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Simple Summary

This review focuses specifically on ex vivo tests for multiple myeloma drug response prediction that
have demonstrated some level of clinical correlation. This creates a key distinguishing theme when
compared to prior reviews in the field. By reviewing these diverse tests, their characteristics and
particularly their maturity and demonstrated clinical utility, we hope to provide a key reference
manuscript that researchers and physicians alike will find invaluable as they attempt to make
decisions about the design, development, or real-world clinical use of tests like these that have the
potential to improve care and survival times in multiple myeloma patients.

Abstract

Ex vivo functional testing for multiple myeloma is rapidly evolving, yet no single assay has reached
the level of reliability and clinical utility needed for routine decision-making. Existing approaches
generally fall into three categories comprising 2D cultures, 3D models, and dynamic systems. Each
contributes valuable but incomplete insight into therapeutic response. Among these, 2D assays
remain the most mature, with the most extensive clinical correlations to date, though their simplified
architecture limits their ability to reflect the full complexity of the bone marrow microenvironment.
3D systems, including spheroids and matrix-based organoids, offer improved preservation of tumor
heterogeneity and microenvironmental cues. These platforms show emerging clinical relevance and
may hold advantages over traditional 2D formats, and validation efforts are developing. Dynamic
systems including microfluidic models and perfused bone-marrow mimetics represent the most
physiologically ambitious category, yet their technical intricacy and early stage of development have
so far limited broad clinical correlation. Altogether, the current landscape highlights substantial
progress but lacks an optimal assay. In this review, we take the unique approach of examining
published ex vivo tests that have demonstrated a level of clinical correlation. We evaluate their
respective formats, strengths and limitations, and discuss considerations for what an ideal future
assay may encompass.

Keywords: multiple myeloma; ex vivo test; clinical correlation; review; 2D models; 3D models;
dynamic systems

1. Introduction

Multiple myeloma (MM) is a genetically heterogeneous disease caused by clonal expansion of
terminally differentiated B-cells, called plasma cells, primarily localized to the bone marrow (BM)
that can extend through extramedullary escape or intravasation [1,2]. Although advancements in
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systemic therapies have resulted in markedly improved treatment responses and outcomes with over
half of patients achieving at least 5 years survival [3], MM continues to represent a significant
healthcare burden. There has been a gradual increase in MM disease incidence and prevalence with
MM currently representing 10% of hematological malignancies and 1% of all cancers diagnosed
worldwide [4]. The annual cost of MM care in the United States exceeds $5 billion, with individual
patient costs often reaching $500,000-$1 million over the disease course [5]. It is the second most
commonly diagnosed hematological cancer in the United States [6] and patients may present with
wide-ranging organ impact manifestations including hypercalcemia, renal injury or failure, anemia,
and lytic bone lesions - typically known as C.R.A.B myeloma defining events [7]. Quantitation of
serum and/or urine monoclonal protein (M-protein) is a key component of MM diagnosis, prognosis,
monitoring and relapse detection for the vast majority of patients who harbor secretory disease, and
measurement of serum free k and A light chains also plays a core role. In 2014, the International
Myeloma Working Group (IMWG) expanded the diagnostic criteria for newly diagnosed multiple
myeloma (NDMM) by adding three additional biomarkers of malignancy to CRAB: Clonal bone
marrow plasma cell percentage > 60%, involved:uninvolved serum free light chain ratio > 100 and >
1 focal lesions (each needing to be > 5 mm in size) on MRI studies (5.Li. M.C.R.A.B.) [8].

Emerging biomarkers including minimal residual disease (MRD) assessment and circulating
tumor DNA (ctDNA) are beginning to complement traditional markers, offering deeper insight into
treatment response and disease monitoring [9].

Treatment strategies traditionally relied on corticosteroids and melphalan, and later
combination chemotherapy [10] with autologous stem cell transplantation (ASCT) for eligible
patients, but recent years have seen a transformation in treatment and responses with the
introduction of modern approaches including immunomodulatory drugs (IMiDs), proteasome
inhibitors (PIs), monoclonal and bispecific antibodies (MAbs and BsAbs), antibody-drug conjugates
(ADCs), and chimeric antigen receptor T-cell (CAR-T) therapies amongst others [11-19]. These
advances have significantly improved outcomes for MM patients both in terms of time spent disease-
free and overall survival time [20]. In fact, the new standards for frontline treatment of both ASCT-
eligible and ASCT-ineligible patients, rooted in quadruplet combinations (one each of PI, IMiD, anti-
CD38 mAb and a dexamethasone), are pushing the boundaries of long-term survival at previously
unseen rates [21]. With the latest examination of BsAbs and CAR-T cell therapies in earlier lines of
therapy, including frontline treatments, we have entered an era where “functional cure” — patients
living the remaining course of their lifetime free of active disease presence - is a reasonable possibility
and expectation, for at least a subset of patients. The best illustration of this reality is a recent long-
term follow-up (61.3 months) update from CARTITUDE-1 study in relapsed and or refractory MM
(RRMM): patients. This study had an expected historical median progression-free survival (PFS) of
< 6 months, but after a single infusion of ciltacabtagene autoleucel, one-third of patients remained
treatment- and progression-free for at least 5 years, with no maintenance or subsequent therapy [22].

Unfortunately, despite a myriad of new treatment options, most patients experience multiple
relapses, making treatment selection and toxicity avoidance paramount considerations [3,23].
Toxicity avoidance is particularly relevant as MM incidence in elderly, frail patients with increased
risk of side-effects and early discontinuation of treatment is growing [24]. The genetically
heterogeneous nature of MM means that identification of robust biomarkers of drug sensitivity and
resistance is challenging. Despite the emergence of improved prognostic biomarkers — the key of
which are various forms of minimal residual disease (MRD) testing [25], therapeutically informative
biomarkers are still lacking for all major anti-MM drug classes [26]. This makes treatment selection
empiric and prediction of early treatment failures challenging. As treatment options and lines of
therapy (LOT) grow, algorithms for newly diagnosed and relapsed patients are under steady revision
[27-32]. In general, newly diagnosed and relapsed or refractory patients are recommended to
receive combinations of therapeutic agents, and with each line of therapy, chances of successful
treatment are reduced due to declining efficacy, emerging treatment resistance mechanisms,
increasing comorbidities and accumulating toxicity [11]. Thus, despite the advances in MM
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treatments, there remains a critical need for providing an upfront prediction of treatment
effectiveness and toxicity in patients prior to clinical planning and administration. An ideal solution
would enable response prediction in a patient-specific ex vivo setting with primary patient samples
routinely collected during diagnostic procedures. Multiple myeloma as a disease entity highlights
the need for functional precision medicine wherein patient-derived tumor models, potentially
combined with personalized ‘omics profiling, could be utilized to accurately predict treatment
efficacy and toxicity prior to clinical administration of a therapeutic agent or combination therapy
[33].

Creating effective models for such prediction presents significant technical and biological
challenges [34].
through variable mechanisms and pathways, many of which are dependent upon the components of

In MM, different treatments or drug combinations induce therapeutic impact

the individual’s unique bone marrow microenvironment (BMM) [35]. This has particularly come to
light with the explosion of T-cell redirecting therapies that have joined the MM armamentarium.
The BM is a complex and dynamic hematopoietic organ of heterogeneous cell populations engaged
in complex interplay involving both direct and chemotactic interactions [36]. This complexity as
well as widely varying disease-directed treatments, drug mechanisms and dependencies of action
mean that retention and maintenance of the BMM are considered key elements of ex vivo systems or
models used to model MM biology or predict patient response to individual agents or combinations
thereof.

Maintenance or emulation of these diverse and complex components is challenging, and wide-
ranging research over the past decades has attempted to generate accurate ex vivo BM models with
varying levels of success [37-40]. Models range in complexity from lower complexity cell
suspension mixes [41] to more complex 3D models based on cells encapsulated in natural or synthetic
hydrogels [42], and extend to intricate microfluidic setups enabling multi-compartmental ex vivo
marrow surrogate models, complete with controlled flow of microenvironment components into
targeted compartments with temporal control [43] (Figure 1).

Dynamic Systems

2D Systems

3D Systems

Examples: organ-on-a-

Examples: cell monolayers,
2D suspensions, 2D
cocultures

Examples: spheroids,
organoids, 3D bioprinted
tissues

chip, bioreactors, perfused
tissue cultures

Advantages: Simplicity,
scalability, low-cost, speed,
maturity
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Figure 1. Summarized characteristics, and broad strengths and weaknesses of the major classes of ex vivo

system.

In some cases, these models have been utilized in exploratory clinical correlation studies [41,44—
50] or clinical trials [51], with varying designs, analytical methodologies, and reported success rates.
While no canonical methodology has emerged, collectively these studies highlight tangible examples
providing hope for future functional precision medicine-informed treatment algorithms that remove
empirical elements from the treatment lifecycle. Ultimately, this is the desired endpoint of any MM
model - the ability to both accurately mimic in vivo biology, and to create clinical benefit and
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improved quality of life through accurate prediction of drug response and ideally reduced drug
toxicity and side-effects in unison.

The field of MM ex vivo modeling is one of steady and diverse advancements. This review will
encompass a range of pioneering and contemporary models with the distinct prerequisite that they
each report some degree of attempted correlation of assay output with a measure of patient clinical
response. The assays described herein, and the research manuscripts that detail their creation and
utilization are by nature heterogeneous, meaning direct comparison is frequently challenging. For
this reason, we offer a unifying definition of ‘clinical correlation’ as it applies to the criterion for
inclusion in our review. In this context clinical correlation will represent any attempt to assess and
present agreement between a patient’s in-assay result and an element of their clinically described
response characteristics, which is distinct from demonstrating biologically relevant aspects of an
assay that are entirely detached from a patient’s treatment regimen and response.

Beyond reviewing the frequently disparate details of the individual studies, in order to
maximize the utility and interpretability of this review, we aim to identify common components that
enable ease of assay characterization and comparison by the reader. Unifying assay characteristics
that we will consider include assay system class, sample requirements, cell populations utilized,
sensitivity measures employed, measures of patient clinical response, number of patients tested, and
number and type of drugs tested, as well as whether drug combinations or only single compounds
were assessed. Detailed assay performance metrics such as predictive accuracy or sensitivity will
be provided where they exist, but the extent of testing performed varies widely by study. Assay
turnaround time and clinical approval status will be discussed where they are available. These and
additional granular assay details that are variably reported across studies are provided in tabular
form to facilitate side-by-side comparison. By considering this compiled information, we aim to
determine the strengths and limitations of the competing models, and their current state of
functionality, scalability and clinical translatability. We ultimately aim to propose an optimal path
forward in ex vivo MM clinical treatment response prediction. We hope this review will accelerate
the field toward effective and widespread MM models with robust predictive capabilities, and the
ultimate ability to meaningfully improve patient care.

2. 2D Suspension and ‘Lower Complexity’ Systems

The BM is a semi-solid [52], 3D structure comprising solid and liquid components. It has been
asserted that 2D models are insufficient for MM study or treatment response prediction due to the
lack of preservation of critical components necessary to preserve the functioning of the original tissue
[40]. This rationale appears to have contributed to an underrepresentation of 2D models in recent
reviews of ex vivo MM models [37,39,40] as current research appears to favor pursuit of higher
complexity models that more closely represent the precise in vivo reality of the BM environment.
Nonetheless, 2D models offer advantages in terms of relative simplicity, cost, throughput,
reproducibility and standardization [53,54]. Furthermore, MM is at its core a liquid malignancy that
normally resides within the BM compartment [39]. Thus, despite their apparent limitations, a
significant body of research has focused on models comprising basic liquid suspensions or co-
cultures. Critically, these studies have frequently reported success in predicting clinical correlation.

EMMA (Ex Vivo Mathematical Myeloma Advisor)

Pioneering work at Moffitt Cancer Center by Silva et al. [48] led to the development of a 2D co-
culture system named EMMA (Ex vivo Mathematical Myeloma Advisor) which utilized an ex vivo
assay to parameterize patient-drug-specific mathematical models of chemosensitivity and predict 3-
month clinical response to a panel of up to 31 drugs in a 384 well plate (theoretically up to 127 drugs
in a 1536 well plate format), within 5 days of acquiring a fresh bone marrow aspirate (BMA).

MM cells were selected for by CD138 expression and then co-cultured with pre-derived BM
stroma and collagen in 384-well plates. Culture medium was supplemented with patient’s own
plasma and incubated overnight to allow stromal adhesion and soluble factor equilibration. Drugs

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.1459.v2
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 January 2026 d0i:10.20944/preprints202512.1459.v2

5 of 46

were added on the second day of the assay and underwent brightfield microscopy for four days, with
images captured once every 30 minutes. Digital images were algorithmically processed to quantify
cell death and dose-response curves were generated and input to parameterize the patient-drug-
specific mathematical chemosensitivity models. Drug-specific pharmacokinetic data from phase I
studies were input to each unique patient-drug model and 3-month clinical response predictions
were generated as output, within a 5-day timeframe. Optimal treatment per patient was selected by
comparing profiles across all 31 single agent drugs tested.

EMMA was tested on a cohort of 52 NDMM and RRMM patients, correctly assigning 96% of the
cohort as responders or non-responders and accurately classifying 79% of patients based on more
granular IMWG response criteria. EMMA was tested in two in silico clinical trials with experimental
agents (venetoclax and ricolinostat) and yielded results similar to real world phase I and II trials.
This initial work suggested that EMMA may be a feasible approach to estimating drug response in
MM or potentially screening for trial inclusion criteria. Since initial publication in 2017, the test has
achieved Laboratory-Developed Test (LDT) status under Clinical Laboratory Improvement
Amendments (CLIA) regulations and been run on over 600 patients based on recently published
figures [55]. Further, EMMA has been included as a component of a real world phase II
daratumumab study for older adults with NDMM [56], although results specific to use of the assay
appear to be still pending.

Assay summary: EMMA is a 2D system developed utilizing CD138* MM cells from BMA co-
cultured with BM stroma and collagen supplemented with patients” own plasma. Longitudinal
brightfield microscopy was used to quantify cell death and construct dose response curves that were
used as input to inform patient-specific mathematical chemosensitivity models and generate
predictions of 3-month clinical response based on both IMWG and binary response predictions. An
optimal treatment was identified from a 31-drug panel, with a 5-day assay turnaround time.
Strengths included reported high predictive accuracy in a mixed cohort of 52 NDMM and RRMM
patients, CLIA LDT status, and reported real-world clinical trial use. Practical constraints included
reliance on fresh tissue and single agent-only testing.

My-DST (Myeloma Drug Sensitivity Testing)

Another approach, branded My-DST (Myeloma Drug Sensitivity Testing), originated at the
Sherbenou lab of the University of Colorado [41]. The test was initially designed to measure
treatment resistance across the disease course and has shown encouraging results as a predictive
assay in both initial and follow-up studies.

My-DST was developed and tested using 55 unselected, fresh BMAs from MM cases spanning
first diagnosis (24), first relapse (12) and multiple relapse (19). The initial test utilized a panel of 7
drugs spanning PIs (bortezomib, carfilzomib), IMiDs (lenalidomide, pomalidomide), corticosteroids
(dexamethasone), alkylating agents (cyclophosphamide) and MAbs (daratumumab). Drugs were
tested as single agents ex vivo, but an in-silico method (My-DST Comb) was devised to attempt
prediction of combination treatment responses. My-DST testing used flow cytometry readouts to
determine ex vivo sensitivity. Samples were scored as sensitive to an agent if <80% of tumor cells
remained after 48 hours of treatment. The study revealed that as patients underwent successive
lines of therapy, their myeloma cells accumulated multi-drug resistance ex vivo, closely mirroring
clinical observations. Drugs within a specific class showed high inter-correlation in response
prediction, which was higher for IMiDs than PIs. An overall pattern observed, was that drug
sensitivity gradually decreased until multi-drug resistance predominated after the 4th LOT. A
further interesting observation was that patients experienced statistically worse event-free survival
(EFS) - defined as time to progression or change in therapy due to inadequate response - if their next
regimen did not contain at least two drugs to which they were predicted sensitive ex vivo by My-
DST. Using My-DST, ex vivo daratumumab sensitivity was also measurable and showed a decrease
after clinical exposure. The ex vivo activity of daratumumab was similar to its clinical activity and
was related to its known biomarkers i.e. ex vivo reduction of primary MM cells exposed to
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daratumumab correlated with the level of CD38 expression by flow cytometry, while ex vivo
daratumumab reduction in primary MM cells was predominantly reversed by deactivating
macrophages using clodronate-containing liposomes, suggesting that ex vivo daratumumab activity
was at least partially macrophage dependent. Furthermore, daratumumab had limited effects on
the viability of bone marrow plasma cells from normal donors.

My-DST Comb was devised to calculate the cumulative proportional effect of individual ex vivo
drug effects using the mathematical product of the individual effects. This combinatorial effect
correlated strongly with the IMWG depth of clinical response after the clinically common course of 4
treatment cycles (p = 0.0006). Using a clinical response cutoff of a 50% decrease in disease (partial
response or better), a My-DST Comb cutoff of 50% was 96% sensitive (22 of 23 true positives) and
88% specific (6 of 7 true negatives). This initial study suggested clinical use potential for the My-DST
assay and has been followed by wide ranging work that continues to demonstrate the potential of the
assay in treatment response prediction, novel agent development, and clinical trial use [57-64].

Assay summary: My-DST is a 2D system that was developed utilizing unselected cells from
fresh BMAs in a mixed cohort of 55 NDMM and RRMM patients. Flow cytometry was used to
quantify cell death and classify a sample as sensitive to an agent if <80% of tumor cells remained after
48 hours of treatment. A panel of 7 drugs was used with agents tested individually and with
combination effects inferred computationally using a mathematical method (My-DST Comb) rather
than through physical drug combination. Clinical correlation for My-DST was assessed
qualitatively rather than through formal predictive benchmarking. Patients were shown to
experience statistically worse EFS if their next treatment regimen contained fewer than two drugs
predicted as candidates by My-DST. My-DST Comb predictions showed statistically significant
correlation with IMWG response criteria after 4 treatment cycles. Using a cutoff of partial response
or better, My-DST Comb demonstrated strong ability to discriminate clinical responders from non-
responders (96% sensitivity and 88% specificity). Strengths included reported high predictive
accuracy of My-DST Comb in 55 patient samples and a clinically relevant turnaround time of
approximately 48 hours, while constraints included the lack of IMWG response correlation for My-
DST, and reliance on fresh tissue. Follow-up studies have reported use of cryopreserved samples as
well as other new developments that are considered in the Discussion.

High-Throughput Screening Approaches

Another study from Coffey et al. at the Fred Hutchinson Cancer Research Center was
purportedly the first to inform MM clinical decisions in real-time [51]. The authors developed a
CLIA approved HTS assay and uniquely conducted a prospective clinical trial integrating their ex
vivo assay with investigational multiomics profiling for RRMM patients. While BM or tumor
biopsies were obtained from 25 patients, only 16 had sufficient tumor cells to enable HTS using the
assay. (D138 selected mononuclear plasma cells from BMAs or single cell suspensions from
mechanical dissociation of plasmacytomas were deposited in 384 well plates coated with a protein
matrix. Cells subsequently underwent HTS with a panel of 170 approved or investigational single
agent compounds across an 8-point drug concentration range. After drug addition, samples were
incubated for 72 hours, and cell viability was assessed using a CellTiter-Glo (CTG) luminescent cell
viability assay. Drug sensitivity was quantified using the half-maximal inhibitory concentration
(ICs0) and area under the curve (AUC) from the 8-point dose response curves. Ultimately a patient
was defined as sensitive to a drug i.e. considered actionable if the ICso was < 0.2 uM and this
concentration was achievable safely in patients according to pharmacokinetic data. Physicians
received a report highlighting the effective agents, and 13 patients were ultimately treated based on
the results of the assay. Of the patients receiving assay-guided treatment, 92% achieved at least stable
disease, while 46% attained partial response or better based on IMWG criteria. Each patient
obtained an ex vivo global sensitivity score based on the mean area under the curve for all agents
screened in the assay, and the authors demonstrated this score correlated with PFS (log-rank p=0.042).
Patients with more drug-sensitive tumor profiles (top 50th percentile) had longer median PFS (139
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days vs 28 days for more resistant profiles) but no statistically significant distinction in overall
survival (OS). RNA and whole-exome sequencing of BM plasma cells performed on a subset of
eight and seven patients respectively, indicated that expression-level of 105 genes and mutations in
12 genes correlated with in vitro cytotoxicity. Ultimately the trial demonstrated that large-panel ex
vivo testing was feasible in a clinically relevant turnaround time (approximately 5 days) and could
impact treatment decisions in real-time, although acknowledged limitations included the inability to
test ~36% of patients due to low tumor yield, and the small cohort size.

Assay summary: The Coffey et al. assay is a 2D system that was developed and used in a
prospective clinical trial using either CD138+ MM cells from fresh BMA (13 patients) or single cell
suspensions from plasmacytomas (3 patients) in a cohort of RRMM patients. A CTG assay was used
to measure cell viability using ICs, from dose response curves with samples considered sensitive to
an agent if ICso was < 0.2 uM and safely achievable. A panel of 170 approved or investigational
single agent drugs was tested and the agents predicted to be effective were recommended to
clinicians and used to treat 13 patients based on the recommendations. The final breakdown of
treated BMA versus plasmacytoma samples was not provided to our knowledge. 92% of patients
receiving assay-guided treatment achieved at least stable disease, while 46% attained partial response
or better based on IMWG criteria. Each patient also received a global sensitivity score based on
mean AUC for all screened agents and the score correlated significantly with PFS, with the more
drug-sensitive tumor profiles having longer median PFS (139 days vs 28 days for resistant profiles).
Strengths of the approach included the large HTS drug panel, clinically relevant turnaround time of
approximately 5 days, CLIA approval and use in a real-world prospective clinical trial with
encouraging response rates (92% at least stable disease, 46% partial response). Limitations included
fresh sample requirements, issues attaining useable tumor yields, relatively small cohort size, and
lack of assay correlation with OS.

A Norwegian study by Giliberto et al. reported using a custom ex vivo MM test based on a range
of single, doublet and triplet treatment combinations and reported wide ranging observational
findings of potential clinical relevance [45]. The authors implemented an assay from fresh patient
bone marrow samples using purified CD138+ MM cells enriched from bone marrow mononuclear
cells (BMMCs) in drug-coated 384 well Tissue Culture (TC) treated plates. A total of 44 samples
were procured at first diagnosis or relapse and processed while fresh, testing 30 single agents, 19
double agent and 25 triple agent combinations which encompassed many classes of approved and
investigational MM therapies.  Similar to the study of Coffey et al., a CTG luminescent cell viability
assay was used to determine cell viability, after 72 hours of drug exposure, but in this study a
modified Drug Sensitivity Score (DSS) [65] on a scale of 0-100 was calculated from dose response
curves for each drug or combination. No explicit assay turnaround time was reported. Findings
were wide-ranging and highly observational, but frequently mirrored known clinical characteristics
of MM treatment and etiology. Clinically approved combinations, such as triplet combination of
selinexor plus bortezomib plus dexamethasone, acted synergistically, and synergies required low
drug concentrations to be effective. Lower response heterogeneity and higher efficacy was detected
with many combinations compared to the corresponding single agents. Further, samples that were
ex vivo resistant to dexamethasone generally came from patients with known steroid-refractory
disease. The presence of gain(1q21) was associated with low sensitivity to venetoclax, while
presence of t(11;14) was associated with higher sensitivity. Decreased ex vivo responses to
dexamethasone also reflected drug resistance observed in patients. = The authors investigated
synergistic drug effects using the BLISS model and reported novel synergy of melflufen plus
panobinostat using low concentrations. Patients tested with triplet combinations and classified as
synergistic or sensitive by their screen (n = 3), reached a complete response (CR) or a very good partial
response (VGPR) to their current drug regimen.

In terms of actual clinical correlation, when they compared combination screening data with in
vivo clinical responses, patients classified as responders (n = 9) tended toward significance of
increased ex vivo sensitivity (median DSS of 51.8), versus patients achieving poor response, with a
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median DSS of 23.4 (n=4; minimal response (MR) =1, stable disease (SD) =1, progressive disease
(PD) = 2). The strength of this study lay in surveying a broad swath of therapeutics, with results
delivered within approximately 5 days, suggesting potential for personalized decision-making.
However, cohort size was modest, findings were highly observational, and patients had limited ex
vivo response to IMiDs suggesting a limitation of the system in the ability to retain specific relevant
cell-types.

Assay summary: The Giliberto et al. assay is a 2D system that was developed using CD138+
MM cells from fresh patient BM samples. The assay was evaluated in a cohort of 44 NDMM and
RRMM samples. A CTG assay was used to measure cell viability and a 0-100 scale sensitivity score
calculated using dose response curves as input to a custom implementation of the published DSS
method. The assay evaluated 74 single, double or triple agent treatments, with multi-agent
treatments physically combined. Many of the study’s findings were based on observational
associations with varied clinical characteristics. A small subset of 3 samples tested with triplet
combinations and classified as synergistic or sensitive correlated with clinical outcomes insofar as
patients achieved CR or VGPR, per IMWG criteria. Taken together, patients classified as responders
by IMWG criteria (n=9) had increased ex vivo assay sensitivity (median DSS 51.8), compared to
patients achieving a poor response (DSS 23.4). Strengths of the approach included testing of a range
of single, double and triple agents in physical combinations and a clinically relevant turnaround time
of 5 days. Limitations included a modest cohort size and indications that the assay failed to retain
relevant cell types required for IMiD activity.

3. 3D Embedded Systems

While 2D models have shown significant promise in prediction of clinical response to MM
therapeutics, they lack most or all structural, morphogenetic and microenvironmental elements of in
vivo BM. A growing body of research is emerging in which efforts are made to readily and more
accurately reproduce structural details of the BM cavity by embedding patients’” BM cells in 3D
mixtures of varying underlying cellular and structural makeup. The theoretical advantage of 3D ex
vivo models lies in their potential to more precisely reproduce the complexity and heterogeneity of
the BM microenvironment. This is particularly important for MM, where the BMM plays crucial
roles in disease progression, drug resistance, and treatment response. Proponents believe such
approaches represent the path to increased understanding of MM disease progression, treatment
resistance mechanisms, improved drug efficacy, safety and model predictive value [40].

rEnd-rBM Model

Early work by Kirshner et al. [50] proposed a novel 3D BM culture model composed of two
layers: a reconstructed endosteal (rEnd) layer made from collagen I and fibronectin, and an overlying
central reconstructed bone marrow (rBM) matrix containing BM mononuclear cells embedded in a
fibronectin/Matrigel mixture. Bone marrow samples (n =48) were obtained from patients undergoing
clinical biopsy, and mononuclear cells were isolated by density centrifugation. Reconstructed 3D BM
cultures were generated by embedding these cells in a rBM layer and overlaying the mixture into
wells pre-coated with an rEnd layer.

This combined rEnd-rBM model was demonstrated to capture important BM characteristics.
The model was demonstrated to capture significant structural components of the BM and enabled
successful expansion of an MM clone. The authors asserted that this was the first molecularly
verified demonstration of proliferation in vitro by ex vivo MM cells, because a 17-fold expansion of
malignant cells was recorded and verified by molecular techniques to harbor the clonotypic IgH VD]
and characteristic chromosomal rearrangements. Testing of melphalan and bortezomib within the
model revealed distinct targets, with melphalan targeting the hematopoietic compartment, while
sparing the stromal compartment. Bortezomib was shown to target only CD138 CD56 MM plasma
cells. This initial work lacked clinical correlation, but follow-up studies expanded upon the pilot,
indicating clinical correlative outcomes. Several years following the initial study a second
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publication describing the model appeared [66] and expanded further on the model and associated
protocols. Importantly, this later work extensively profiled the survival of wide-ranging specific
native cell types and various hematological malignancies, with MM demonstrating high levels of
survival and proliferation. The product became known as r-Bone and was utilized in a study
predicting clinical response outcomes in a cohort of patients with MM [67]. Notably the only record
of this study is in a conference abstract format and therefore details are less readily available than for
many of the other assays discussed. The study was conducted using BMAs from 21 multiple
myeloma patients. Patient BMAs were processed and established in r-Bone cultures where they
were grown for 5 days, before being treated using the clinical regimen selected by the patient’s
physician, based on the original BMA analysis. Cells were subsequently isolated from within the r-
Bone platform and both non-plasma and plasma cell population cell death were quantified using
flow cytometry. Extent of cell death was correlated with observed clinical response and r-Bone
cultures were reported to correctly predict 19 of 21 MM patient outcomes with results comprising 2
false positives, 8 true positives and 11 true negatives. Publicly presented data suggest that correlation
was to IMWG-like criteria (PD, PR, VGPR) but we have been unable to verify this or further details.
The study concluded that the r-Bone system demonstrated the potential to inform treatment selection
in a prospective setting.

Assay summary: The rEnd-rBM / r-Bone model is a 3D dual-layered BM culture system
consisting of collagen/fibronectin endosteal layer beneath a matrix containing BMMCs in a
fibronectin/Matrigel mixture. It was originally developed using 48 patient bone marrow biopsy
samples and demonstrated to capture key BM characteristics. Clinical evaluated was later reported
using BMAs from a cohort of 21 MM patients, with samples being treated ex vivo with a single
regimen that matched the clinician’s choice of treatment based on the BMA, Plasma and non-plasma
cells were isolated and cell death quantified with flow cytometry, before extent of cell death was
correlated with observed clinical response that appeared to resemble IMWG criteria but was not
confirmed. The assay was reported to predict 19 of 21 patient outcomes correctly. Strengths of the
system include a high reported level of BM biomimicry and a high degree of reported predictive
accuracy when comparing assay outcomes to patient clinical responses. Limitations include the small
cohort size and clinical correlation has been described only in a conference poster and commercial
promotional materials. Accordingly, many details of the clinical concordance are limited relative to
other assays considered in this review.

Matrigel-Based Systems

Braham et al. [68] developed a Matrigel-based 3D BM model and demonstrated mesenchymal
stem cell (MSC) and endothelial progenitor cell (EPC) survival and proliferation, over a 28-day
period. They demonstrated the ability of engineered T cells to migrate into the matrix and target
and eliminate primary MM cells, demonstrating higher success in a 3D versus a 2D implementation.
The same model was later used to test liposomal drug delivery (e.g., doxorubicin, bortezomib) [69]
before undergoing modifications and being employed in an early retrospective clinical study
published as a brief letter to the editor [47]. This Netherlands-based 3D study utilized an ex vivo
growth factor-reduced Matrigel model comprising human MSCs and EPCs co-cultured with patient
CD138+ myeloma cells from cryopreserved BMAs. The authors tested 7 single agent drugs spanning
several major drug classes (two Pls, three IMiDs and two alkylating agents (A As) at single and double
doses based on known responses in 2D and 3D cultures. The study compared ex vivo response to
the patient’s actual clinical response to a treatment, summarized at a drug class level i.e. the
correlation summarized across all classes, AAs plus Pls, or each class individually. Clinical
correlation seems to have been assessed using a study specific binary response classification (inferred
by us due to use of the positive predictive value (PPV) and negative predictive value (NPV), however,
explicit clinical criteria underlying these classifications were not provided. CD138+ cells were co-
cultured in 3D with MSCs and EPCs for 14 days, to allow the formation of primary myeloma
aggregates within the cultures before treatment testing. Calcein (live) and Ethidium homodimer-1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.1459.v2
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 January 2026 d0i:10.20944/preprints202512.1459.v2

10 of 46

(dead) dyes were combined to assess drug sensitivity, with resistance analyzed using flow cytometry
and confocal imaging after 72 hours of treatment. Responses were determined and compared to
each patient’s actual clinical response to treatment by evaluating dual measurements of % dead and
live cells for drug sensitivity. The authors tested two classes of correlation — strict, i.e. response to
treatments received after BMA, and extended, i.e. treatments received before BMA. Predictivity was
good for the strict analysis, but less so for extended. The assay showed high predictive agreement
for PIs and AAs (PPV and NPV ranging from 1.00 - 0.80 for strict, aligning well with patients’ clinical
outcomes (lower for extended ranging from 1.00 to 0.44) , but failed to predict responses to IMiDs
(lenalidomide/pomalidomide), where no significant killing was observed ex vivo even for patients
who responded clinically. Analyzed percentage of dead myeloma cells ex vivo, following treatment
with AAs and PIs showed the best agreement with the strict clinical treatment responses, with
correspondingly high predictive values, suggesting that with the model, actual killing of myeloma
cells was a superior predictor of clinical treatment responses than the live myeloma cells remaining,
perhaps due to its inherent consideration of affected proliferation rates. The authors concluded that
while a 3D stromal model showed success in predicting response to select drug classes, it was not an
all-encapsulating solution, and that immune components were likely required to be present in order
to successfully profile all therapy classes.

Assay summary: The Braham et al. assay is a 3D Matrigel-based model. It utilized human
MSCs and EPCs co-cultured with patient CD138+ MM cells isolated from MNCs that were derived
from cryopreserved patient BMAs. The assay was evaluated in a cohort of 7 RRMM patients. Flow
cytometry and confocal imaging with live and dead dyes were used to assess sample response to
treatment utilizing % live and dead cell counts. Assay responses were compared to patients’ clinical
response to treatment, although precise response metric formulation was not described. We infer
that clinical response was based on a binary responder/non-responder split due to the study’s use of
PPV and NPV values. Response to treatments received before and after BMA were each assessed.
PPV and NPV ranged from 1.00-0.80 for PIs and AAs when assessing treatments received post-BMA
but were lower for treatments received pre-BMA (1.00-0.44). Higher predictive accuracy was
obtained from dead cell counts than live cell counts. The assay failed to predict responses to IMiDs
due to a lack of cell killing observed in the assay that was independent of patient clinical response.
The assay evaluated 7 single agents.  Strengths of the approach included reported high PPV and
NPV for AAs and PIs using dead cell counts, as well as the ability to utilize cryopreserved samples.
Limitations included the small cohort size, brevity of the manuscript, and ambiguity of certain study
elements, the relatively small drug panel and the stated inability to utilize IMiDs.

3DTEBM® Model

A study by Alhallak et al. [46] built upon earlier work by de la Puente et al. [70], to assess clinical
correlation using a 3D tissue-engineered BM (3DTEBM®) model utilizing a mixture of patient-
derived myeloma, plasma, endothelial, and stromal cells from BMA to test drug regimens ex vivo,
without the addition of exogenous materials. The authors used autologous BM supernatant to
create the matrix, whereby a hydrogel-like structure was created by crosslinking endogenous
fibrinogen, resulting in a culture said to be softer and more biomimetic than synthetic polymers.
Fresh versus cryopreserved BMA was not explicitly stated, however the use of autologous BM
supernatant and biomimetic nature of the model suggest fresh processing. The authors also stated
that all growth factors, enzymes, and cytokines naturally found in the TME were included, thus better
recapitulating the BM niche found in vivo. A cohort of 19 RRMM patients were enrolled in the study
and each patient’s upcoming treatment regimen was applied to their 3D BM culture and subsequently
CD38* live MM cells were quantified by flow cytometry. Treatments included single agent and two
or three drug combinations of 11 agents, spanning multiple drug classes, testing physical drug
combinations ex vivo rather than relying on computationally predictive methods. The full list of
drugs tested was carfilzomib, bortezomib, ixazomib, panobinostat, lenalidomide, pomalidomide,
dexamethasone, etoposide, doxorubicin, daratumumab, and melphalan. Steady state plasma drug
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concentration (Css) was determined based on pharmacokinetic data obtained from Phase 1 and/or
Phase 2 clinical trials, and untreated samples, 3x Css, 10x Css were input to a single factor ANOVA.
Samples were defined as responsive or unresponsive based on a statistically significant loss of
viability (p <0.05 by ANOVA) and compared to untreated controls with parallel assessment by MTT
assay. The IMWG criteria-based response to the same regimen was used in testing clinical
correlation. Patients achieving partial response (PR) or better were considered “responsive,” while
those with SD or PD were “non-responsive,” and ex vivo results (sensitive vs not) were compared to
this outcome. Predictions agreed with clinical outcomes in 89% of cases. The study correctly
identified 100% of non-responders and 75% of responders. Traditional 2D culture assays were also
tested, and the authors reported no correlation with patient clinical response, concluding that this
underscored the importance of the 3D BM microenvironment in ex vivo testing, and that SDTEBM®
represents a promising approach for studying primary BM malignancies.

Assay summary: The 3DTEBM® model is a 3D system developed using unselected patient-
derived myeloma, plasma, endothelial, and stromal cells from BMAs (likely fresh based on inference),
using a hydrogel-like structure created using endogenous fibrinogen. All growth factors, enzymes,
and cytokines naturally found in the TME were stated to be included in the model. = The model was
evaluated in a cohort of 19 RRMM patients. Patient samples were treated with their upcoming
clinical regimen, which spanned 11 agents in single drug format, or two or three drug combinations
ex vivo. Untreated samples as well as samples treated with drugs at concentrations of 3x Css and
10x Css were analyzed using flow cytometry to quantify CD38+ live MM cells and results were input
to a single factor ANOVA. An ANOVA result showing loss of viability with p < 0.05 was used to
define response, compared to untreated controls with parallel assessment using MTT assay. IMWG-
based clinical response to the same regimen tested in-assay was used to determine clinical correlation.
Patients with PR or better were considered responsive while SD or PD was classified as non-
responsive. Ex vivo binary sensitivity results were compared to this outcome. The study correctly
identified 100% of non-responders and 75% of responders with overall agreement of 89%. Strengths
of the approach included an apparently highly biomimetic model and good overall accuracy in
predicting a patient’s response to an actual clinical treatment, including up to 3 drug combinations,
in a heterogeneously treated cohort. Limitations included a likely requirement for fresh patient
samples, and a relatively small patient cohort.

PuraMatrix™ System

A study by Jakubikova et al. [42] utilized a synthetic self-assembling hydrogel (PuraMatrix™)
to generate a novel model designed to mimic the neoplastic BM microenvironment, with cultures
being maintained as long as 3 weeks. The 3D system was established by co-culturing primary MM
patient BM cells from fresh BMAs with MSCs in the hydrogel. The authors compared a 2D model
in parallel and asserted that the 3D model more closely mimicked MM marrow physiology.
Increased expression of wide-ranging chemokines and extracellular matrix (ECM) components were
reported, which the authors stated provided a better model to explore MM, and suggested might
better assess tumor sensitivity to anti-MM therapies and inform single agent or combination therapy.
To study MSCs at different stages of MM the authors used a multicolor flow cytometry panel. The %
MSC population was compared in smoldering MM, NDMM, RRMM and relapsed MM. In one 10
patient cohort, patient-derived MSCs were cultured in 3D and 2D models for 5 days, prior to the
addition of anti-MM drugs for 3 days. The 3D co-culture appeared to confer greater resistance than
2D for several agents. Specifically, 3D-cultured myeloma cells survived better with drugs including
lenalidomide, thalidomide, and bortezomib, compared to 2D, whereas carfilzomib still induced high
cell death even in 3D. This ten-patient MSC group was said to demonstrate the general effect of a 3D
BM environment conferring drug resistance, consistent with what is observed in patients with
“tough-to-treat” myeloma

Attempts to correlate assay results to known clinical outcomes were only a minor component of
this study. In a second cohort of 4 individual patients with no explicitly reported disease stage but
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known resistance to pomalidomide or carfilzomib, BM samples were tested using both the 3D and
2D models in parallel. Specifically, freshly isolated mononuclear cells (MNCs) containing each
patient’s myeloma cells were co-cultured with MSCs and treated with pomalidomide or carfilzomib
for 7 days. The authors then determined how each patient’s myeloma cells responded in each model
and compared fold change to the untreated condition. Resistance to pomalidomide was observed in
two patients and resistance to carfilzomib in one patient in the 3D model but not the 2D model,
reflecting the patients” known clinical resistance to the respective agents. Patient-level correlative
data in the study was limited in its extent, however, and the authors concluded that a higher number
of patients were needed to validate their results, stating that prospective trials were underway to
assess the model’s value in predicting treatment response in MM.

Assay summary: The PuraMatrix™ system is a 3D hydrogel-based model that was developed
using primary MM patient-derived bone marrow cells co-cultured with MSCs, obtained from fresh
BMAs. Limited clinical correlation was explored in a cohort of four MM patients with known clinical
resistance to pomalidomide or carfilzomib but no formal classification of disease stage (NDMM vs
RRMM).  Freshly isolated mononuclear cells containing each patient’s myeloma cells were
embedded in the 3D matrix and treated ex vivo with either pomalidomide or carfilzomib. Treatment
response was assessed by comparing fold change in MM cell survival relative to untreated controls.
Clinical relevance was evaluated qualitatively by comparing ex vivo resistance patterns to patients’
known clinical responses to the same agents. Resistance to pomalidomide was observed ex vivo in
two patients and resistance to carfilzomib was observed in one patient, consistent with their
documented clinical resistance. Clinical correlation was limited to observational, per-patient
concordance rather than formal benchmarking. Strengths included the use of a biomimetic 3D
microenvironment and physical testing of patient-specific therapies, while limitations included the
very small cohort size, small number of agents tested and the exploratory nature of the clinical
correlation analysis.

4. Dynamic Systems

Increasingly complex systems are being explored in the pursuit of an ideal BM model. Such
approaches include methods like organ-on-a-chip, other intricate microfluidic devices, or wholly
distinct novel complex technologies [40,71]. These higher complexity models can enable the
assessment of complex characteristics that may be difficult or impossible to include in more
traditional 2D or 3D culture systems, such as the active circulation of waste or nutritional
components. Such models may represent a path toward a truly biomimetic solution, but they
currently face challenges in terms of their overall maturity. Many have been described in detail in
prior works [37,39,40,71] but largely fall outside the scope of this review due to the critical lack of
attempted clinical correlation. Despite the challenges involved, isolated reports of studies attempting
sometimes very limited clinical correlation analysis utilizing these modern paradigms have been
published and are considered below.

RCCS™ Bioreactor System

Ferrarini et al. utilized a dynamic 3D model in the form of the RCCS™ Bioreactor [72] and
reported encouraging initial results in what was described as a proof-of-principle pre-clinical study.
This model was based on application of microgravity technology to ex vivo specimens in a
horizontally rotating bioreactor whose culture vessel is fluid-filled to omit headspace between culture
medium and atmosphere. Operational conditions were monitored throughout an experiment,
optimizing for laminar flow of fluid within the culture chamber while 3D tissue samples remained in
a condition of ‘free-fall’ that minimizes shear forces associated with impeller stirred bioreactors.
These conditions also minimize tissue sedimentation, while the vessel shape favors optimal
oxygenation.

The authors reported successful ‘long-term’ (~2 week) culture of myeloma tissue explants with
viability of myeloma cells within a native microenvironment that included bone lamellae and vessels,
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as confirmed by histological examination. Matrix Metalloprotease activity, as well as VEGEF,
Angiopoietin-2, and 2 microglobulin levels, were evaluated in 3D culture supernatant and reflected
effects of bortezomib treatment. Levels of B2 microglobulin following bortezomib-based therapy
from supernatant derived from samples and patient’s sera, showed positive concordance with drug
response both ex vivo and in vivo. In select cases, isolated plasma cells were evaluated by flow
cytometry to support evaluation of sensitivity to bortezomib in tissue explants. Parallel experiments
used transmission electron microscopy (TEM) to confirm ultrastructural features of bortezomib
induced cell death, including nuclear condensation and cytoplasmic vacuolization, with the authors
ultimately reporting that ex vivo exposure to bortezomib produced cellular effects that were
consistent with known MM biology.

Despite the technology’s novel functionalities, only very limited observational clinical
correlation was reported. Clinical correlation was reported using tissue samples from two patients
with known differences in bortezomib sensitivity. One patient had newly diagnosed MM and was
responsive to bortezomib, with tissue obtained from a skull lesion prior to therapy. The other patient
had failed multiple prior lines of therapy and was known to be clinically refractory to bortezomib at
the time of sampling. Tissue for this patient was obtained from a subcutaneous abdominal lesion
biopsy. Both patients were reported as DSS stage IIIA, while ISS stage 3 was reported for the newly
diagnosed patient but unknown for the other. Tissue explants from each patient were cultured in the
RCCS™ bioreactor and treated with bortezomib for seven days.

Treatment effects were qualitatively evaluated using histological and immunohistochemical
examination of explants, focused on the presence or disappearance of plasma cells within the native
tissue architecture. In the patient who was responsive to bortezomib, the ex vivo assay produced
disappearance of plasma cells in tissue explants which was consistent with the patient’s clinical
response. Bortezomib treatment did not reduce plasma cell burden in explants from the second
patient, in agreement with the known lack of clinical response. Notably, bortezomib treatment
reduced MM-associated microvasculature in explants from both patients, irrespective of differential
cytotoxic effects on plasma cells, suggesting distinct drug effects on tumor versus
microenvironmental compartments.

While these observations were qualitative and limited to two patients, the authors concluded
that the RCCS™ bioreactor system was capable of replicating clinical patient drug responses in intact
MM tissue.

Assay summary: The RCCS™ bioreactor is a dynamic 3D culture system used to maintain intact
myeloma tissue explants under low-shear conditions. Proof-of-principle clinical correlation was
assessed in two patients with known clinical response to bortezomib. Fresh tissue explants including
native stromal and vascular components were cultured and treated with single agent
bortezomib. Tissue was obtained from a skull and subcutaneous lesion for the patients
respectively. Treatment effects were assessed using histological and immunohistochemical
examination of plasma cells within the native tissue architecture. One newly diagnosed bortezomib
sensitive patient and one patient who had failed multiple treatment lines and was clinically
bortezomib resistant at sampling were assessed using the assay. Both patients were reported as DSS
IITA while ISS was stage 3 for the bortezomib sensitive patient and unknown for the other patient. Ex
vivo findings were in agreement with the clinical responses by qualitative assessment. Strengths
included an intricate model with preservation of tissue architecture and microenvironmental
elements, and an inferred clinically relevant turnaround time since explants were cultured with drugs
for 7 days. Limitations included the very small number cases used in clinical correlation, the
qualitative assessment of concordance, and the use of only a single drug.

Microfluidic Approaches

Pak et al. [49] utilized a custom microfluidics-based approach [73] in which they successfully
correlated ex vivo bortezomib response with clinical patient response data. This approach was
based on a platform previously published by the same group, that had enabled successful culture
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and functional analysis of small numbers of suspended cells in co-culture with alternative cell species
placed in separate compartments and shown to successfully communicate via soluble factors through
diffusion ports [73]. While this approach enabled analysis of soluble interactions between MM and
non-tumor companion cells it did not account for effects mediated by direct contacts between MM
cells and non-MM cells. In this follow-up study [49], CD138+ tumor cells were sorted within 1 day
of bone marrow aspiration, and cultured in either mono (MicroMC) or cis-co-culture [MicroC(3)] with
the patients’ own CD138- non-tumor MNC fractions. Primary CD138+ cells were exposed to
bortezomib in MicroC(3), and the patients” own CD138- companion mononuclear cells included to
capture a subset of the patient-specific tumor microenvironment within the platform. Artificially
magnified contributions of a specific non-tumor cell type were avoided and preservation of relative
contributions of other non-tumor cell types were attained by including the entire mixture of CD138-
cells in the side chambers of MicroC(3) assay. In sum, this cis-co-culture approach was considered
novel as prior approaches had utilized trans-culture or monoculture techniques. The novelty of co-
culturing with same-patient normal cells and the rapid turnaround time (3 days) offered the
possibility of a more biomimetic and clinically valid assay. MicroC(3) was tested by measuring the
ex vivo bortezomib toxicity responses of MM tumor cells in MicroC(3), versus a comparison group
cultured in microfluidic monoculture lacking co-cultured non-tumor cells (MicroMC). Fluorescence
microscopy with live and dead fluorescent antibodies (calcein AM and ethidium homodimer) were
utilized to measure treatment effects. Gaussian mixture model clustering indicated that ex vivo
patient MM cell responses from 11 of 15 patients correlated to respective patient IMWG clinical
responses in MicroMC, while 17 of 17 patients matched their respective clinical responses using
MicroC(3). Therefore MicroC(3) successfully identified all clinical responses for patients exposed to
therapies containing bortezomib. Of further note was that the MicroC(3) clusters separated into
sensitive and non-sensitive groupings by k-means and Gaussian mixture clustering, regardless of
whether the BMA was acquired prior to or post bortezomib-containing therapy, unlike other studies
which had reported differential abilities to predict responses between these sampling timepoints.
Assay summary: The MicroC(3) assay is a dynamic microfluidics-based system that was
developed using CD138+ MM cells sorted within a day of BMA collection and co-cultured with
patients” own CD138- MNCs. The assay was evaluated in a cohort of 17 patients described by the
authors as newly diagnosed, sensitive, relapsed, refractory or relapsed/refractory. Approximately
equal proportions of the cohort had their BMA collected pre-treatment or alternatively post-
treatment. Treatment effects were measured by exposing patient primary cells to bortezomib and
using fluorescence microscopy with live and dead markers. Gaussian mixture model clustering
correctly predicted patient IMWG clinical response category from ex vivo responses in all patients
tested. Gaussian mixture and k-means clustering correctly grouped patients into binary responder /
non-responder clusters regardless of whether BMA was collected pre- or post-treatment. Strengths
of the assay included correct prediction of IMWG category for every patient, a clinically relevant 3-
day turnaround time, evidence of binary discriminative ability regardless of BMA time of collection
relative to treatment, and evidence that inclusion of CD138- MNCs improved assay performance.
Limitations included the modest cohort size and the testing of only a single agent across all patients.

Advanced Imaging Systems

Another study from a German research group utilized a novel microwell-based ex vivo assay
for measuring drug responses in primary MM cells and recording corresponding immune cell
activity. Testing occurred using a CellPly Vivacyte with a CC-Array microfluidic device containing
16 channels, each with 1200 microwells, which could be analyzed individually. One condition per
channel could be measured simultaneously and all preparation steps, such as cell staining, washing,
and suspension in different concentrations of the drugs, could be automated by the instrument. The
system employs image-based analysis through fluorescence detection of tumor and effector cells and
can detect cell co-localization and cell-cell contact. In this study of Kriiger et al. [44], BM
mononuclear cells were obtained from 12 NDMM and 10 RRMM patients from EDTA BMAs
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processed on the day of collection. A panel of 6 drugs (bortezomib, melphalan, dexamethasone,
lenalidomide, daratumumab, elotuzumab) were tested and subsequently CD138+ cells were
quantified by live/dead staining. In this setup, <90% viable tumor cells (=210% kill) was called a
responder, whereas >90% viability was classified as indicative of non-response to a drug.
Daratumumab, elotuzumab, and lenalidomide ex vivo responses largely did not correlate with the
clinical courses of the patients, and responses were only achieved with high drug concentrations.
The authors asserted this was likely due to the short assay time. Meanwhile the authors reported
that the assay platform detected mostly concordant effects of bortezomib, melphalan, and
dexamethasone ex vivo vs in vivo although notably a range of different correlative measures were
used, testing correlation with previous treatments, subsequent clinical responses to the same drug,
responses from drugs in the same functional drug class or to a treatment combination containing the
drug. MM cell viability of each patient for each substance tested was compared to LOT, Revised
Multiple Myeloma International Staging System (R-ISS), and pretreatment with the substance class.
The authors asserted that direct correlation with the individual in vivo response to each drug was
impossible since all patients received combination treatments and the drugs administered in vivo
frequently did not match the drugs tested ex vivo. A response score was defined for the correlations
using the lowest cell viability for each substance independently of time point or concentration, a
measure described as enabling compensation for the variability of cell viabilities between patients.
Correlation between the in vitro drug response and the number of therapy lines was evident for some
patients, but with no statistically significant difference observed. There was also a trend to higher
rates of in vitro resistance in patients with multiple relapses. A high in vitro response (MM viability
< 70%) across all tested substances was seen in 68.4% of cases among patients without any previous
treatment, in 62.5% of cases with LOT of 1-2 and in 14.3% of patients with LOT > 2. The highest
proportion (42.9%) of in vitro resistance (MM viability > 90%) was found in patients with > 2 LOT,
while there was no case of resistance among treatment naive patients. A notable and promising
aspect of this platform was the demonstrated ability to measure natural killer and T-cell mediated
cytotoxicity using image-based statistical analysis of cell proximity and killing events within wells.
This degree of visual and analytical definition offers insight into a potentially routine ability of future-
state assays, with immune-mediated killing being directly observable versus assumed based on
administered drug class, or upon conclusions drawn from limited immune component depletion
experiments subsequent to orthogonal cell viability assessments.

Assay summary: The Kriiger et al. assay is a dynamic microwell-based system based on the the
Cellply Vivacyte system with CC-Array microfluidic device and developed using unselected MNCs
from fresh EDTA BMAs. The system was evaluated in a cohort of 12 NDMM and 10 RRMM patients.
Assay readout was based on live/dead staining of CD138+ cells and microwell-based fluorescence
imaging. A panel of 6 drugs including PIs, AAs, mAbs, IMiDs and corticosteroids were tested. The
clinical correlation components of this study were multi-metric, heterogeneous, and indirect in
nature. Ex vivo drug responses were compared to multiple clinically relevant measures, including
prior treatment history, subsequent clinical responses to the same or related agents, treatment
combinations containing the tested drug, and disease burden metrics including LOT and and R-ISS.
A response score based on the lowest MM cell viability observed across concentrations and time
points was used to enable comparison between patients. Using this framework, concordance between
ex vivo and clinical response was most evident for bortezomib, melphalan, and
dexamethasone. Responses to mAbs and IMiDs had limited clinical agreement. Overall, the analysis
supported qualitative and class-level clinical relevance rather than formal predictive benchmarking.
Strengths included evidence of correlation to clinical features across multiple drug classes, the ability
to assess immune cell proximity to MM cells and reported ability to perform drug sensitivity analysis
over a duration of ~2 days for most patient samples. Limitations included the limited cohort size
and a lack of correlation to direct quantitative clinical measures.

5. Discussion
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Patterns and Trends Across Assay Classes

Our consideration of the literature reveals a diverse body of research, whose heterogeneity
extends beyond our fundamental classification of assays as 2D, 3D, or dynamic. Within this initial
level of classification, there exists a spectrum of nuanced contrasts between studies, encompassing
characteristics such as the technology used to measure cell viability, the assay vessel, the mechanisms
and cutoffs used to define sensitivity or resistance, clinical endpoints measured, the methods used to
define clinical correlation, the clinical makeup of the cohort, its size, and multiple other key
characteristics. Not unexpectedly, the number of patients assessed for clinical correlation and the
degree of quantitative rigor vary widely across studies and frequently reflect disparities in assay
maturity or complexity. These details are described within the main text and are captured and
unified by Tables 1A-C in a more structured and granular format to facilitate fine-grained comparison
of 2D, 3D and dynamic models side-by-side.[...]

To briefly illustrate, consider the EMMA [48] and My-DST [41] tests, which represent two of the
more mature assays described. While both are classified as 2D assays and each has been widely
utilized either clinically or in follow-up research and pharmaceutical collaboration, they are very
different assays. EMMA uses brightfield microscopy and proprietary algorithms to determine drug
sensitivity, while My-DST utilizes flow cytometry and a hard numerical cutoff of % cell survival.
The EMMA study investigated 31 drugs while My-DST originally assessed 7. While both report
clinical correlation, My-DST reports higher correlation than EMMA using IMWG criteria, but both
assays use entirely different mechanisms, calculations and cohorts to determine their correlation
scores. Meanwhile, My-DST also reports correlation with EFS, while EMMA reports results on the
basis of IMWG criteria alone. Notably, these represent two of the larger cohort studies described in
this review. In some of the studies described, clinical comparisons are based upon as few as two
patients, and real world-value becomes difficult to extrapolate. Evidence that a therapeutic agent’s
mechanism of action within an assay is similar or identical to its in vivo activity is lacking, and in the
case of IMiDs especially, is often assumed based on the degree of cancer cell killing, rather than being
borne out through exhaustive profiling of immune components to demonstrate they are present,
observed, and functionally involved. Therefore, it is difficult to directly compare assays even when
clinical correlation is reported and it is equally difficult to select a ‘best’” assay from those described.
Nonetheless, it seems possible to consider the assays described as a cohort and to summarize the
overall maturity of each class, and the most prominent assays’ degree of proven utility, before
considering what characteristics might be most desirable in an assay built using the learnings of this
review.

Currently, 2D tests appear to occupy a dominant position within the space. Despite the
shortcomings described in many original research articles and reviews [37,39,40] as well as multiple
reports within this review of 2D models falling short in head to head testing with 3D models
[42,46,47], they constitute the class with the most mature tests, with the widest clinical reach, and the
most published utility in drug development. The number of drugs per assay in the 2D studies also
frequently and markedly exceed those from the other assay classes. Further, the clinical correlation
reported by the 2D studies, while subject to critical interpretation, is frequently compelling. Both
EMMA and the assay of Coffey et al. [51] are CLIA approved and actively being run on patient
samples, while My-DST is understood to be in the process of clinical validation. The team behind
EMMA released a request for industry and academic partners to expand their test rollout several
years ago, reporting over 600 patients profiled at that time [55] and we can assume this number
continues to rise. My-DST has been used in the investigation of multiple novel treatments, as well
as in clinical studies. Follow-up work has included studies of isatuximab [57], omacetaxine [60],
elranatamab after BCMA CAR-T [59], the CD38 x ICAM-1 bispecific antibody VP301 [58], the anti-
CD38 T-cell engager SAR442257 [61], MYCi975 [62], treatment improvement in frail patients [63] and
in a Phase II trial [64].
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Table 1. A: Summarized characteristics of 2D models and assays.
Study Year | System Cells included Fresh System | Drugs Single Vessel Sensitivity Clinical Doses / Replicates Turnaro | Clinically No cells?
Type and/or | type tested drug or measure Correlation und approved
cryopr combo Time
eserve
d
EMMA - | 2017 | 2D Patient CD138+ | Fresh Brightfi | 31 Single 384 Sensitivity 3-month 5 concentrations (1:3 | ~5 days Yes. CLIA LDT. | 4,000 MM cells
[48] cells co- | BMA eld standard- well for | defined by | response. serial dilution) and 2 (>600  samples | per well
cultured with microsc | of-care 31 patient/drug 52 patients; | replicates reported run at | (x5
previously opy + | and drugs specific 13 NDMM; ASH 2023 [55]) concentrations
established custom | experimen (or 1536 | mathematical 39 RRMM; x2
human  bone imaging | tal agents wells models 96% replicatesx31
marrow stroma and tested for 127 correctly drugs)
(bone marrow mathem | (with 127 drugs) classified
mesenchymal atical theoretical by binary
stem cells, algorith | ly possible response;
BMSC) and ms in a larger 79% using
collagen  and plate IMWG
culture media format) criteria
enriched with
patient plasma
cells
My-DST - | 2020 | 2D Unselected Fresh Flow 7  drugs | Single 96 well | My-DST 55 Single pre-optimized | ~48 Reportedly  in- | 90,000 MNCs
[41] MNCs from | or cytomet | spanning | agent plates Comb cutoff | unselected, | concentration and 3 | hours process of CLIA | per well
patients  with | cryopr | ry PlIs testing; of 50% | fresh ~ BM | replicates approval (x1
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MM eserve (Bortezom | combo (mathematical | samples concentration
d BMA ib, response ly derived | from MM x 3 replicates x

Carfilzom | inferred product of % | cases 7 drugs)
ib), IMiDs | using killing across | spanning
(Lenalido | My-DST all drugs) first
mide, Comb diagnosis
Pomalido | algorith (24), first
mide), m relapse (12)
corticoster | (mathem and
oids atical multiple
(Dexamet | predictio relapse (19).
hasone), n only) 30 used in
alkylating clincorr.
agents Patients
(Cyclopho experienced
sphamide) statistically
and MAbs worse
(Daratum event-free
umab) survival

(EFS) if their

next
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predicted
sensitive ex
vivo by My-
DST.
My-DST
Comb
correlated
strongly
with the
IMWG
depth of
clinical
response
after 4
treatment
cycles (p
=0.0006).
With a
clinical
response
cutoff of a
50%
decrease in
disease (PR
or Dbetter),
based on the

change in
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MM-specific
paraprotein
using
IMWG
criteria My-
DST Comb
cutoff of
50%  was
96%
sensitive (22
of 23 true
positives)
and 88%
specific (6 of
7 true
negatives)
My-DST
results
compared
with depth
of
subsequent
clinical
response
after 4
treatment

cycles.
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Coffey et | 2021 | 2D CD138 selected | Fresh CellTite | 170 Single 384 Patient 25 patients | 8-point drug | ~5days | Yes -  CLIA | 500-4000
al. mononuclear BMAs | r-Glo approved | agent well defined as | with  RR | concentration range, approved assay CD138+ cells
assay[51] plasma cells | or lumines | or plates sensitive if the | MM; replicates not per well (x8
from BMAs or | single cent cell | investigati coated | ICsp was < 0.2 | Prospective | described concentrations
single cell | cell viability | onal with a | uM and this | clinical x  replicates
suspensions suspen | assay compoun protein | was trial; 16 unknown x170
derived  from | sions ds matrix | achievable patients drugs)
mechanical safely in | with
dissociation of patients  per | sufficient
plasmacytomas pharmacokine | material for
tic data screening;
13 had
treatment
guided by
test;  92%
achieved
stable

disease or
better using
IMWG
criteria.
Median
PFS was 28
days for
patients
whose

mean AUC
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was in the
top  50th
percentile
of
resistance
com- pared
with 139
days  for
those
whose
mean AUC
was in the
bottom 50th
percentile
of
responsive
ness (log-
rank
P=0.042).
However,
there was
no
significant
dif- ference
among high
versus low

AUC  with
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respect to

or  triple
combinatio
ns were
considered
in clinical
correlation,

ex vivo DSS

OS  (log-
rank
P=0.151)
Giliberto | 2022 | 2D Purified Fresh CellTite | Approved | Single Drug- Dose response | A total of 44 | Single agents tested | ~5 days No 5000 CD138+
DSS study CD138+ MM | bone r-Glo and agents coated | was used to | samples at | at 6 concentrations; cells per well
[45] cells enriched | marro lumines | investigati | and ex | 384 calculate a | first double combinations (x6
from BM | w- cent cell | onal vivo well TC | modified DSS | diagnosis used 5 concentrations concentrations
mononuclear derive | viability | agents; 30 | drug plates. score ranging | or relapse; | for one drug + fixed x  replicates
cells d assay single combinat from (0-100) | Observatio | IC20 priming drug; unknown x 30
sample agents, 19 | ions (2- for each drug. | nal findings | triple combinations drugs for
s double or 3- of potential | used a 4x4 matrix for single  drug
agent and | agent) clinical two drugs (0.1- assay only)
25  triple relevance. 100nM) + fixed IC20
agent 13 patients | third drug; replicates
combinati (5 NDMM, | not specified.
ons. 8 RMM)
treated
with double
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scores
trended
higher in
clinical
responders
(n =9) than
in poor
responders
= 4,
though
without
formal
statistical
correlation,
using
IMWG

criteria

Table 1. B: Summarized characteristics of 3D models and assays.

Study Year | System Cells included Fresh System | Drugs Single Vessel Sensitivity Clinical Doses / | Turnaround | Clinically No cells?
Type and/or | type tested drug or measure Correlation | Replicates Time approved
cryopr combo
eserve

d

rEnd /| 2008 | Latest Primary bone | Fresh Flow Cells were | Combina | Unkno Plasma and | 2020 study | Unknown /| Unknown. No Varies.

BM / 1| - version marrow BMA cytomet | treated tions wn /| non-plasma cell | used 21 | variable. 5-day culture zPredicta
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Bone 2020 | is  3-D | mononuclear in ry used | according | used in | variabl | populations cases “with pre-dosing website states
model bone- cells from | paper. | in 2020 | to the | 2020 e. 2008 | were evaluated | multiple and flow 10-80,000
[50,66,67] marrow- | patient BM | zPredic | study. clinical study. study post treatment | myeloma”. cytometry in cells per well

specific aspirates, ta regimen used and degree of | Showed 2020 study in a 96-well

ECM maintaining website selected 48-well | cell death (by [ ~90% plate”

scaffold | MM plasma | states by the plates. flow cytometry) | accuracy

(collagen | cells and | cryopr treating correlated with | (19/21 cases

I + bone | incorporating eserve physician clinical correct)

proteins | cellular d in 2020 response with 8 true

such as | (hematopoietic | sample study. responders

fibronect | & stromal) and | scanbe and 11 true

in/osteop | extracellular used. non-

ontin) components responders

combine | (extracellular identified (2

d with | matrix & false

myelom | secretory positives)

a- factors). using

supporti IMWG-like

ve criteria

soluble (reported in

factors commercial

communica
tions)

Braham et | 2019 | 3D Patient CD138+ | Cryopr | Flow A panel of | Single 3D % dead and | 7 relapsed/ | A single and a | 14 days | No Not reported
al. BM Matrigel | cells co- | eserve | cytomet | 7  drugs Matrige | live-cell count | refractory double dose of | culture + 3
Model cultured with | d ry and | (lenalido 1 plugs; [ used (% dead | patients. drug at a | days
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[47] human MSCs | primar | confoca | mide, plate showed  best | Inn this | concentration treatment
and EPCs y MM |1 pomalido format | performance) study, the | known to be | before
cells imaging | mide, not use of | effective in 2D | readout
from thalidomi reporte IMWG- and 3D culture
BMA de, d defined
bortezomi response
b, criteria  is
carfilzomi not
b, explicitly
melphalan stated, and
, 4- clinical
hydropero correlation
Xy- was
cyclophos established
phamide) using
study-
specific
definitions.
High
predictive
agreement
for AAs
and Pls
PPV and
NPV
ranging
from 1.00 -
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0.80 for
strict
outcomes
and lower
for
extended
ranging
from 1.00 to
0.44). No
significant
killing by
IMiDs even
at high
doses
Alhallak 2021 | 3D States “all the | Fresh Flow Panel of 11 | Single, 96-well | Samples 19 RR | 0 x, 3x and 10x | “Less than a | No 100,000
study [46] matrix accessory BMA cytomet | drugs double plate defined as | patients. Css week” BMNCs per
based on formed and  primary ry (carfilzom | or triple responsive Treated concentrations | including well (x 3
earlier by cross- | cancer cells ib, combinat based on | with (based on | culture, 4 concentrations
model linking found in the bortezomi | ion  (ex significant loss | upcoming pharmacokineti | days including
described patient bone marrow b, vivo) of viability (p < | clinical ¢ data from | treatment vehicle x 4
by [70] BM (BM), as well as ixazomib, | dependi 0.05 by | regimen. Phase 1 and/or | and readout replicates x 1
endogen | growth factors, panobinos | ng  on ANOVA) Predictions | Phase 2 clinical treatment
ous enzymes, and tat, patient concurrent | trials.) in condition per
fibrinoge | cytokines lenalidom | clinical with quadruplicate. patient)
n naturally found ide, treatmen clinical
supplem | in the TME” pomalido | t outcome in
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ented mide, regimen. 89% of
with dexameth cases,
purified asone, correctly
human etoposide, identifying
fibrinoge doxorubic 100% of
n and in, non-
collagen daratumu responders
mab, and and 75% of
melphalan responders.
) Ex vivo
response
analyzed by
ANOVA
results

provided to
clinical
team who
determined
clinical
response
after a cycle
of
respective
regimen,
defined
according

to IMWG
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criteria and
correlated
ex vivo
response
with  the
clinical
response.
Jakubikov [ 2016 | 3D self- | Co-cultured Fresh Flow Panel of 8 | Single 96-well | Sensitivity 52 patients | One Clinical No Not reported.
a assembli | primary MM | BMA cytomet | drugs in plate defined by fold | in total. | concentration correlation
PuraMatri ng patient BM cells ry total (2 for change of PCs | Patient- per drug with | samples
x™ model PuraMat | from BMAs clinical relative to | level no explicit | treated for 7
[42] rix™ with MSCs in correlatio control under | correlative | mention of | days  post-
hydrogel | the hydrogel n work): 2D vs 3D co- | data in the | replicates culture, but
(pomalido culture study was no  specific
mide. conditions limited to 4 turnaround
lenalidom patients time
ide, tested for provided.
thalidomi correlation
de, to two
bortezomi drugs
b, (pomalido
carfilzomi mide and
b, carfilzomib
doxorubic ).
in, Resistance
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dexameth
asone,

melphalan

)

to
pomalidom
ide was

observed in
two
patients,
and one
patient
showed
resistance
to
carfilzomib
in the 3D
model, but
not in the
2D model,
with the 3D
model
better
mimicking
known
clinical
course.
Compared
carfilzomib
and

pomalidom

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.1459.v2
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 January 2026

d0i:10.20944/preprints202512.1459.

31 of 46

ide
responses
in 2D
versus 3D
MSC  co-
cultures
using
samples
from four
patients
across
multiple
myeloma
disease
stages.
Concluded
that
enhanced
resistance
in the 3D
system
mirrored
clinical
resistance,
despite
clinical

correlation
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being based
on limited
patient
numbers
and non-
standardize
d response
assessment.
Table 1. C: Summarized characteristics of Dynamic models and assays.
Study Year | System Cellsincluded | Fresh Syste | Drugs Single Vessel | Sensitivity Clinical Doses / | Turnaround Time Clinically | No cells?
Type and/or m tested drug or measure Correlation Replicates approved
cryopreserv | type combo
ed
Ferrarini 2013 | Dynamic | PCs, CD138+ | Fresh. Varie | Bortezo | Single. RCCS Clinical 5 patients | Tested with and | 2 patient samples | No Not specified.
et al. MM cells, | Extramedul | d. mib ™ correlation total in | without  single | cultured for up to Assay  used
RCCS™ stromal cells, | lary tissue | FACS | only. Bioreac | sensitivity study. Only | dose bortezomib. | seven days with intact  tissue
Bioreactor endothelial cells | was analys tor assessed 2 patients | Replicates  not | drug before explants.
study [72] (bone lamellae | obtained is, using tested for | reported. readout.
and vessels | from  two | TEM, histological clinical
arteriolae patients. histol and correlation
reported to be | A skull | ogical immunohist | (one
maintained). lesion was | analys ochemical sensitive and
excised in a | is, examination | one
bortezomib | IHC. of explants, | refractory).
sensitive focused on | Study
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patient.
Excised
subcutaneo
us samples
were
obtained
from  one
bortezomib
refractory

patient.

the presence
or

disappearan
ce of plasma
cells. Wider
investigative
work  used
FACS, TEM
and

histological

parameters

indicated
assay
response
reflective  of
clinical
response in
each patient,
using
histological
and
immunohist
ochemical
examination
of explants,
focused on
the presence
or
disappearan
ce of plasma
cells.
Response
assessment
was
qualitative
and not
reported

using
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standardized
IMWG
response

criteria.

Pak et al.
MicroC(3)
study [49]

2015

Dynamic

CD138+ tumor
cells sorted and
cultured  with
the  patients’
own CD138
non-tumor
mononuclear

cell fractions i.e.

MicroC(3)

Fresh BMA

Fluore
scence

micro

scopy.

Bortezo
mib

only.

Single.

Custom
microfl
uidics
system

[73]

Sensitivity
defined
using k-
means and
Gaussian
mixture
model
unsupervise

d clustering

17 patients.
Mixture  of
newly
diagnosed,
relapsed/refr
actory,
relapsed,
sensitive,
and
refractory.

8 with BMA

pre therapy

and 9 with
BMA  post
therapy.

All 17
patients were
correctly
classified
using IMWG
criteria.

Tested with 2
doses of
bortezomib and

vehicle.

3 days

7500 CD138+
and 2x 8000
CD138- cells
per drug/dose

condition (x 3

doses)
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all 4 tested
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Kruger 2024 | Dynamic | BMMCs EDTA BM | Micro | A panel | Single CC- <90% viable | 22  patients | Not specified. No  standardized | No 10 - 20 MNCs
Vivacyte samples well- | of 6 Array tumor cells [ (12 ND, 10 assay time per microwell
study [44] processed based | drugs microfl | (210%  kill) | RR); For 8 provided. Drug (x 1200
on the day | fluore | (bortez uidic was used to | patients with sensitivity analysis microwells
of scence | omib, device classify clinical was possible over a per channel/1
collection. imagi | melpha responders follow-up, ex duration of ~2 days channel  per
ng lan, vivo for most patient condition x 6
(the dexame bortezomib samples. drugs.
Cellpl | thasone sensitivity Replicates and
y ’ correctly concentrations
Vivac | lenalid identified all unknown)
yte omide, responders
with daratu and non-
CC- mumab responders.
Array |, For
) elotuzu melphalan, 4
mab) of 5
evaluable
patients were
correctly
classified.
Dexamethas
one
sensitivity
was
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patients,
aligning with
clinical
VGPR or
better.  No
explicit
statement
that clinical
outcomes
were defined
using
standardized
IMWG
response

criteria.
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Despite the apparent favor of 2D tests, as stated at several junctures within this review, evidence
exists suggesting the necessity of a 3D scaffold alongside BMM components to accurately represent
the MM disease niche for therapeutic effect prediction. Moreover, the body of research supporting
such assertions is growing. Several 3D studies report positive clinical correlation results. Cohort
sizes studied within this category frequently match or approach the size of the 2D studies,
particularly the work of Jakubikova et al. [42] as well as the clinical correlation studies using
3DTEBM® [46] and r-Bone [67]. It is also worth reiterating that several of the 3D studies reviewed
here compared 2D and 3D models directly, identifying inferior side-by-side performance of the 2D
models [42,46,47]. Several of these 3D works have produced ongoing success of varying degrees,
with r-Bone being marketed commercially. It is stated that this platform is an optimal system for
small molecules, mAbs, antibodies, checkpoint inhibitors, ADCs, bispecific T-cell engagers (BiTEs)
and CAR-T cells. It is unknown whether clinical studies using r-Bone continue to be conducted
today by the original study authors or others. While the study of Jakubikova et al. [42] stated that
prospective trials were ongoing at the time of publication, this work has not appeared in any peer-
reviewed format.

In general, the publications describing dynamic systems are of a much more limited scope. Since
the original publications detailing the dynamic and microfluidic based models reviewed herein, there
have been relatively few new developments broadening their assay use and availability. The
MicroC(3) platform described by Pak et al. [49] did transition toward commercialization when the
authors formed a company and SBIR funding was awarded to perform a 20 patient clinical trial and
develop the test as companion diagnostic [74]. The work of Ferrarini et al. [72] and Kruger et al. [44]
were each built upon commercially available platforms, which continue to be marketed, but the
studies themselves do not appear to have yielded visible follow-up work or available assays. It is our
opinion that these emerging, often complex technologies capture important biomimetic
characteristics that may represent a future-state of testing but currently remain too immature or
intractable for medium to high-throughput patient-focused studies. The dearth of even modestly
scaled clinical correlation studies utilizing these systems in the published literature, and the lack of
meaningful follow-up work post-publication is likely reflective of this fact.

Comparative Performance of Assay Classes

In summary of the above, 2D assays appear to be the most mature class and have undergone the
most extensive validation in terms of patient numbers per study (median 32.5), drug numbers or
combinations tested (median 52.5). All studies included some attempt at correlation testing with
commonly accepted clinical measures like IMWG criteria. Furthermore, 2D assays are the class most
likely to have been included in real-world clinical trials and are the only class to contain a prospective
clinical trial or CLIA-approved assays. Accuracy is difficult to compare across classes due to the
disparities in methods of assessment. However, EMMA reported 96% of patients correctly classified
by binary response prediction and 79% accuracy using IMWG criteria, while myDST Comb reported
96% sensitivity and 88% specificity using binary response criteria and strong correlation (p=0.0006)
with IMWG criteria after four treatment cycles. The Coffey et al. assay reported 92% of patients
treated based on assay predictions achieving at least SD and 46% of patients achieving PR or better.
The work of Giliberto et al. reported results that showed correlation between assay and patient results
but were much more observational and less quantitative. Turnaround times are often more explicitly
stated for 2D assays and are clinically relevant in terms of being typically five days or fewer.

3D assays frequently have the benefit of reported higher biomimicry, but generally smaller
numbers of patients (median 13). Like 2D tests, the 3D studies frequently employed commonly
accepted clinical measures such as IMWG criteria, but 3D studies have also generally considered
smaller numbers of drugs and drug combinations (median 9). 3D models have widely varying
methods of assessing clinical correlation. However, the r-Bone study reported 90% accuracy with
what appeared to be IMWG-like criteria, although this was not directly specified. Al-Alhallak et al.
reported predictions concordant with clinical outcome in 89% of cases based on IMWG criteria.
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Braham et al. reported high predictive agreement (PPV 1.00-0.80) for response to treatment received
after BMA, while Jakubikova et al. performed limited, observational per-patient concordance using
their PuraMatrix™ system. 3D models were less likely to explicitly list a turnaround time, although
most appeared clinically operable based on reported culture and drug treatment durations.

Dynamic models benefit from the highest intricacy of experimental setup and evidence of being
the most biomimetic class of assay. However, numbers of patients tested in clinical correlation were
frequently lacking (median 5), with one study only assessing two patients against clinical correlates.
They are also the class of assay with the least expansive drug testing and clinically correlative work,
with two studies assessing only patient sample sensitivity to single agent bortezomib and a third
testing only single agent dexamethasone. Dynamic models, whilst not explicit in speaking of clinical
turnaround times, generally appear to have clinically compatible turnaround times based on assay
durations.

Heterogeneity and the Potential for Standardization

It is important to revisit and emphasize the previously described issue of heterogeneity across
the studies reviewed herein. Factors such as the clinical parameters utilized in correlative efforts
(e.g. PFS, IMWG, LOT), and the statistical methodologies employed are disparate and frequently
cause inter-assay comparisons to be challenging as well as creating clear difficulties for a reader to
make firm judgement of an assay’s true clinical utility. Part of this challenge undoubtedly stems
from the fact that all the studies considered have originated in medical or academic research
laboratories where mindsets may differ and the dual, and sometimes conflicting priorities of
publication versus improvement of patient care can lead to bifurcations in focus and practice. For
this reason, an absolute standardization of development efforts and reporting is unlikely in our
opinion. = Nonetheless, a coordinated movement toward homogenization within the MM
community would indeed be a worthwhile pursuit. The European Hematology Association (EHA)
is involved a ‘standards for functional precision medicine’ project [75], with one of their stated goals
being the comparison of screening platforms and readouts, however, no formal guidelines have yet
been released to our knowledge. Particularly in the light of current ongoing initiatives to migrate
previously animal-based research toward New Approach Methodologies (NAMs) by organizations
such as the NIH [76] and FDA [77], there are emerging opportunities for improved, standardized
recommendations and requirements at both the disease-agnostic and disease-specific level, and we
could foresee and would recommend collaborative work in the areas of standardization between
bodies such as these and organizations like the EHA and their international counterparts. Similarly,
coordination with industry partners in the biotechnology and pharmaceutical fields could further
facilitate wider change. Certainly, we see great value in these efforts and are hopeful that the future
of nascent efforts such as those described above will be drivers of positive change.

Toward an Optimal Ex Vivo MM Assay

With all this considered, we again turn to the question of what might represent an optimal assay.
While the future holds significant promise in terms of novel and potentially intricate next-generation
technology building upon the cutting-edge technologies of today [44,49,72], we will aim to focus our
opinion on the nearer term rather than the distant future-state. Thus, an ideal assay should be
achievable in the immediate to near term without requiring many years of further research and
development. For any idealized assay to win the trust of an end-user, clinical correlation data is
required. Without this, it becomes impossible to elicit faith in a test’s real-world performance.
Furthermore, correlative data should be statistically robust, peer-reviewed and generated on the
largest cohort reasonably possible, with a diversity of disease states captured. Ideally clinical
endpoints should comprise a well-established short-term response framework like the IMWG
criteria. The use of survival endpoints such as EFS or OS may be of interest to subsets of researchers
or clinicians and might optionally be explored, however these are problematic since they are
confounded by factors including LOT and difficulty in collecting and correlating such data, and are
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therefore infrequently employed [78,79]. The use of newer emerging measures such as MRD and
clonal evolution has much to offer the field and is likely to assume a larger role in future clinical
correlation studies like those described here. While many studies in our review have consistently
utilized IMWG, others have been more ambiguous in their measurements, and none have explicitly
applied modern alternatives. It is our belief that greater standardization should occur.

The existence of supporting data from prospective studies as opposed to purely retrospective
would be welcome, but only the work of Coffey et al. [51] achieved that in the works considered here,
and we must accept the logistical difficulties associated with achieving this routinely. An assay
should ideally offer utility in both the clinical and research settings to serve the various industries
whose synergy ultimately leads us to improved patient care. Thus, the assay would possess features
relevant to clinicians, but equally to their counterparts within pharmaceutical or biotech entities. To
be broadly applicable the test must have been successfully tested on an appropriately representative
catalog of therapeutic agents to be either clinically informative at a given stage of treatment, or to
have proven the ability to be mechanistically compatible with agents of interest to the entities
involved in the development of novel therapeutics. Clinical use cases likely necessitate the ability
to profile a wide array of agents simultaneously, and most frequently in combination formats, which
might be achieved through in silico or ex vivo mechanisms. It is unlikely that any current assay will
capture every available agent and combination thereof, so ideally this would be compensated for
through an assay’s demonstrated flexibility in adapting to new agents as they enter development or
clinical care regimens. Drug development applications may be more tolerant of test formats that are
mechanistically accurate without the same requirement for myriad testing in parallel.

It is necessary that an assay should have a turnaround time that is conducive to both influencing
clinical care and enabling timely turnaround of associated research. This can be facilitated by the
assay implementing significant levels of automation, which will also contribute to the key
characteristics of consistency and reproducibility, fundamental to any successful assay. Tissue or
cell input requirements must be achievable within the confines of standard clinical practice, since
most tests will be dependent upon clinically procured samples, primarily BMAs of limited volume
and with complex handling requirements.

Immune-mediated effects play a major role in multiple MM treatment paradigms, particularly
in less advanced stages of the disease that precede immune exhaustion. Tests intended to capture
immune-mediated treatment effects will ideally incorporate robust quantification of relevant
immune and microenvironmental components, including presence, functional state, and impact on
tumor burden. While it is unlikely that most assays will capture 100% of the BMM stably and
reliably despite the work of Kirshner et al [50,66,67] claiming to come close, there should be
compelling evidence of preserved BMM components relevant to the activity of the therapeutic agents
being profiled, and this evidence should span the runtime of the assay, ensuring that components of
interest are present and active throughout. Tied to this point, there should also be strong evidence
of the in-assay mechanistic actions of a given therapy matching their in vivo mechanisms. This
might be achieved live in-assay by the test itself e.g. visualization of a specific immune cell class
eliciting MM cell death [44], or could be evidenced as part of test validation, for example using
longitudinal flow cytometry-based profiling to demonstrate the presence and activity of appropriate
cell types. In practice, immune system mediated effects could be enabled by assay design principles
that utilize appropriate media formulations and either capture unselected patient BMMCs or
incorporate autologous immune cell populations through co-culture, in manners similar to several of
the studies reported here.

It would be desirable to work equally effectively with fresh and cryopreserved samples, as well
as intra and extramedullary disease - an ability claimed by several studies herein for the former
[41,47,67] and latter [51,72] respectively.

There is the question of whether an ideal test should be 2D, 3D or dynamic. As previously
stated, we believe that dynamic systems hold promise for the future but are unlikely to form the basis
of an ideal assay in the near-term. Both 2D and 3D assays have shown clinically correlative benefit
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with moderately sized cohorts [41,42,44-46,48,49,51] which potentially aligns with the concept of a
liquid disease in a partially solid BMM [39], whereby both environments are biologically relevant
and possess the potential to capture clinically relevant cellular responses. Thus, we believe that an
ideal assay will incorporate elements of each condition, providing both a 3D scaffold to mimic the in
vivo environment and a liquid component to capture cellular behavior within that associated
environment. This assay characteristic could be achieved manually or through natural cellular
migration of MM cells from a scaffold material into a surrounding liquid medium. Many specific
considerations around the makeup of the 3D scaffold and pertinent assay conditions have recently
been reviewed elsewhere [40], thus we will avoid re-stating them here.

A final desirable feature not considered elsewhere in this review, but one we believe to be
achievable in the short-term, with the potential to revolutionize MM treatment. That is the ability to
detect resistant subclonal cell populations within a sample that shows some level of therapeutic
response. Rather than calling such a patient sample responsive, the ability to discriminate between
responsive and non-responsive MM cells in an assay presents the possibility of treating with initial
and next line therapies within a single assay, enabling further combination treatment formulation or
indicating a potential next-line therapy prior to near-inevitable next relapse. =~ We believe
functionality such as this is likely achievable with the current generation of technologies, assuming
the correct combination of technology and assay design, and offers great potential, particularly in
MM where the likelihood of relapse is so high.

The Path to Clinical Adoption

Of the assays described in this review article, only EMMA and the assay of Coffey et al. have
achieved CLIA approval and My-DST is understood to be in the process. While both EMMA and
My-DST have reported use in clinical trials, only Coffey et al. have reported assay use in a prospective
clinical trial. The only ongoing clinical trial we know of involving any of these assays is a single
institution Phase II clinical trial evaluating My-DST Comb prospectively in RRMM patients by
comparing ex vivo drug sensitivity results with subsequent clinical responses to Selinexor-based
combination therapies. An initial report from the study [64] described a clinically diverse cohort of
18 RRMM patients and concluded that Selinexor/dexamethasone-based triplet drug regimens were
associated with high response rates and that My-DST testing of 13 patient samples was 90% sensitive
and 67% specific for clinical response. The study is ongoing with an expected end-date of late 2026.

We are unaware of any ex vivo MM assays that are currently in widespread clinical use. To
achieve such adoption, many of the characteristics described above will likely be
necessary. Arguably some of the more mature assays we have described already possess a
significant proportion of the ideal characteristics we have discussed. Nonetheless, barriers to
broader adoption remain. From the regulatory perspective, broad clinical use currently necessitates
testing within a CLIA-certified laboratory, with most assays operating as LDTs with CLIA
oversight. However, widespread adoption will quite possibly be contingent on factors that include
prospective clinical validation involving collaboration between MM clinicians and assay developers,
achieving payer coverage, and attaining inclusion in clinical guidelines. Future changes to current
guidelines could necessitate new validation pathways or the approval of the FDA, but this is not
currently the case. While regulatory and accreditation requirements will differ internationally,
prospective clinical validation, locally appropriate laboratory oversight, and inclusion in clinical
practice guidelines are likely to be common prerequisites for widespread clinical adoption.

6. Conclusion

Despite a range of mature and promising options, no clinically correlating MM assay or model
provides an all-encompassing solution. The field stands at a critical juncture where technological
capabilities are advancing rapidly, but clinical validation, standardization, and practical
implementation remain significant challenges. Any clinician, member of the pharmaceutical or
biotech industry, or researcher in the MM space will need to determine their need for assay maturity
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before critically considering the wide-ranging assay characteristics outlined in this review, and
selecting the path that best suits their needs. Core requirements will most certainly include highly
patient-specific assay design, incorporating not only plasma cells, but immune cells and biological
components unique to the individual. Speed and automation will be paramount to enable high
throughput applications and minimize human error, ensuring clinical utility. Although potential
solutions exist in the form of established assays, commercial sample media, or research platforms,
there are significant deficiencies that need to be overcome. Active research and development by
ourselves and others, including several of the groups discussed herein continue within this space,
including efforts that build upon the principles described in this review, such as preservation or
reconstitution of patient-specific immune components and functional interrogation of immune-
mediated tumor cell killing. It is our hope that these efforts will soon converge upon an ideal and
broadly applicable solution that will enable radical improvement in MM patient care across all phases
of disease.
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Abbreviations

The following abbreviations are used in this manuscript:

MM Multiple myeloma

BM Bone marrow

M-protein Monoclonal Protein

IMWG International Myeloma Working Group
NDMM Newly Diagnosed Multiple Myeloma
MRD Minimal Residual Disease

ctDNA Circulating tumor DNA

ASCT Autologous stem cell transplantation
IMiDs Immunomodulatory drugs

PIs Proteasome inhibitors

MAbs Monoclonal antibodies

BSAbs Bispecific antibodies

ADCs Antibody-drug conjugates

CAR-T Chimeric Antigen Receptor T-cell

ASCT Autologous stem cell transplantation
RRMM Relapsed of refractory multiple myeloma
PFS Progression-free survival

MRD Minimal residual disease

LOT Lines of therapy

BMM Bone marrow microenvironment
EMMA Ex vivo Mathematical Myeloma Advisor
BMA Bone marrow aspirate

LDT Laboratory developed test

CLIA Clinical Laboratory Improvement Amendments
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My-DST Myeloma Drug Sensitivity Testing

EFS Event-free survival

HTS High-throughput screening

CTG CellTiter-Glo

IC50 Half maximal inhibitory concentration
AUC Area under the curve

oS Overall survival

BMMCs Bone marrow mononuclear cells
TC Tissue culture

DSS Drug sensitivity score

CR Complete response

VGPR Very good partial response

SD Stable disease

PD Progressive disease

rEnd Reconstructed endosteal

rBM Reconstructed bone marrow

MSCs Mesenchymal stem cells

EPCs Endothelial progenitor cells

AA Alkylating agent

PPV Positive predictive value

NPV Negative predictive value
3DTEBM® 3D tissue-engineered bone marrow
Css Steady state plasma drug concentration
PR Partial response

ECM Extracellular matrix

MNCs Mononuclear cells

TEM Transmission electron microscopy

MicroMC  Mono col-culture system
MicroC(3) Cis-co-culture system

R-ISS Revised Multiple Myeloma International Staging System
BiTEs Bispecific T-cell engagers

EHA European Hematology Association

NAM New approach methodology

ND Newly diagnosed

RR Relapsed / Refractory

References

1. Hemminki, K; Forsti, A.; Houlston, R.; Sud, A. Epidemiology, Genetics and Treatment of Multiple
Myeloma and Precursor Diseases. Int. |. Cancer 2021, 149, 1980-1996.

2.  Forster, S.; Radpour, R. Molecular Impact of the Tumor Microenvironment on Multiple Myeloma
Dissemination and Extramedullary Disease. Front. Oncol. 2022, 12, 941437.

3.  Bhatt, P,; Kloock, C; Comenzo, R. Relapsed/Refractory Multiple Myeloma: A Review of Available
Therapies and Clinical Scenarios Encountered in Myeloma Relapse. Curr. Oncol. 2023, 30, 2322-2347.

4.  Hou, Q; Li, X;; Ma, H,; Fu, D.; Liao, A. A Systematic Epidemiological Trends Analysis Study in Global
Burden of Multiple Myeloma and 29 Years Forecast. Sci. Rep. 2025, 15, d0i:10.1038/s41598-024-83630-x.

5. Jagannath, S.; Joseph, N.; He, J.; Crivera, C.; Fu, A.Z,; Garret, A.; Shah, N. Healthcare Costs Incurred by
Patients with Multiple Myeloma Following Triple Class Exposure (TCE) in the US. Oncol. Ther. 2021, 9, 659—
669.

6. Castafieda-Avila, M.A.; Sudrez-Ramos, T.; Torres-Cintrén, C.R.; Epstein, M.M.; Gierbolini-Bermtdez, A.;
Tortolero-Luna, G.; Ortiz-Ortiz, K.J. Multiple Myeloma Incidence, Mortality, and Survival Differences at
the Intersection of Sex, Age, and Race/Ethnicity: A Comparison between Puerto Rico and the United States
SEER Population. Cancer Epidemiol. 2024, 89, 102537.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.1459.v2
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 January 2026 d0i:10.20944/preprints202512.1459.v2

43 of 46

7. Mikhael, J.; Bhutani, M.; Cole, C.E. Multiple Myeloma for the Primary Care Provider: A Practical Review
to Promote Earlier Diagnosis among Diverse Populations. Am. |. Med. 2023, 136, 33—41.

8. Rajkumar, S.V.; Dimopoulos, M.A.; Palumbo, A.; Blade, J.; Merlini, G.; Mateos, M.-V.; Kumar, S.;
Hillengass, J.; Kastritis, E.; Richardson, P.; et al. International Myeloma Working Group Updated Criteria
for the Diagnosis of Multiple Myeloma. Lancet Oncol. 2014, 15, e538-48.

9.  Mithraprabhu, S.; Reynolds, J.; Quach, H.; Horvath, N.; Kerridge, I.; Khong, T.; Durie, B.G.; Spencer, A.
Circulating Tumor DNA and Bone Marrow Minimal Residual Disease Negativity Confers Superior
Outcome for Multiple Myeloma Patients. Haematologica 2024, 109, 974-978.

10. Harandi, A.; Laber, D.A. Historical Perspective and Advances in the Treatment of Multiple Myeloma.
Oncol. Rev. 2008, 2, 250-258.

11.  Rodriguez-Otero, P.; van de Donk, N.W.C J.; Pillarisetti, K.; Cornax, I.; Vishwamitra, D.; Gray, K.; Hilder,
B.; Tolbert, J.; Renaud, T.; Masterson, T.; et al. GPRC5D as a Novel Target for the Treatment of Multiple
Myeloma: A Narrative Review. Blood Cancer ]. 2024, 14, 24.

12.  Cho, S.-F.; Yeh, T.-J.; Anderson, K.C.; Tai, Y.-T. Bispecific Antibodies in Multiple Myeloma Treatment: A
Journey in Progress. Front. Oncol. 2022, 12, 1032775.

13. Kazandjian, D.; Landgren, O. A Look Backward and Forward in the Regulatory and Treatment History of
Multiple Myeloma: Approval of Novel-Novel Agents, New Drug Development, and Longer Patient
Survival. Semin. Oncol. 2016, 43, 682—-689.

14. Moreau, P.; Garfall, A.L.; van de Donk, N.W.C ].; Nahi, H.; San-Miguel, ].F.; Oriol, A.; Nooka, A.K.; Martin,
T.; Rosinol, L.; Chari, A.; et al. Teclistamab in Relapsed or Refractory Multiple Myeloma. N. Engl. ]. Med.
2022, 387, 495-505.

15. Lesokhin, A.M.; Tomasson, M.H.; Arnulf, B.; Bahlis, N.J.; Miles Prince, H.; Niesvizky, R.; Rodriguez-Otero,
P.; Martinez-Lopez, J.; Koehne, G.; Touzeau, C.; et al. Elranatamab in Relapsed or Refractory Multiple
Myeloma: Phase 2 MagnetisMM-3 Trial Results. Nat. Med. 2023, 29, 2259-2267.

16. Chari, A.; Minnema, M.C,; Berdeja, ].G.; Oriol, A.; van de Donk, N.W.C.J.; Rodriguez-Otero, P.; Askari, E.;
Mateos, M.-V.; Costa, L.].; Caers, J.; et al. Talquetamab, a T-Cell-Redirecting GPRC5D Bispecific Antibody
for Multiple Myeloma. N. Engl. |. Med. 2022, 387, 2232-2244.

17. Bumma, N,; Richter, J.; Jagannath, S.; Lee, H.C.; Hoffman, ].E.; Suvannasankha, A.; Zonder, J.A.; Shah, M.R ;
Lentzsch, S.; Baz, R.; et al. Linvoseltamab for Treatment of Relapsed/Refractory Multiple Myeloma. |. Clin.
Oncol. 2024, 42, 2702-2712.

18. Munshi, N.C.; Anderson, L.D., Jr; Shah, N.; Madduri, D.; Berdeja, J.; Lonial, S.; Raje, N.; Lin, Y.; Siegel, D.;
Oriol, A ; et al. Idecabtagene Vicleucel in Relapsed and Refractory Multiple Myeloma. N. Engl. ]. Med. 2021,
384, 705-716.

19. Berdeja, J.G.; Madduri, D.; Usmani, S.Z.; Jakubowiak, A.; Agha, M.; Cohen, A.D.; Stewart, A.K; Hari, P,;
Htut, M.; Lesokhin, A.; et al. Ciltacabtagene Autoleucel, a B-Cell Maturation Antigen-Directed Chimeric
Antigen Receptor T-Cell Therapy in Patients with Relapsed or Refractory Multiple Myeloma
(CARTITUDE-1): A Phase 1b/2 Open-Label Study. Lancet 2021, 398, 314-324.

20. Fonseca, R.; Abouzaid, S.; Bonafede, M.; Cai, Q.; Parikh, K.; Cosler, L.; Richardson, P. Trends in Overall
Survival and Costs of Multiple Myeloma, 2000-2014. Leukemia 2016, 31, 1915-1921.

21. Baljevic, M.; Sborov, D.W.; Kumar, S.K. Long Term Responders in Frontline Multiple Myeloma-Exception
vs Expectation of the Modern Era. Blood Cancer . 2024, 14, 115.

22. Jagannath, S.; Martin, T.G.; Lin, Y.; Cohen, A.D.; Raje, N.; Htut, M.; Deol, A.; Agha, M.; Berdeja, J.G.;
Lesokhin, A.M.; et al. Long-Term (>5-Year) Remission and Survival after Treatment with Ciltacabtagene
Autoleucel in CARTITUDE-1 Patients with Relapsed/Refractory Multiple Myeloma. J. Clin. Oncol. 2025, 43,
2766-2771.

23. Kastritis, E.; Terpos, E.; Dimopoulos, M.A. How I Treat Relapsed Multiple Myeloma. Blood 2022, 139, 2904—
2917.

24. Zweegman, S.; Engelhardt, M.; Larocca, A.; EHA SWG on “‘Aging and Hematology’ Elderly Patients with
Multiple Myeloma: Towards a Frailty Approach? Curr. Opin. Oncol. 2017, 29, 315-321.

25. Cooperrider, ].H.; Derman, B.A. Minimal Residual Disease Negativity as the Primary Goal of Multiple
Myeloma Therapy. Drugs 2025, 85, 1231-1251.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.1459.v2
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 January 2026 d0i:10.20944/preprints202512.1459.v2

44 of 46

26. Wallington-Beddoe, C.T.; Mynott, R.L. Prognostic and Predictive Biomarker Developments in Multiple
Myeloma. J. Hematol. Oncol. 2021, 14, 151.

27. Parekh, D.; Tiger, Y.K.R.; Jamouss, K.; Hassani, J.; Bou Zerdan, M.; Raza, S. Updates on Therapeutic
Strategies in the Treatment of Relapsed/Refractory Multiple Myeloma. Cancers (Basel) 2024, 16,
doi:10.3390/cancers16172931.

28. Rajkumar, S.V.; Kumar, S.; Lonial, S.; Mateos, M.V. Smoldering Multiple Myeloma Current Treatment
Algorithms. Blood Cancer |. 2022, 12, 129.

29. Rajkumar, S.V.; Kumar, S. Multiple Myeloma Current Treatment Algorithms. Blood Cancer |. 2020, 10, 94.

30. Cowan, A.; Green, D.; Kwok, M.; Lee, S.S.; Coffey, D.; Holmberg, L.; Tuazon, S.; Gopal, A.; Libby, E.
Diagnosis and Management of Multiple Myeloma: A Review. JAMA 2022, 327, 464-477.

31. NCCN Clinical Practice Guidelines Oncology (NCCN Guidelines®) Multiple Myeloma V2; 2026;

32. Rajkumar, S.V. Multiple Myeloma: 2024 Update on Diagnosis, Risk-Stratification, and Management. Am. J.
Hematol. 2024, 99, 1802-1824.

33. Letai, A. Functional Precision Cancer Medicine—Moving beyond Pure Genomics. News@nat.,Com 2017, 23,
1028-1035.

34. Papadimitriou, K.; Kostopoulos, L.V.; Tsopanidou, A.; Orologas-Stavrou, N.; Kastritis, E.; Tsitsilonis, O.;
Dimopoulos, M.; Terpos, E. Ex Vivo Models Simulating the Bone Marrow Environment and Predicting
Response to Therapy in Multiple Myeloma. Cancers (Basel) 2020, 12, doi:10.3390/cancers12082006.

35. Ho, M.,; Xiao, A; Yi, D.; Zanwar, S.; Bianchi, G. Treating Multiple Myeloma in the Context of the Bone
Marrow Microenvironment. Curr. Oncol. 2022, 29, 8975-9005.

36. Mercier, F.E.; Ragu, C.; Scadden, D.T. The Bone Marrow at the Crossroads of Blood and Immunity. Nat.
Rev. Immunol. 2011, 12, 49-60.

37. Mattioda, C.; Voena, C.; Ciardelli, G.; Mattu, C. In Vitro 3D Models of Haematological Malignancies:
Current Trends and the Road Ahead? Cells 2025, 14, 38.

38. Lee, H.; Ko, N.; Namgoong, S.; Ham, S.; Koo, J. Recent Advances in and Applications of Ex Vivo Drug
Sensitivity Analysis for Blood Cancers. Blood Res. 2024, 59, 37.

39. Verbruggen, S.W.; Freeman, C.L.; Freeman, F.E. Utilizing 3D Models to Unravel the Dynamics of Myeloma
Plasma Cells’ Escape from the Bone Marrow Microenvironment. Cancers (Basel) 2024, 16, 889.

40. Lourengo, D.; Lopes, R.; Pestana, C.; Queirds, A.C.; Joao, C.; Carneiro, E.A. Patient-Derived Multiple
Myeloma 3D Models for Personalized Medicine-Are We There Yet? Int. |. Mol. Sci. 2022, 23, 12888.

41. Walker, ZJ.; VanWyngarden, M.].; Stevens, B.M.; Abbott, D.; Hammes, A.; Langouét-Astrie, C.; Smith,
C.A.; Palmer, B.E.; Forsberg, P.A.; Mark, T.M.; et al. Measurement of Ex Vivo Resistance to Proteasome
Inhibitors, IMiDs, and Daratumumab during Multiple Myeloma Progression. Blood Adv. 2020, 4, 1628-1639.

42. Jakubikova, J.; Cholujova, D.; Hideshima, T.; Gronesova, P.; Soltysova, A.; Harada, T ; Joo, J.; Kong, S.-Y;
Szalat, R.E.; Richardson, P.G.; et al. A Novel 3D Mesenchymal Stem Cell Model of the Multiple Myeloma
Bone Marrow Niche: Biologic and Clinical Applications. Oncotarget 2016, 7, 77326-77341.

43. Ghoshal, D.; Petersen, I.; Ringquist, R.; Kramer, L.; Bhatia, E.; Hu, T.; Richard, A.; Park, R.; Corbin, J;
Agarwal, S.; et al. Multi-Niche Human Bone Marrow on-a-Chip for Studying the Interactions of Adoptive
CAR-T Cell Therapies with Multiple Myeloma. Biomaterials 2025, 316, 123016.

44. Kriiger, J.; Blau, LW,; Blau, O,; Bettelli, A.; Rocchi, L.; Bocchi, M.; Kronke, ].; Bullinger, L.; Keller, U.; Nogai,
A. In Vitro Testing of Drug Response in Primary Multiple Myeloma Cells Using a Microwell-Based
Technology. Leuk. Res. 2024, 147, 107599.

45. Giliberto, M.; Thimiri Govinda Raj, D.B.; Cremaschi, A.; Skanland, S.S.; Gade, A.; Tjennfjord, G.E,;
Schjesvold, F.; Munthe, L.A.; Taskén, K. Ex Vivo Drug Sensitivity Screening in Multiple Myeloma Identifies
Drug Combinations That Act Synergistically. Mol. Oncol. 2022, 16, 1241-1258.

46. Alhallak, K;; Jeske, A; de la Puente, P.; Sun, J.; Fiala, M.; Azab, F.; Muz, B.; Sahin, I.; Vij, R; DiPersio, J.F,;
et al. A Pilot Study of 3D Tissue-Engineered Bone Marrow Culture as a Tool to Predict Patient Response to
Therapy in Multiple Myeloma. Sci. Rep. 2021, 11, 19343.

47. Braham, M.V.J.; Alblas, J.; Dhert, W.J.A.; Oner, F.C.; Minnema, M.C. Possibilities and Limitations of an in
Vitro Three-Dimensional Bone Marrow Model for the Prediction of Clinical Responses in Patients with
Relapsed Multiple Myeloma. Haematologica 2019, 104, e523-e526.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.1459.v2
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 January 2026 d0i:10.20944/preprints202512.1459.v2

45 of 46

48. Silva, A; Silva, M.C.; Sudalagunta, P.; Distler, A.; Jacobson, T.; Collins, A.; Nguyen, T.; Song, J.; Chen, D.-
T.; Chen, L.; et al. An Ex Vivo Platform for the Prediction of Clinical Response in Multiple Myeloma. Cancer
Res. 2017, 77, 3336-3351.

49. Pak, C; Callander, N.S,; Young, E.W.K;; Titz, B.; Kim, K.; Saha, S.; Chng, K.; Asimakopoulos, F.; Beebe, D.J.;
Miyamoto, S. MicroC(3): An Ex Vivo Microfluidic Cis-Coculture Assay to Test Chemosensitivity and
Resistance of Patient Multiple Myeloma Cells. Integr. Biol. (Camb.) 2015, 7, 643—-654.

50. Kirshner, J.; Thulien, K.J.; Martin, L.D.; Debes Marun, C.; Reiman, T.; Belch, A.R.; Pilarski, L.M. A Unique
Three-Dimensional Model for Evaluating the Impact of Therapy on Multiple Myeloma. Blood 2008, 112,
2935-2945.

51. Coffey, D.G.; Cowan, A.J.; DeGraaff, B.; Martins, T.J.; Curley, N.; Green, D.J.; Libby, E.N.; Silbermann, R.;
Chien, S.; Dai, J.; et al. High-Throughput Drug Screening and Multi-Omic Analysis to Guide Individualized
Treatment for Multiple Myeloma. JCO Precis Oncol 2021, 5, doi:10.1200/PO.20.00442.

52. Oliveira, C.S.; Nadine, S.; Gomes, M.C.; Correia, C.R.; Mano, J.F. Bioengineering the Human Bone Marrow
Microenvironment in Liquefied Compartments: A Promising Approach for the Recapitulation of
Osteovascular Niches. Acta Biomater. 2022, 149, 167-178.

53. Fitzgerald, A.A.; Li, E.; Weiner, L. 3D Culture Systems for Exploring Cancer Immunology. Cancers (Basel)
2020, 13, doi:10.3390/cancers13010056.

54. Barbosa, M.A.G.; Xavier, C.P.R.; Pereira, R.F.; Petrikaité, V.; Vasconcelos, M.H. 3D Cell Culture Models as
Recapitulators of the Tumor Microenvironment for the Screening of Anti-Cancer Drugs. Cancers (Basel)
2021, 14, 190.

55. Renatino-Canevarolo, R.; Silva, M.; Meads, M.B.; Zhao, X.; Achille, A.; Noyes, D.; Sudalagunta, P.R.;
Alugubelli, R.R.; Lastorino, D.; Tordesillas, L.; et al. Ex Vivo Mathematical Myeloma Advisor (EMMA) - a
Clinical, Molecular, and Phenotypic Platform to Tailor Personalized Therapeutic Strategies for Multiple
Myeloma. Blood 2023, 142, 2280-2280.

56. Baz, R; Meads, M.B.; Kim, ].; Grajales-Cruz, A.F.; Blue, B.; Toska, S.; Zhao, X.; Song, X.; Sudalagunta, P.R.;
Achille, A.; et al. Daratumumab Based Response Adapted Therapy for Older Adults with Newly
Diagnosed Multiple Myeloma: Final Results of a Phase II Study. Blood 2024, 144, 1995-1995.

57. De Acha, O.P;Idler, B.M.; Walker, Z.; Forsberg, P.A.; Mark, T.; Sherbenou, D.W. Myeloma Drug Sensitivity
Testing to Optimize Retreatment with Anti-CD38 Monoclonal Antibodies in Daratumumab-Refractory
Patients. Blood 2020, 136, 37-38.

58. Chen, X;; Wong, O.K,; Reiman, L.; Sherbenou, D.W.; Post, L. CD38 x ICAM-1 Bispecific Antibody Is a Novel
Approach for Treating Multiple Myeloma and Lymphoma. Mol. Cancer Ther. 2024, 23, 127-138.

59. Keller, A.; Parzych, S.E.; Reiman, L.T.; Walker, Z.; Forsberg, P.A.; Sherbenou, D.W. BCMAxCD3 Bispecific
Antibody Elranatamab Is Effective in Patient Myeloma Relapsed after BCMA CAR-T. Blood 2023,
doi:10.1182/blood-2023-187385.

60. Walker, Z.].; Idler, B.M.; Davis, L.N.; Stevens, B.M.; VanWyngarden, M.].; Ohlstrom, D.; Bearrows, S.C.;
Hammes, A.; Smith, C.A,; Jordan, C.T.; et al. Exploiting Protein Translation Dependence in Multiple
Myeloma with Omacetaxine-Based Therapy. Clin. Cancer Res. 2021, 27, 819-830.

61. Keller, A.L; Reiman, L.T.; Perez de Acha, O.; Parzych, S.E.; Forsberg, P.A.; Kim, P.S; Bisht, K.; Wang, H.;
van de Velde, H.; Sherbenou, D.W. Ex Vivo Efficacy of SAR442257 Anti-CD38 Trispecific T-Cell Engager in
Multiple Myeloma Relapsed after Daratumumab and BCMA-Targeted Therapies. Cancer Res. Commun.
2024, 4, 757-764.

62. Davis, L.N.; Walker, Z.].; Reiman, L.T.; Parzych, S.E.; Stevens, B.M.; Jordan, C.T.; Forsberg, P.A.; Sherbenou,
D.W. MYC Inhibition Potentiates CD8+ T Cells against Multiple Myeloma and Overcomes
Immunomodulatory Drug Resistance. Clin. Cancer Res. 2024, 30, 3023-3035.

63. Reiman, L.T.; Walker, Z.J.; Babcock, L.R.; Forsberg, P.A.; Mark, T.M.; Sherbenou, D.W. A Case for
Improving Frail Patient Outcomes in Multiple Myeloma with Phenotype-driven Personalized Medicine.
Aging Cancer 2021, 2, 6-12.

64. Walker, Z; Wang, D.; Parzych, S.E.; Reiman, L.T.; Joram, J.; Straubel, M.; Roque, A.; Imsande, K.; Zhou, K;;
Forsberg, P.A.; et al. Phase II Clinical Trial: Ex Vivo Drug Sensitivity Testing in Parallel with Physician
Selected Selinexor-Based Therapy for Multiple Myeloma. Blood 2024, doi:10.1182/blood-2024-208407.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.1459.v2
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 January 2026 d0i:10.20944/preprints202512.1459.v2

46 of 46

65. Yadav, B.; Pemovska, T.; Szwajda, A.; Kulesskiy, E.; Kontro, M.; Karjalainen, R.; Majumder, M.M.; Malani,
D.; Murumagi, A.; Knowles, J.; et al. Quantitative Scoring of Differential Drug Sensitivity for Individually
Optimized Anticancer Therapies. Sci. Rep. 2014, 4, 5193.

66. Parikh, M.R,; Belch, A.R;; Pilarski, L.M.; Kirshner, J. A Three-Dimensional Tissue Culture Model to Study
Primary Human Bone Marrow and Its Malignancies. ]. Vis. Exp. 2014, doi:10.3791/50947.

67. Kirshner, J.; Kirshnan, A.; Nathwani, N.; Htut, M.; Rosenzweig, M.; Karanes, C.; Firoozeh, S.; Rosen, S.
Abstract 330:Reconstructed Bone(r-Bone): A Patient-Derived 3D Culture Platform for Prediction of Clinical
Outcomes in Multiple Myeloma. In Proceedings of the Molecular and Cellular Biology / Genetics; American
Association for Cancer Research, August 15 2020; Vol. 80, pp. 330-330.

68. Braham, M.V.]J; Minnema, M.C.; Aarts, T.; Sebestyen, Z.; Straetemans, T.; Vyborova, A.; Kuball, J; Oner,
F.C; Robin, C.; Alblas, J. Cellular Immunotherapy on Primary Multiple Myeloma Expanded in a 3D Bone
Marrow Niche Model. Oncoimmunology 2018, 7, e1434465.

69. Braham, M.V.; Deshantri, A.K.,; Minnema, M.C.; Oner, F.C.; Schiffelers, RM.; Fens, M.H.; Alblas, J.
Liposomal Drug Delivery in an in Vitro 3D Bone Marrow Model for Multiple Myeloma. Int. |. Nanomedicine
2018, 13, 8105-8118.

70. de la Puente, P.; Muz, B.; Gilson, R.C.; Azab, F.; Luderer, M.; King, J.; Achilefu, S.; Vij, R.; Azab, A.K. 3D
Tissue-Engineered Bone Marrow as a Novel Model to Study Pathophysiology and Drug Resistance in
Multiple Myeloma. Biomaterials 2015, 73, 70-84.

71.  Ayuso, ].M.; Virumbrales-Mufioz, M.; Lang, ].M.; Beebe, D.J. A Role for Microfluidic Systems in Precision
Medicine. Nat. Commun. 2022, 13, 3086.

72. Ferrarini, M.; Steimberg, N.; Ponzoni, M.; Belloni, D.; Berenzi, A.; Girlanda, S.; Caligaris-Cappio, F.;
Mazzoleni, G.; Ferrero, E. Ex-Vivo Dynamic 3-D Culture of Human Tissues in the RCCS™ Bioreactor
Allows the Study of Multiple Myeloma Biology and Response to Therapy. PLoS One 2013, 8, e71613.

73. Young, EW.K, Pak, C; Kahl, B.S,; Yang, D.T.; Callander, N.S.; Miyamoto, S.; Beebe, D.]. Microscale
Functional Cytomics for Studying Hematologic Cancers. Blood 2012, 119, e76-85.

74. NIH 2016 Microfluidic Assay to Predict Patient-Specific Multiple Myeloma Clinical Response Available
online: https://www.inknowvation.com/sbir/awards/nih-2016-microfluidic-assay-predict-patient-specific-
multiple-myeloma-clinical-response (accessed on 3 December 2025).

75. EHA Standards for Functional Precision Medicine Initiative Available online: https://ehaweb.org/research-
innovation/specialized-working-groups/swg-grants/swg-grant-funded-projects-2023/standards-for-
functional-precision-medicine-project.

76. NIH Animal Model Funding.

77. United States Congress. (2022). FDA Modernization Act 2.0, Pub. L. No. 117-286, 136 Stat. 6103 Available
online: https://www.congress.gov/bill/117th-congress/senate-bill/5002/ (accessed on 30 October 2025).

78. Mainou, M., Tsapa, K. Michailidis, T.; Malandris, K.; Karagiannis, T.; Avgerinos, I; Liakos, A.;
Papaioannou, M.; Terpos, E.; Prasad, V.; et al. Outcomes in Randomized Controlled Trials of Therapeutic
Interventions for Multiple Myeloma: A Systematic Review. Crif. Rev. Oncol. Hematol. 2024, 204, 104529.

79. Mohyuddin, G.R.; Koehn, K; Abdallah, A.-O.; W Sborov, D.; Rajkumar, S.V.; Kumar, S.; McClune, B. Use
of Endpoints in Multiple Myeloma Randomized Controlled Trials over the Last 15 Years: A Systematic
Review. Am. |. Hematol. 2021, 96, 690-697.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or

products referred to in the content.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.1459.v2
http://creativecommons.org/licenses/by/4.0/

