM patients,
both at the point of diagnosis (NDMM) and post-treatment/transplantation (MRD). The malignant profile
of the isolated CTCs is confirmed by 3D co-immuno-telomere fluorescent in situ hybridization (FISH) and
3D telomere single-cell analysis using the TeloView software platform.

2. Materials and methods
2.1. Cell cultures and patient samples

RPMI 8226 (B lymphocytes from a plasmacytoma patient) cells were purchased from ATCC (Manassas, VA,
USA). Cells were cultured in modified RPMI 1640 medium (ATCC) containing 2mM L-glutamine, 10mM
HEPES, 1mM sodium pyruvate, 4500mg/L glucose, and 1500mg/L sodium bicarbonate, supplemented
with 10% fetal bovine serum (FBS) and 1% antibiotic/antimycotic solution (Thermo Fisher Scientific,
Waltham, MA, USA) in 37°C, 5% CO,

Human PB for the spiking experiment was obtained from a healthy donor. PB for quantitative 3D
telomere co-immunofluorescence in situ hybridization (FISH) was collected from MM patients enrolled in
the MRD clinical trial (NCT05530096) at different points in the course of the treatment: at baseline, on
induction, and after relapse. All patients provided written informed consent in accordance with the prin-
ciples outlined in the Declaration of Helsinki.

2.2, CTC isolation from peripheral blood

CTC isolation from PB of 20MM patients was performed using the ScreenCell® Cyto devices (ScreenCell,
Paris, France) according to the manufacturer’s instructions, and as described by Desitter et al. [32]. Briefly,
9mL of whole PB was collected into the TransFix/ethylenediaminetetraacetic acid (EDTA) tube (Cytomark
LTD, Buckingham, UK), immediately mixed by inverting the tube 10 times to stabilize venous blood at
the point of collection, and incubated at room temperature (RT) for at least 4hours before further pro-
cessing. Then, 3ml of diluted blood sample was incubated with 4ml of ScreenCell FC2 fixation buffer for
15min at RT with constant gentle agitation to allow complete lysis of red blood cells (RBCs) and to
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preserve nucleated cells. Diluted blood samples were applied to the upper module of the ScreenCell
Cyto device, which contains an isolation support (filter) with an 18-um-thick polycarbonate membrane
with circular pores of 6.5+0.33um. A mild vacuum force was applied to draw the blood through the
filter, and the remaining blood waste was washed off by adding 1.6mL of Phosphate-Buffered Saline
(PBS) 1X (Thermo Fisher Scientific,c Waltham, MA, USA) at the end of the filtration. The filter was dis-
lodged from the ScreenCell® Cyto device, rinsed with PBS 1X, and dried on absorbent tissue.

2.3. Sensitivity test of RPMI 8226 cell detection during spiking experiments

The viability of the cultured RPMI 8226cells was first assessed by trypan blue exclusion. Briefly, an aliquot
(10uL) of RPMI 8226 cells was mixed with an equal volume of trypan blue (Sigma-Adrich, St. Louis, MI,
USA) and counted under a light microscope. The percentage of viable cells was calculated by dividing
the number of trypan blue-unstained cells by the total number of cells and multiplying by 100. Cells
were used only when viability exceeded 90%.

The sensitivity of the method was assessed by spiking RPMI 8226 cells into the PB of a healthy vol-
unteer (a white blood cell (WBC) count of 7.5x10%/mL). The spiked RPMI 8226 cell numbers were esti-
mated at 2, 20, and 200 cells by serial dilution in complete growth medium (final volume of 20pL). The
final white blood cell concentration in the spiking experiment was 6.6 x 10%/ml. This concentration
ensures that each 3ml of blood contains approximately 2x107 cells. The diluted RPMI 8226 cells were
spiked into 3ml of PB (~2x107 WBC), immediately incubated with the ScreenCell® FC2 fixation buffer,
and processed as described above. The experiment was performed in triplicate.

2.4. Enumeration of captured RPMI 8226 and CTCs

Captured RPMI 8226 cells (spiking experiment) or plasma cells (from MM patients) were visualized by
staining the filter with Modified Giemsa Stain (MSG) (Sigma-Adrich, St. Louis, MI, USA) based on the
manufacturer’s instructions. After staining, filters were attached to the microscope slide with a drop of
rubber cement (Elmer’s, Toronto, Ontario, Canada). The entire area of the filter was imaged using an
Axiolmager Z2 microscope (Zeiss, Jena, Germany) using an Epiplan 50x/0.65 d=0 objective (Zeiss, Jena,
Germany). The software used was GenASIs (Applied Spectral Imaging, Carlsbad, CA, USA), utilizing the
HiSlide scanning module. The images were acquired at the Nano and Cell Imaging Facility at the
University of Manitoba (RRID: SCA_025133) and underwent cytomorphological analysis.

Captured cells were classified as CTC if all 3 of the following cytological criteria were present: 1) Nuclei
larger than the 6.8 um ScreenCell® filter pore size; 2) Eccentrically placed nuclei; and 3) Perinuclear halo.
Malignant phenotypes of isolated cells were confirmed by immuno-staining as described below.

2.5. Quantitative 3D telomere co-immuno-FISH assay and image acquisition

Isolation supports were attached to the microscope slide using a drop of rubber cement, followed by
Antigen Retrieval (5169984-2, Agilent, Canada) treatment for 30min at 95°C. A quantitative 3D-telomere FISH
hybridization was performed using the Cy-3-labeled PNA telomere probe (Panagene, Daejeon, South Korea)
and a ThermoBright machine (Leica Biosystems, Deer Park, IL, USA) as follows: denaturation at 80°C for
3min; hybridization at 30°C for 2h. The sides were washed twice in washing buffer | (70% Formamide/10mM
Tris pH 7.5+1) at RT for 15min each and in a washing buffer Il (0.1X saline-sodium citrate (SSC, pH: 7.5+ 1))
for 5min at 55°C. Slides were blocked in Super Block buffer (Sigma-Adrich, St. Louis, MI, USA) for 5min at
RT, followed by incubation with a cocktail of Mouse Anti-Human Alexa Fluor® 488-conjugated CD56 antibody
(BD Bioscience, San Jose, CA, USA) and Anti-Human Alexa Fluor® 647-conjugated CD138 (Syndecan-1) anti-
body (Biolegend, San Diego, CA, USA) at a dilution of 1:50, each. After incubation, slides were washed, and
the nuclei were counterstained with 4’6 diamidino-2-phenylindole (DAPI), followed by application of antifade
mounting medium Vectashield (Vector Laboratories, Burlington, Ontario, Canada).

Images were acquired using a Zeiss Axio Imager Z.2 microscope (Zeiss, Jena, Germany) equipped with
a Hamamatsu digital camera (C11440-42U). Eighty-one focal planes spaced at 200nm were captured
along the Z-axis (specimen depth) for every fluorochrome, including Cy3 filter (telomeres) at 100 ms,
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Spectrum green (CD56) at 350ms, Cy5 (CD138) at 250ms, and DAPI (DNA) at 10-20ms. Images of indi-
vidually selected cells were then processed using the constrained iterative deconvolution algorithm
(Zeiss) to reconstruct a 3D image using the acquired 81 focal planes.

2.6. TeloView® analysis

Telomere parameters were quantified in 3D using the TeloView® software platform [33] that quantifies six
primary molecular and structural telomeric parameters including: (1) telomere length as a function of
signal intensity; (2) number of telomere signals/nucleus; (3) number of telomeric aggregates (clusters of
telomeres that are too close to be further resolved at an optical resolution limit of 200 nm); (4) nuclear
volume; (5) a/c ratio (spatial feature that assesses cell cycle progression and is a measure of proliferation
and cell cycle progression); and (6) the distribution of telomeres within the nuclear space (spatial feature
that informs on gene expression).

2.7. Statistical analysis

Univariate paired analyses were used to compare specific nuclear and signal-based features of 25
myeloma CTCs and 25 lymphocytes within individual patients. Two complementary approaches were
used to evaluate feature-level differences.

First, a randomized block ANOVA was applied to individual cell-level measurements, with cell type
(myeloma CTCs vs. lymphocytes) as the fixed effect and case (patient ID) as a blocking factor. This model
tested for the main effect of cell type, as well as the interaction between case and cell type. Type Ill sum
of squares was used, and the Case xCell Type interaction term served as the error term for hypothesis
testing. This analysis accounts for within-patient pairing and was used to assess the consistency of
cell-type differences across the cohort.

Second, to reduce the influence of inter-cell variability and potential interaction effects, a paired anal-
ysis of case-level summary statistics was conducted. For each feature and patient, five descriptive metrics
were computed: 25th percentile, median (50th percentile), 75th percentile, mean, and interquartile range
(IQR). Paired comparisons of these aggregated values between myeloma CTCs and lymphocytes were
performed using general linear models (GLMs) with repeated measures. Significance was defined at
p<.05. SAS (version 8.5.0.203) was used for all statistical testing.

3. Results and discussion
3.1. Isolation of plasma cells by size-based filtration improves the limit of detection

The ScreenCell® filtration device allows the isolation of CTCs from 3mL of patients’ blood based on the
principle of size exclusion (35), where only cells larger than the pore size of the microporous membrane
filter (6.5+0.3um) are retained. This approach does not rely on the expression of specific cell surface
antigens, allowing for the assessment of the total CTC population, which is particularly important in
highly heterogeneous diseases, such as MM.

However, this method of CTC isolation is currently applied to solid tumors, such as melanoma, pros-
tate, lung, colon, breast cancers, etc [34-37]. To assess the sensitivity of the ScreenCell® Cyto device for
the detection of CTCs in MM, 3mL PB from a healthy donor, diluted to 2x 107, was spiked with 2, 20,
and 200 RPMI 8226 cells (for the LODs of 1 x 1077, 1 x 1075, and 1 x 107, respectively; Figure 1A, B).
RPMI 8226 cells spiked into the complete medium were used as a control (Figure 1C). We meticulously
ensured that the exact number of cells (20%) was added to each PB sample. MGS-stained RPMI 8226
cells on the IS were identified based on morphology and enumerated (Figure 1).

The results of the spiking experiment are summarized in Figure 2 and Table 1. Regression analysis of
observed versus expected counts yielded a slope of 1.01 [95% Cl, 0.85-1.17], an intercept of 0.07 (95%
Cl, —18.3 to 18.4), and a coefficient of determination R? of 0.97. As expected, the coefficient of variation
increased at lower spike levels, ranging from 16.6% at the 200-cell spike to 24.7% at the 2-cell spike
(13.2% at 20 cells). The average percentage of recovered RPMI 8226 cells was approximately 100% at the
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Figure 1. (A) Isolation support, stained with modified Giemsa stain; (B) RPMI 8226 cell (red arrow), spiked into the
whole blood; white arrow: normal lymphocyte inside the pore; (C) Captured RPMI 8226 cell, spiked into the complete

growth medium; black arrow: pore.

200 1

1001

Observed MM cells

0 50 100 150 200
Expected MM cells

Figure 2. The expected number of RPMI 8226 MM cells spiked (2, 20, or 200 cells) was plotted against the actual num-
ber of cells observed.

20- and 200-cell levels and 116.7% at the 2-cell level. At the lowest spike level (2 cells), at least two cells
were detected in all three samples. The estimated recovery was near 100% for all spike levels, which
corresponds to approximately 1 RPMI 8226 cell in 107 white blood cells.
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Table 1. Determining the limit of detection by spiking experiment.

Expected # of MM Observed # of MM cells % Recovery

cells Average SD 95% Cl Average 95% Cl %CV
2 2.3 0.6 0.9-3.8 116.7 45-188.4 24.7
20 20 26 13.4-26.6 100 67.1-132.9 13.2
200 202 335 118.9-285.1 101 59.5-142.5 16.6

A B
L - 1

g AR
0/ :\ : e

Figure 3. CTCs in the peripheral blood of an MM patient at the point of diagnosis (A), and at 3months post-ASCT
(B). Red arrows: CTCs; Black arrows: IS pore; White arrow: normal lymphocyte.

Table 2. Enumeration of plasma cells isolated from the peripheral blood of MM patients.
Average plasma cell count/  Average whole blood cell Average whole blood cell

Time point Number of patients filter (£SD) count/filter (+SD) count/cohort (+SD)
Diagnosis 10 67.7 (£32.3) 2.16 (+0.3) x 107 2.03 (+ 0.83) x 107
Induction 6 10 (£7.1) 1.7 (£1.1) x 107
Relapse 4 33.6 (+21.2) 2.07 (£1.2) x 107

These results demonstrate that the method of size-based filtration of whole blood allows the achieve-
ment of a LOD of 1 x 107 (one plasma cell in 10 million blood cells).

Notably, compared to RPMI 8226 cells spiked into complete medium (Figure 1C), RPMI 8226 cells,
spiked into whole blood, demonstrated signs of stressed morphology, such as cell membrane blebbing
and vacuolization (Figure 1B). These changes confirm the previously reported fragility of cultured cells in
whole-blood settings due to the blood’s inherent immune response [38,39]. The standard chemotherapy
involved in a common first-line MM regimen,lenalidomide and bortezomib, were shown to impact the
morphology of MM cells and promote cell apoptosis [40]. Therefore, the ability of the proposed new
method of plasma CTCs isolation to capture and enumerate intact fragile plasma cells in the blood of
patients after treatment is expected to have significant clinical relevance.

3.2. Clinical feasibility of the CTC isolation using size-based filtration

Our in vitro results demonstrated that MM cells can be isolated from whole blood by filtration, with a
LOD of 1x 1077 in controlled spiking experiments. These results suggest that the new workflow may have
potential clinical value in MRD assessment, comparable or superior to currently available methods, such
as ClonoSEQ ® and EuroFlow®, which have a technical LOD of 1x107%, and a median LOD of 2.9x 107,
respectively [5,41].

We next investigated the technical feasibility of the approach for isolating CTCs from the liquid biopsy
of MM patients. Similar to the previous spiking experiment, CTCs were isolated from 3ml of liquid
biopsies from 20MM patients at the point of diagnosis, at induction, and after relapse. As illustrated in
Figure 3, intact plasma cells were identified by MGS staining. As summarized in Table 2, the proposed
workflow allowed for the identification of plasma cells at every treatment point, with an average of 67.7
(£32.3), 10 (£7.1), and 33.6 (+£21.2) plasma cells per approximately 2.07x 10’ whole blood cells at
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diagnosis, induction, and relapse, respectively. The proposed method, therefore, allows for isolating CTCs
from the liquid biopsies of MM patients with high sensitivity.

3.3. Identification and telomere profiling of myeloma CTCs isolated by filtration

Cancer cells commonly exhibit altered telomere characteristics, such as the number of telomeres per cell
nucleus, telomeric aggregation, and different spatial distribution within the nuclear space [42-45]. These
unique 3D telomere profiles emerged as a reliable predictive marker of disease progression in multiple
cancers, including MM [25,46-48]. In MM, differential telomere parameters allow the identification of
patients with stable or progressive disease and stratification into high-risk versus low-risk. 3D telomere
profiling using the TeloView technology was used to develop a risk-stratification model for the risk of
progression in patients with smoldering MM [31]. In NDMM patients, the telomere profile was identified
as an accurate prognostic biomarker to predict the risk of developing drug resistance to first-line
therapy [49].

However, as opposed to the currently available assessment methods, such as NGS and NGF, telomere
profiling requires preserved cell morphology and nuclear integrity.

Previous research reported that cells, isolated onto ScreenCell® filters, exhibit a well-preserved mor-
phology, with undamaged nuclear and cytoplasmic contents and membranes [32]. We next assessed the
applicability of the described method of CTC isolation for 3D telomere profiling. Of the initial cohort of
20 MM patients, plasma cells of 10 NDMM patients at the point of diagnosis were isolated, underwent
3D-telomere FISH hybridization with a Cy3-labeled PNA telomere probe, and immunostained with
anti-CD56 and anti-CD138 antibodies. MM CTCs were identified on the isolation supports by positive
cytoplasmic co-immunostaining, specific to MM plasma cells (Figure 4). 3D telomere profiles of the
selected co-immunostained MM CTCs and normal white blood cells, identified by the absence of specific
CD56/CD138 staining, were then analyzed by TeloView®. As shown in Table 3, the paired analysis of
case-level aggregated data identified a consistent and statistically significant difference between the two
cell types across multiple parameters. Features related to nuclear morphology and spatial organization
showed strong separation, with myeloma CTCs demonstrating 1) Increased nuclear volume (25th, 50th,
and 75th percentiles; p=0.0002-0.0006) with a larger nuclear volume IQR (p=0.0015), reflecting morpho-
logical heterogeneity; 2) Elevated a/c ratio (p=0.0025-0.0073), a marker of nuclear shape and cell cycle
state; 3) A greater average distance to nuclear center (p=0.0008-0.0039), indicative of altered chromatin
structure, and 4) Lower average intensity (25th, 50th, and 75th percentiles; p=0.0046-0.0323) with no
significant differences in IQR.

We were able to demonstrate that size-based filtration preserves the 3D structure of the nucleus,
allowing for the analysis of the spatial distribution of telomeres within the nuclear space. The TeloView
analysis identified parameters specific to MM CTCs, different from the normal cell population.

CD138 CD56

Merged

Figure 4. Immunophenotyping of MM CTCs. Representative two-dimensional images of MM CTC (red arrow), captured
on the isolation support, and labeled with CD138 (red) and CD56 (green) antibodies; cell nuclei are counterstained with
DAPI (blue).
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Table 3. Differences between 3D telomere profiles of the MM CTCs and normal lymphocytes.

25th percentile Median (50th 75th percentile value
Telomere parameter value (p) percentile) value (p) (p) Mean (p) IQR (p)
Nuclear volume 0.0006 0.0004 0.0002 0.0006 0.0015
a/c ratio 0.0073 0.0054 0.0025 0.0057 0.0071
Distance to the nuclear 0.0008 0.0031 0.0023 0.0039 0.5382
center
Average signal intensity 0.0323 0.0218 0.0263 0.0046 0.1769
Total signal intensity 0.4784 0.2982 0.2422 0.6138 0.2637
Total # of signals 0.3591 0.3038 0.1745 0.1885 0.2732
Total # of aggregates 0.6521 0.385 0.4418 0.385 0.2406

Paired analysis using general linear models on case-level aggregated features.

4. Conclusion

The results of this proof-of-principle study demonstrated that size-based filtration allows isolation of mor-
phologically preserved CTCs from the liquid biopsies of MM patients with high sensitivity and specificity.
To the best of our knowledge, this is the first study reporting the isolation of CTCs from liquid biopsy
using the ScreenCell device in a hematological cancer.

Several well-established technologies, such as CellSearch and the Epic Platform, are currently used for
circulating tumor cell isolation and enumeration in different cancers, including MM [14,50]. CellSearch
relies on immunomagnetic enrichment with antibody-coated ferrofluid beads targeting tumor-associated
surface markers [51]. However, the application of magnetic forces imposes physical constraints on the
cell surface and the nucleus, altering three-dimensional nuclear organization and making CellSearch-isolated
cells unsuitable for downstream telomere profiling. The Epic Platform is based on marker-independent
enrichment through red blood cell lysis and centrifugation, followed by plating of millions of nucleated
cells onto proprietary glass slides as a monolayer [52]. In the context of spatial nuclear assessment, the
combination of centrifugation and enforced planar adhesion alters nuclear shape and spatial chromatin
organization, making this approach not compatible with single-cell analysis of nuclear architecture. In
contrast, the size-based filtration workflow described here isolates intact plasma cells directly from whole
blood without immunomagnetic labeling, centrifugation, or forced adhesion to planar substrates. Cells
are retained within a porous membrane, preserving nuclear volume, shape, and internal spatial relation-
ships, enabling quantitative single-cell nuclear analysis that is not achievable with existing clinically
established CTC platforms. This ability to perform spatial telomeric analysis on liquid biopsy-derived
myeloma cells represents a significant technical advance. Notably, it demonstrates the technical feasibility
of combining highly sensitive CTC isolation with quantitative 3D nuclear analysis in MM.

Expanding 3D spatial quantification of nuclear and telomeric features in MM CTCs to assess telomeric
dysfunction and genomic instability may enable the development of an MRD scoring model to predict
disease relapse. Most existing MRD methodologies do not retain intact cellular and nuclear structures
and rely on clinical, cytogenetic, tumor burden, and immune-related biomarkers [53,54], magnetic reso-
nance imaging [55,56], as well as flow cytometry and principal component analysis-based automated
detection [57]. The new workflow may be viewed as complementary to existing methods that excel at
large-scale enumeration, supporting future development of liquid biopsy-based MRD assessment strate-
gies that extend beyond cell counting to incorporate structural and spatial biomarkers of disease aggres-
siveness. It provides a foundation for developing complementary MRD assessment strategies that capture
genomic instability and clonal heterogeneity from peripheral blood. While the analytical LOD achieved in
spiking experiments exceeds that reported for current marrow-based MRD technologies, further research
is still needed to determine whether it is clinically equivalent or superior. Our subsequent study will use
large prospective and retrospective cohorts to directly compare the size-based CTC isolation and 3D
nuclear/telomeric profiling approach with established bone marrow-based MRD methodologies, includ-
ing next-generation flow cytometry (NGF) and next-generation sequencing (NGS), to determine relative
sensitivity, clinical concordance, and prognostic value of the new method.

Preliminary results of the TeloView analysis of telomere profiles for MM MRD demonstrated
concordance between blood and marrow in 5 out of 6 parameters in a small cohort of 8 patients, and
concordance of all 6 parameters in 6 out of the 8 patients [58]. A study by Klewes et al., comparing
blood and bone marrow in 86 patients (MGUS, MM, and relapsed MM), also showed concordance of
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telomere profiles for blood and bone marrow for all patients and distinct profiles for each group [27].
We anticipate that combining spatial telomere analysis with existing methods will enable higher-risk MM
MRD prediction than either method alone. Future prospective studies will be required to define clinically
relevant thresholds, assess concordance with established MRD assays, and determine the prognostic
value of telomere-based profiling in longitudinal MM monitoring.

To summarize, the described proof-of-principle workflow presents a new generation of continuous
MRD monitoring that assesses genomic instability rather than relying solely on the enumeration of MM
plasma cells. The new workflow is based on the isolation and analysis of MM CTCs from liquid biopsy. It
may potentially contribute to disease assessment in NDMM patients, as well as to determining MRD
status in MM patients at every point in treatment.

5. Future perspective

Future work will include prospective and retrospective clinical trials to test the applicability of the new
workflow for determining the MRD status of MM patients and to develop a scoring model for predicting
the risk of relapse.

Further research is also needed to address the limitations of this study. First, the reported LOD was
determined using controlled spiking experiments with a cultured myeloma cell line in healthy donor
blood, which may not fully capture the biological and phenotypic heterogeneity of residual malignant
CTCs in treated patients. Second, the small sample size of the clinical cohort does not allow for accurate
assessment of clinical sensitivity, specificity, or prognostic performance of the proposed workflow.
Finally, while statistically significant differences in telomeric and nuclear parameters were observed
between MM CTCs and lymphocytes, larger longitudinal studies are needed to validate the biological
and clinical implications of individual telomeric parameters. Importantly, our findings should be inter-
preted as technical and methodological advances rather than definitive clinical validation of a
blood-based MRD assay.

Another critical shortcoming of this study is its reliance on a limited panel of CD56 and CD138
antibodies for immunophenotyping MM CTCs. Recent studies show that some circulating clonal B-cells
in MM do not express CD138 [59,60]. Furthermore, the expression of the main surface markers, such
as CD138, is downregulated in MRD cells due to the drug treatment, compromising its value as a
marker for MRD detection [61]. We are planning to expand the MRD detection panel by incorporating
antibodies against B-cell Maturation Antigen (BCMA), a valuable biomarker for monitoring MRD that
has almost 100% expression on the surface of normal and clonal plasma cells [62], and CD38, a glyco-
protein with ectoenzymatic functions, which is abundantly expressed on myeloma plasma cells [63].
Expanding the panel will further improve the LOD of the new workflow and reduce the risk of mis-
identification or underestimation of patients” MRD status. We suggest that, by combining enumeration
with risk assessment based on telomere profiling, the current workflow can provide clinicians with the
much-needed biological insight beyond mere tumor burden assessment. Incorporating minimally inva-
sive telomere profile-based risk assessment into MRD guidelines may guide treatment decisions in
cases of sustained MRD and inform the need for new treatment regimens when residual disease is
detected.
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