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Abstract

The Blood and Marrow Transplant Clinical Trials Network (BMT CTN) Myeloma Intergroup 

conducted a workshop on Immune and Cellular Therapy in Multiple Myeloma on January 

7, 2022. This workshop included presentations by basic, translational and clinical researchers 

with expertise in plasma cell dyscrasias. Four main topics were discussed: 1) platforms for 

myeloma disease evaluation; 2) insights into pathophysiology; 3) therapeutic target and resistance 

mechanisms; and 4) cellular therapy for multiple myeloma. In the present report, we provide a 

comprehensive summary of these workshop presentations.

Keywords

multiple myeloma; imaging; CAR T-cell; tumor microenvironment; resistance

Introduction:

The Blood and Marrow Transplant Clinical Trials Network (BMT CTN) Myeloma 

Intergroup has conducted an annual workshop focused on minimal residual disease (MRD) 

and immune profiling (IP) assessment in multiple myeloma (MM) since 2016.1–5 To 

accommodate the evolution of scientific research in this field as well as the implementation 

of novel immune-based therapeutic strategies, the most recent workshop shifted focus 

towards immune and cellular therapy research. Due to the ongoing COVID-19 pandemic, the 

sixth annual workshop was held virtually on January 7, 2022.

The virtual workshop included 16 presentations as well as four live question and answer 

sessions (the full agenda is shown in the Supplemental Material). In this report we provide 

a comprehensive summary of the workshop, which focused on four main topics: platforms 

for MM disease evaluation, insights into pathogenesis, therapeutic target and resistance 

mechanisms, and cellular therapy for MM. This workshop included presentations by basic 

science, translational and clinical investigators with expertise in the field of plasma cell 

dyscrasias (PCDs) and encouraged discussion amongst other investigators and trainees 

interested in cutting edge research in MM. Key takeaways from each presentation are shown 

in Table 1.

Session 1: Platforms for Myeloma Disease Evaluation:

Previous workshops focused on minimal residual disease (MRD) assessment via more 

traditional techniques such as multiparametric flow cytometry and next generation 

sequencing evaluation of the bone marrow (BM).1–5 However, there is increasing interest 

in alternative methodologies that are capable of assessing for the presence of clonal plasma 

cells and/or targeting those cells, including mass spectrometry (MS) and theranostics. In 

this session, research focused on developing novel platforms for MM disease evaluation was 

discussed.
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Abdel Kareem Azab (Washington University) discussed his group’s research focused on 

tumor microenvironment (TME)-targeted nanoparticles. There is substantial data in the 

literature demonstrating the role that the BM niche plays in MM pathophysiology. His 

group’s prior work has demonstrated that the interaction between the tumor cells and 

other cells such as stromal cells and endothelial cells not only induce proliferation of the 

tumor cells but also induce drug resistance.6–10 Disruption of these interactions can lead to 

enhanced sensitivity of the tumor cells to therapies. Both tumor-directed therapies and TME-

directed therapies can be limited due to non-specific distribution and off-target toxicities. 

To overcome this problem and deliver the drugs selectively to the tumor, nanoparticles have 

been developed that combine these drugs and take advantage of the endothelial cell layer 

associated with MM cells. For example, they determined that the bone marrow endothelial 

cells isolated from patients with MM had overexpression of P-selectin relative to those 

obtained from healthy donors.11 Similarly, using a mouse MM model, they demonstrated 

that higher levels of P-selectin were detected in bone marrow endothelial cells relative to 

healthy mice.11 They engineered nanoparticles with PSGL-1 (the ligand of P-selectin) on 

the surface and demonstrated enhanced uptake of these nanoparticles in the tumor of these 

MM-bearing mice compared to non-targeted nanoparticles.11 These nanoparticles were then 

loaded with the proteasome inhibitor bortezomib and the ROCK inhibitor Y-27362, with 

the latter being used to disrupt interactions between the MM cells and stromal/endothelial 

cells.11 These targeted, combination drug-loaded nanoparticles significantly delayed tumor 

growth and survival relative to single agent-loaded nanoparticles or to free drugs (used alone 

or in combination).11 Thus these studies form the basis for future studies evaluating the 

strategy of more selectively targeting anti-MM therapies to the BM microenvironment in 

order to minimize systemic toxicity, overcome potential drug resistance mechanisms and 

improve anti-tumor efficacy.

Hannah Giles (University Hospitals Birmingham NHS Foundation Trust) reported on 

MS testing of samples obtained from patients enrolled in the Myeloma XI trial. MS 

methodologies are emerging as a sensitive tool for the monitoring of monoclonal proteins 

in patients with PCDs. The International Myeloma Working Group (IMWG) has recently 

approved the use of intact light chain assays using the matrix-assisted laser desorption/

ionization time-of-flight MS (MALDI-TOF MS) platform, such as the MASS-FIX assay, 

in lieu of immunofixation.12 In the presented work, samples were tested using an intact 

light chain MALD-TOF MS assay using reagent supplied by the Binding Site who is in 

the process of developing a commercially available MS assay. This method involves the 

enrichment for immunoglobulins in serum samples using anti-sera specific for IgG, IgA, 

IgM, total kappa, total lambda, free kappa and free lambda. Samples were washed to remove 

non-immunoglobulin proteins, eluted and reduced for subsequent analysis by MALDI-TOF 

MS. This assay has been reported to have a lower limit of measuring interval of 15 mg/L 

for intact immunoglobulin monoclonal proteins as well as linearity ranging from 0.015–100 

g/L.13 MALDI-TOF MS was used to evaluate the serum of 22 patients with non-secretory 

MM and 25 patients with oligo-secretory MM enrolled in the Myeloma XI trial.14 They 

found that 20/22 of the non-secretory patients had detectable monoclonal proteins using 

MALDI-TOF MS. MALDI-TOF successfully identified monoclonal protein in all 25 of 

the patients originally classified as having oligo-secretory disease, with concordant findings 
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between the MS approach and immunofixation electrophoresis. They also evaluated all 

available follow-up samples of these non-secretory/oligo-secretory patients (post-cycle 1, 

post-induction, day +42 post-ASCT and day +100 post-ASCT) and found that MALDI-TOF 

MS detected residual monoclonal proteins in a greater proportion of patients than standard 

assays (immunofixation electrophoresis and serum free light chain assessments). Examples 

were presented demonstrating that liquid-chromatography MS (LC-MS) could detect very 

small monoclonal proteins that were undetectable by MALDI-TOF MS. However, it was 

noted that LCMS had much lower throughput. Overall, it was suggested that MALDI-TOF 

MS may be particularly useful for monitoring patients traditionally classified as having 

non-secretory or oligo-secretory disease. Dr. Giles concluded with the recommendation that 

bone marrow biopsies to confirm complete response and MRD status be performed once 

MALDI-TOF MS negativity is achieved in these patients.

Flavia Pichiorri (City of Hope) discussed the development of daratumumab radio-labeled 

antibodies. Previously published work using 64Cu-DOTA-daratumumab demonstrated 

superior detection of MM cells in vivo compared to traditional 18F-FDG-PET/CT.15 

These results were translated into the clinic in the form of a phase I trial in which 12 

daratumumab-naïve patients were imaged following injection of varying doses of 64Cu-

DOTA-daratumumab.16 While 18F-FDG was mainly taken up in the brain, the 64Cu-DOTA-

daratumumab had much stronger uptake in the spine and other sites of bony disease. As 

CD38 is expressed on non-MM cells, additional work was done in order to decrease the 

background by increasing the concentrations of unlabeled daratumumab co-administered 

with the labeled antibody. When the 64Cu-DOTA-daratumumab was administered in the 

absence of unlabeled daratumumab, there was strong uptake in the liver and spleen. With 

increasing doses of unlabeled daratumumab, the uptake in the liver and spleen diminished 

while retaining uptake in the spine and pelvis. With higher doses of unlabeled daratumumab, 

the uptake of the 64Cu-DOTA-daratumumab was lost.16 These studies established a dose of 

45 mg of unlabeled daratumumab as the optimal dose allowing for increased MM targeting 

by the labeled antibody.16 This research group is also exploring therapeutic radiolabeled 

antibodies using beta- or alpha-emitter radiolabeled DOTA-daratumumab. Mouse MM 

studies with 225Ac-DOTA-daratumumab showed dose-dependent efficacy and less whole-

body toxicity compared with targeted β-therapy (177Lu-DOTA-daratumumab).17

Monica Shokeen (Washington University School of Medicine in Saint Louis) discussed 

imaging in MM. She noted that advanced whole-body imaging provides timely and accurate 

diagnosis and staging as well as assessment of treatment response and spatial assessment 

of disease. Imaging modalities may be classified as anatomical (e.g., radiographic skeletal 

surveys or CT), functional (MRI) or molecular (PET).18, 19 Each modality is associated with 

pros and cons. For anatomical modalities, the advantages include being widely available 

while the disadvantages include limited functional information and limited sensitivity. For 

the functional modality, an advantage is that MRI may be considered to be a gold standard 

for BM involvement (high spatial resolution), however, a disadvantage is that assessment 

of response in the BM can be challenging. For the molecular modality, advantages include 

sensitivity as well as accurate molecular/cellular level detection while disadvantages include 

rapid handling of short-lived isotopes. Currently 2-[18F]-fluoro-2-deoxy-D-glucose (FDG) is 

the most commonly used PET tracer for MM. However, FDG has certain limitations in this 
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disease including that background marrow uptake may obscure focal lesions and that there 

may be low hexokinase-2 enzyme expression and inconsistent Glut-1 transporter expression. 

Thus, there is a need for the development of new PET tracers that are specific for diffuse 

disease involvement in the BM and are taken up by non-FDG avid lesions. Immuno-PET 

imaging combines the specificity of targeted antibodies with the sensitivity of PET and 

may be a promising strategy for stratifying patients for immune- and cell-based therapies. 

One such example is [89Zr]-daratumumab which has been studied in both pre-clinical and 

clinical settings.20, 21 These studies demonstrated the ability of the immuno-PET to detect 

both medullary and extramedullary sites of disease, including labeling areas that were not 

identified by traditional FDG-PET imaging. 89Zr-labeled elotuzumab is also being studied 

in preclinical MM models, where the 89Zr-elotuzumab outperformed FDG in detecting sites 

of MM disease.22 In addition to antibody-based tracers, small molecule-based tracers are 

also being studied. One example is the PET radiotracer 64Cu-LLP2A which detects very 

late antigen-4 (VLA4) (overexpressed in MM cells) and was evaluated in a preclinical MM 

model.23, 24 First-in-human studies with this agent are ongoing (NCT03804424), but thus far 

no adverse effects have been reported. Overall, imaging is an important tool as it has the 

potential to lead to precision therapies (theranostics), provide information regarding MRD 

and improve understanding of TME and clonal heterogeneity.

Session 2: Insights into Pathogenesis:

This session focused on recent research exploring the underlying genetic and TME changes 

that are associated with PCD pathogenesis. Fotis Asimakopoulos (University California San 

Diego) discussed MM matrix remodeling and immune microenvironment. The composition 

of tumor matrix that physically hosts and envelops tumor cells in their cellular immune 

microenvironment is an important regulator of their interactions and holds prognostic 

and predictive value.25 His lab has been focused on a tumor matrix proteoglycan called 

versican (VCAN). VCAN is a complex macromolecule composed of a protein core and 

branching sugar chains that collectively take the shape of a bottle brush.26 His group has 

proposed that VCAN is an instigator of sterile inflammation in the MM microenvironment. 

VCAN, acting as endogenous damage associated molecular patterns, activates toll-like 

receptors on myeloid cells leading to the release of inflammatory mediators that promote 

inflammatory stromal cells.27 He discussed the evidence supporting an immunosuppressive 

role of VCAN within the TME. Acting through toll like receptor 2, versican renders 

antigen presenting cells dysfunctional or tolerogenic.28 Myeloid derived versican correlates 

with effector dysfunction in the MM microenvironment.29 In solid tumors, VCAN is 

associated with immunoregulatory Th2 and Treg responses as well as loss of cytotoxic 

effector functions.30 In addition, high VCAN levels correlate with resistance to checkpoint 

inhibitors.31 The Asimakopoulos group has reported that proteolysis of VCAN generates a 

bioactive N-terminal fragment called versikine that has opposing pro-immunogenic roles.32 

Versikine promotes the activation and survival of tumor antigen presenting dendritic cells, 

particularly the cDC1 (Batf3-dependent) dendritic cell lineage.33 These cells internalize 

dead tumor cells and cross-present tumor antigens to prime anti-tumor effector T cells. 

VCAN proteolysis to versikine is observed both focally and diffusely in the MM BM, 

while in solid tumors it is predominantly localized within the peri-tumoral stroma.33, 34 This 

location is significant as VCAN proteolysis appears to reverse immune exclusion, promoting 
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entry of CD8-positive T-cells within the tumor mass. The stoichiometry between VCAN and 

versikine is context specific. In contrast to solid tumors, in MM post-autologous stem cell 

transplant (ASCT), VCAN is always in excess and high VCAN proteolysis is associated 

with inferior progression free survival (PFS) and overall survival (OS).34 In non-ASCT 

settings, the stoichiometry may differ and this is currently being investigated. Overall, there 

is evidence that VCAN and its matrikines fine-tune the immune microenvironments in both 

MM and solid tumors.

Kylee Maclachlan (Memorial Sloan Kettering Cancer Center (MSKCC)) discussed 

chromothripsis in MM and its precursor disease. Chromothripsis is a complex structural 

variant in which a single catastrophic event results in chromosomal shattering and 

random rejoining. This can be observed in clustering of chromosomal breakpoints and 

oscillation between two or more copy number states. The prevalence of chromothripsis is 

highly variable across malignancies. In general, the prevalence is lower in hematological 

malignancies when compared with solid organ cancers, but in MM the prevalence 

is estimated at 24%, which is the highest of all hematological malignancies.35–37 

Chromothripsis is associated with inferior PFS and OS in newly diagnosed MM.36 The 

MSKCC research group has demonstrated that chromothripsis can be reliably predicted 

using copy number signatures in whole genome sequencing (WGS) data (AUC 0.9).38 The 

copy number signatures can also be used to predict chromothripsis using whole exome 

sequencing data (AUC 0.82).38 Multivariate analyses for PFS/OS revealed that the best 

factors for prediction were copy number signature, international staging system (ISS) stage, 

age and APOBEC mutational activity.38 This group has also reported that chromothripsis is 

associated with progression in MM precursors. WGS of 32 patients with precursors disease 

showed significant differences in copy number aberration, APOBEC mutation activity and 

chromothripsis in patients whose disease was stable over time compared to those whose 

disease ultimately progressed to MM.39 The significance of this finding is that current 

prognostic scores, which primarily assess bulk of disease, may be improved by the inclusion 

of genomic information defining underlying disease biology.

Tom Cupedo (ErasmusMC Cancer Institute Rotterdam) discussed the immune and stromal 

microenvironment in MM. The development of MM from precursor states involves not 

only the accumulation of mutations within the tumor cells but also remodeling of the 

TME, particularly BM stromal cells (BMSC). While there has been significant interest 

in targeting these stromal cells, the identity of the MM-supportive stromal cells has been 

uncertain. To address this gap in knowledge, a workflow was developed to isolate and purify 

non-hematopoietic cells from cryopreserved BM aspirates and then interrogate them via 

single cell RNA (scRNA) sequencing using 10X Genomics.40 This analysis was performed 

on patient samples from 13 newly diagnosed MM patients as well as 7 control samples from 

individuals without hematological disease.40 Combining the data from all samples, uniform 

manifold approximation and projection (UMAP) presentation demonstrated 5 clusters of 

mesenchymal stromal cells, a cluster of endothelial cells, a small cluster of osteo-lineage 

cells as well as megakaryocytes. When the samples were then segregated by MM vs control, 

it was revealed that there are two clusters which are unique to the MM samples. These 

clusters are characterized by transcription of MM survival genes, including IL6 and LIF, as 

well as by an inflammatory transcriptome with enrichment for CXCL2, CXCL3, CXCL5, 
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CXCL8, CLL2 and PTGS2. Thus, these inflammatory mesenchymal stromal cells (iMSCs) 

suggest the presence of BM inflammation, which is supported by data showing elevated 

levels of IL-6, CXCL8 and CCL2 protein levels in BM plasma from MM patients compared 

with control.40 These data suggested that these iMSC could be MM niche cells, which 

is supported by co-localization studies showing that CD44+ iMSC co-localize with MM 

cells in situ. Similar studies were performed on 9 paired diagnosis and post-induction 

therapy BM samples from patients on the CASSIOPEIA trial. This analysis revealed that 

induction therapy (with bortezomib-thalidomide-dexamethasone +/− daratumumab) failed to 

normalize the BM inflammation signals.40 In summary, these data reveal the presence of 

activated stromal cells that form a MM-supportive BM niche and that the presence of iMSC 

is associated with BM inflammation. However, induction therapy did not normalize BM 

inflammation or iMSC presence, raising the hypothesis that iMSC may contribute to disease 

relapse/progression.

Lukas John (University of Heidelberg) discussed spatial heterogeneity in the MM 

microenvironment. It was noted that modern imaging techniques have demonstrated that 

MM is distributed heterogeneously throughout the skeleton. It has been hypothesized that 

MM cells within focal lesions might not only differ from more diffuse involvement but 

also may contain the origins of progressive disease. Prior research has demonstrated that 

these focal lesions harbor unique genomic clones and that the presence of 3 or more large 

focal lesions is associated with inferior PFS.41–44 This work led to the hypothesis that the 

critical steps toward disease aggressiveness and treatment failure are initiated in restricted 

areas in the skeletal system. To address this hypothesis, studies were performed to delineate 

the spatial subclonal architecture and examine the cellular composition and transcriptional 

state within focal lesions. Paired aspirates from CT-guided biopsies of focal lesions as 

well as from a diagnostic random iliac crest site were compared using WGS (n=16), 

scRNAseq (n=7) and T-cell receptor sequencing (TCRseq) (n=7). Both site-specific and 

clone-specific genetic and transcriptional heterogeneity was demonstrated in the majority of 

the patients. scRNAseq was performed on CD138-negative cells from 6 patients with genetic 

heterogeneity to interrogate the immune microenvironment. A decrease in macrophages/

macrophage progenitor cells was observed in the focal lesion samples relative to the iliac 

crest BM aspirate. A trend towards increased Tregs and CD8 effector cells in the focal 

lesions was also observed. It is hypothesized that genetic heterogeneity of the MM cells 

could lead to different neoantigens in different sites, which would lead to different T-cell 

clones and functional states. To characterize the T-cell compartment, TCR sequencing 

was performed at the single cell level. These studies failed to demonstrate site-specific 

expanded T-cell clones but did reveal differences in proportions of the T-cell clones across 

sites. In aggregate, these studies have shown that focal lesions are a hotspot for genetic 

and transcriptional heterogeneity and revealed differences in the TME, including different 

prevalence of expanded T-cell clones.

Session 3: Therapeutic Target and Resistance Mechanisms:

This session focused on novel therapeutic targets as well as recent research exploring 

resistance mechanisms underlying current and investigational MM therapies. Sarah Gooding 

(University of Oxford) discussed mechanisms of resistance to immunomodulatory drugs 
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(IMiDs). It is recognized that there are multiple causes of failure of IMiD-based therapies, 

including side effects and tolerability issues, tumor-mediated mechanisms of resistance 

allowing selection of resistant clones and immune-mediated mechanisms such as loss of 

T and NK cell stimulatory effects. Her group has investigated the mechanisms by which 

subclonal genetic events may confer drug resistance by identifying genetic changes which 

drive clonal selection in patients receiving IMiD-based therapy. All IMiDs and cereblon E3 

ligase modulators (CELMoDs) bind cereblon (CRBN), an E3 ligase substrate recognition 

adaptor protein. IMiDs/CELMoDs change the substrate protein preference of the E3 ligase 

complex such that essential transcription factors (e.g., IKZF1) are degraded leading to 

cell cycle arrest and MM cell death. The CRBN complex requires neddylation for E3 

ligase activity. In order to maintain a homeostatic level of ubiquitination, deneddylation 

(mediated by the COP9 signalosome) constantly occurs. The deneddylated E3 ligase 

complex dissociates and then requires complex reassembly and neddylation to return to an 

active state. Large WGS datasets including samples from diagnosis, lenalidomide-resistant 

and pomalidomide-resistant time points, were evaluated to identify genetic aberrations in 

this pathway that were selected during IMiD resistance acquisition.45 Mutations, copy 

loss, structural variant and exon 10 splicing abnormalities in CRBN were determined. 

The incidence of all of these mechanisms of functional CRBN loss increased significantly 

as the MM became refractory to IMiDs, from 7.5% at new diagnosis to 20.7% at 

lenalidomide-resistance and 29.6% at pomalidomide-resistance.45 They also demonstrated 

that the presence of any CRBN aberration was associated with 50% reduction in PFS in 

those treated with pomalidomide after lenalidomide refractoriness. Of these aberrations, 

heterozygous copy loss of the CRBN locus on chromosome 3p was most common. In vitro 
CRISPR screens have identified other genes whose loss is associated with IMiD resistance, 

including those involved in the COP9 signalosome and there is early evidence that losses 

or mutations of these genes may also have relevance in clinical IMiD resistance.45, 46 In 

aggregate these studies demonstrate that regional copy loss of CRBN at 3p and COPS7b/8 

at 2q37 may drive IMiD therapy-specific clonal advantage in MM and that gene copy loss 

may play a wider role than gene mutation in the selection of IMiD-resistant clones. One 

key question that remains unanswered is how CELMoDs perform in IMiD-refractory disease 

characterized by CRBN loss-associated mechanisms.

Leslie Crews (UCSD) discussed her group’s work targeting interferon regulatory factor-4 

(IRF4) in MM. IRF4 is a key plasma cell differentiation factor and driver of MM cell 

survival.46 High levels of IRF4 correlate with advanced disease stage and inferior OS 

outcomes.47–49 In addition, IRF4 collaborates with the cancer oncogene and stem cell 

reprogramming gene MYC, driving its expression in a positive feedback loop, enhancing 

MM cell survival and disease progression.50 Therefore, they hypothesized that IRF4 might 

function as a central reprogramming gene in malignant plasma cells and that inhibition 

might help prevent disease relapse and drug resistance. In whole transcriptome sequencing 

studies, they found that IRF4 mRNA levels were higher in high-risk MM and plasma cell 

leukemia samples compared to newly diagnosed cases.51 They characterized IRF4 protein 

expression levels in primary samples and patient-derived xenograft (PDX) models. They 

developed an intranuclear flow cytometry assay to enable quantification of human IRF4 

in the tumors isolated from engrafted mice using a panel of MM cell surface antibodies 
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and an IRF4 antibody.52 This assay enabled them to confirm the high levels of IRF4 in 

the primary MM samples as well as demonstrate sustained IRF4 expression after in vivo 
transplantation. IRF4 has not been considered a druggable target, but the use of antisense 

oligonucleotide (ASO) strategies has allowed for selective targeting. Ongoing advances in 

ASO chemistry have led to improved stability and bioavailability properties. In collaboration 

with Ionis Pharmaceuticals, they have evaluated ASO-mediated inhibition of IRF4. As 

IRF4 expression varies amongst human MM cell lines, they tested 9 genetically diverse 

cell lines and evaluated effects on cell viability and IRF4 expression.51 In addition to 

observing a significant decrease in IRF4 expression, they were also able to demonstrate a 

significant decrease in MYC expression following treatment with the IRF4 ASO.51 Using an 

aggressive MM PDX model53, they evaluated the impact of daily ASO treatment on tumor 

burden and demonstrated significant reduction in tumor burden and IRF4 expression.51 

Using NanoString analysis, they found that IRF4 target genes such as CXCR4 as well as 

microenvironment associated genes were downregulated in the BM of the PDX mice treated 

with the ASO.51 They have also found that knockdown of IRF4 via ASO treatment induces 

cell cycle arrest and potentiates the cytotoxic effects of lenalidomide and bortezomib.51 

Their results led to the identification of a lead therapeutic candidate (ION251) that has now 

advanced to a phase I study testing the selective inhibition of human IRF4 in patients with 

relapsed/refractory MM (NCT04398485).

Raluca Verona (Janssen) discussed potential mechanisms associated with bispecific antibody 

(BiAb) therapies. Two of these agents currently under development are teclistamab and 

talquetamab that dually bind to myeloma targets (BCMA and GPRC5D, respectively) 

and CD3 receptors on T-cells. This dual binding to both T-cells and MM cells leads to 

T-cell recruitment, activation and killing of the tumor cells. Thus far the ongoing trials 

have demonstrated durable responses that deepen over time in patients with refractory 

MM.54, 55 Studies evaluating determinants of response have involved ex vivo assessment 

of BM aspirate samples incubated with the drugs. High effector:target (E:T) ratios and 

high T-cell frequencies were associated with enhanced ex vivo killing of MM cells by 

teclistamab.56 Similarly, with talquetamab, improved killing of MM cells ex vivo was 

associated with higher E:T ratios, higher GPRC5D expression, lower Tregs and lower 

frequencies of T-cells expressing PD-1 and HLA-DR.57 One potential mechanism of 

resistance for T-cell BiAbs may be loss of antigen expression. For example, a recent 

publication reported BCMA loss due to a biallelic BCMA deletion following exposure to 

AMG-420, another BCMA-directed bispecific agent.58 These authors reported the presence 

of heterozygous deletions of common immunotherapy target genes such as CD38, GPRC5D 

in both newly diagnosed and relapsed/refractory MM, but that frequencies were higher in 

the relapsed/refractory setting.58 While the heterozygous deletion would not impact the 

overall level of expression, it would predispose to complete loss of antigen in the setting 

of therapeutic selection leading to the loss of the other allele. There may also be T-cell 

intrinsic mechanisms of resistance, including low CD4/CD8 ratio, reduced frequencies of 

stem cell memory and central memory, increased T-cell exhaustion/senescence profile, Treg 

expansion and changes in TCR clonality/repertoire. These data are consistent with a model 

where the BiAbs are engaging with existing T-cells as opposed to recruiting new T-cells and 

therefore the profile of the existing T-cells may be a critical determinant of response and 
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resistance.59, 60 In summary, there are likely a myriad of intrinsic and acquired resistance 

mechanisms to CD3 BiAbs, including both tumor-dependent (e.g., tumor burden, genetic 

mutation/loss, antigen expression, survival/apoptosis pathways, IFN-γ signaling) and T-cell/

TME-dependent mechanisms (e.g., immune fitness, T-cell exhaustion/senescence, T-cell 

memory subsets, TME-mediated suppression).58, 60–66 Understanding these mechanisms 

will be critical for the successful development of next-generation approaches.

Giada Bianchi (Brigham and Women’s Hospital) discussed her group’s work focusing on 

targeting histone deacetylase (HDAC)-3 to modulate the bone marrow microenvironment 

(BME). Previous studies have demonstrated that silencing of HDAC3 using shRNA or using 

an HDAC3 inhibitor impairs MM proliferation and prevents tumor growth in a xenograft 

model.67 Her group was interested in determining whether targeting HDAC3 in the BM 

niche could impact MM growth. HDAC3 is highly expressed in BMSC in MM but loss of 

HDAC3 (either via knockout or pharmacological inhibition) did not alter their survival.68 

However knockout or knockdown of HDAC3 in the BMSC did limit MM cell proliferation, 

both in vitro and in vivo.68 The mechanism underlying these effects was determined to be 

contact independent, as conditioned supernatant from the HDAC3 knockout BMSC also 

impaired MM cell growth. They identified increased levels sgp130 levels in the supernatant. 

Sgp130 functions as a decoy receptor, trapping the IL-6/IL6R complex, and they showed 

that this resulted in inhibition of the IL-6 trans-signaling pathway.68 They also identified 

both quantitative and qualitative changes in exosomes. MicroRNA (miRNA) sequencing and 

MS analysis showed significant changes in miRNA and protein content of exosomes derived 

from the HDAC3 knockout BMSC co-cultured with MM cells. Thus, HDAC3 appears to be 

a promising target to block the BM niche-MM interaction and limit MM cell survival.

Session 4: Cellular Therapy for Multiple Myeloma:

As of early 2022, there are two commercially available anti-BCMA CAR T-cell products 

for patients with relapsed/refractory MM. While these therapies are associated with 

deep responses in heavily refractory patient populations69, 70, subsequent relapse appears 

inevitable and there is substantial ongoing research dedicated towards understanding 

mechanisms of resistance and identifying alternative cellular therapy strategies.

Shari Kaiser (Bristol Myers Squibb) discussed correlative data from the KarMMa study 

which evaluated idecabtagene vicleucel (Ide-cel). It was noted that Ide-cel expansion was 

a strong correlate for PFS. Peak CAR T-cell expansion was higher in responders than non-

responders (p<0.001), demonstrating the need for adequate exposure to achieve a durable 

response.71 While both CD4+ and CD8+ T-cells were expanded, there was a bias towards 

a higher proportion of CD8+ T-cells at Tmax in responders vs non-responders. In addition, 

effector memory CAR T populations for both CD4+ and CD8+ CAR T subsets were 

predominant at Tmax (p<0.001).71 Their studies demonstrated that early soluble BCMA 

(sBCMA) clearance at month 2 post-infusion is associated with durable responses.69 In 

addition, early MRD negativity (at 10−5) at month 3 was found to be critical for durability; 

if MRD-positive at month 3, then achievement of subsequent complete response (CR) 

was unlikely. Low sBCMA levels (<20 ng/mL) may be an indirect measure of ongoing 

CAR T functional persistence, and duration of CAR T function correlates with duration of 
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response.69 A retrospective analysis of BCMA expression on CD138+ cells was performed 

and it was determined that all enrolled subjects had BCMA expression at baseline and that 

the percentage of BCMA-positive cells (as determined by immunohistochemistry) did not 

different between responders and non-responders.72 However, patients experiencing early 

progression (within 6 months of Ide-cel infusion) tended to have lower BCMA expression at 

time of progression, thus raising the hypothesis that preferential killing of high-expressing 

BCMA MM cells occurs first, leaving cells with lower expression that evade the CAR 

T-cells. Their studies have found that complete antigen loss was rare in relapsing subjects 

(<5% of evaluable patients).72

Brian Shy (University California San Francisco) discussed non-viral knockin strategies for 

BCMA CAR T-cell manufacturing. The approach that is used to generate knockin in primary 

human T-cells involves T-cell isolation and activation with beads and cytokines. Two days 

later, the cells are electroporated with Cas9 ribonucleoproteins. Cas9 is an endonuclease and 

this is formulated with a guide RNA (gRNA) that targets it to a specific site in the genome 

to make a double-stranded break. Also included is the homology directed repair (HDR) 

template which includes the transgene to be introduced (e.g., BCMA CAR).73–75 The T-cells 

are then expanded. This non-viral approach is advantageous, as in contrast to lentivirus, 

the system allows the targeting of a specific site in the genome which could potentially 

have safety benefits as well as functional benefits. Previous work demonstrated that for a 

CD19 CAR, the CAR T-cells that had knockin to the TRAC locus (the endogenous TCR 

gene) had superior function compared to randomly integrated CAR constructs.76 In those 

studies, adeno-associated virus was used as the virus to deliver the HDR template, and while 

it is very efficient, it has a complicated manufacturing process which can be problematic 

from a clinical grade material perspective.76, 77 Thus, a completely non-viral approach was 

pursued that used only naked DNA. One of the challenges with DNA is that it is toxic 

to cells, particularly long double-stranded DNAs at high concentrations. However, single 

stranded DNA (ssDNA) is less toxic to cells but is harder to get into cells at high enough 

concentrations to achieve efficient knockin. They developed a modification of long ssDNA 

templates with Cas9 target sites added to the ends that allows for the co-electroporated Cas9 

RNPs to bind directly to the template and help deliver it to the cell nucleus. Using these 

ssDNA templates, they observed higher knockin efficiencies, less toxicity and higher yields 

relative to dsDNA templates. They have adapted this approach to manufacture cells using a 

GMP-compatible process at clinical scale. Thus far, they have obtained CAR T-cell counts 

that are well above the anticipated dose levels required for future clinical trials.

Eric Smith (DFCI) presented his group’s research focused on GPRC5D CAR T-cells and 

dual targeting CARs. He noted that BCMA escape occurs at the DNA and non-genetic level 

after BCMA CAR T therapy.78–80 In particular, BCMA-low cells may serve as a reservoir 

for BCMA+ relapse. They identified GPRC5D as a potential target for immunotherapy for 

MM and demonstrated that GPRC5D is expressed independently of BCMA.81 Preclinical 

studies showed that GPRC5D-targeted CAR T-cells rescued mice from BCMA-negative 

tumor escape.81 This work led to two clinical trials involving GPRC5D targeted T-cell 

products (MCARH109 (NCT04555551) and CC-95266 (NCT04674813)). The phase I trial 

of the MCARH109 product has thus far reported on the outcomes of 16 patients treated with 

25–450 × 106 CAR T-cells.82 On-target toxicities such as nail changes, rash and dysgeusia 
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were observed, but all grade 1.82 The overall response rate (ORR) was 69% with 50% of 

patients achieving MRD-negativity.82 Of note, responses were observed in patients with 

prior BCMA therapy (ORR of 80%) as well as patients who previously had received BCMA 

CAR T therapy (ORR of 75%). Another potential strategy involves the use of dual-targeted 

CAR T-cells.83 This may be achieved by co-administration of two mono-specific CAR T-cell 

populations, by mixing viruses to result in co-expression of two vectors, by creating a vector 

that expresses two CARs (bicistronic vector), or by creating a single stalk CAR (tandem 

CAR).83 Several of these strategies have been investigated by the Smith group with respect 

to simultaneously targeting BCMA and GPRC5D and appear promising.84

Lydia Lee (University College London) discussed work exploring APRIL CAR T therapy. 

It was noted that APRIL binds transmembrane activator and cyclophilin ligand interactor 

(TACI), BCMA and proteoglycan, but a truncated form of APRIL binds only TACI and 

BCMA. The hypothesis was that an APRIL CAR would increase targetable tumor antigen 

and reduce the risk of antigen-negative tumor escape.85 A phase I trial with APRIL CAR 

was conducted (the AUTO2 trial). The results of 11 enrolled patients were previously 

reported and included an ORR of 43% and a median PFS of 5 months.85 CAR T 

persistence was brief—by 40 days post-infusion, cells were no longer detectable in the 

majority of patients. Phenotype analysis of the CD8+ CAR T-cells showed a primarily 

exhausted phenotype. Subsequent studies evaluating the in vitro characteristics of the 

APRIL CAR with bb2121 or LCAR-B38M CARs showed comparable activity, including 

IFNγ production and expansion in vitro. However, it was also noted that there was activity 

of the APRIL CARs in absence of BCMA, suggesting basal activation. As APRIL naturally 

trimerizes, they then conducted studies to look for evidence of oligomerization of the CAR 

construct on the CAR T-cell surface. 293T cells were transduced with the APRIL CAR and 

then reduced and nonreduced cell lysates were analyzed by western blot analysis for CD3ζ. 

In nonreduced lysate, while APRIL CAR was detected in the monomeric form, the majority 

was present in the oligomeric form. They postulated that the natural interaction of APRIL 

may contribute to the phenotype of basal T cell activation. They observed failure to control 

tumor by the APRIL CAR T-cells, but not the bb2121 or LCAR-B38M CAR T-cells, in in 
vitro studies utilizing restimulation with MM.1S cells. They then assessed APRIL CARs 

in various different constructs and found similar failure to control tumor with prolonged 

stimulation, suggesting that the binding of tumor with APRIL CAR is suboptimal. Thus, the 

physiological requirements of natural ligand interaction may differ from those optimal for 

CAR activation.

Future directions:

The ongoing work highlighted in this workshop exploring the MM TME will shed light 

not only on the pathogenesis of MM during the evolution from a normal plasma cell/BM 

environment to the malignant state, but also elucidate therapeutic resistance mechanisms. In 

turn, this work will enable novel therapeutic strategies meant to bypass or overcome these 

resistance mechanisms, leading to more effective eradication of the disease. Understanding 

the TME and MM pathophysiology also has implications from an imaging and theranostics 

perspective, which in turn will enable alternative strategies to detect MRD and target the 

disease. Consensus remains lacking as to the optimal approach to interrogate the immune 
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microenvironment in this disease, but clearly these studies are critical for the identification 

of biomarkers for response to novel immune- and cell-based therapies such as BiAbs 

and CAR T-cells. As we have previously advocated, consistent incorporation of immune 

profiling studies in MM therapeutic intervention trials could prove cost-effective in the long-

run, should phenotypes be identified that predict for sensitivity (or resistance) to anti-MM 

therapies.5 Finally, the rapid expansion of immune and cell-based therapies coupled with the 

ever-increasing sophistication of the genomic analyses of MM cells, holds the promise of 

eventual personalized medicine approaches for this disease as well as complete eradication 

of the malignant clone.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Summary of the BMT CTN Myeloma Intergroup workshop on immune and 

cellular therapy

• Mass spectrometry and theranostics are emerging platforms for disease 

evaluation

• Immune and stromal microenvironment play key roles in myeloma 

development

• Deciphering resistance mechanisms leads to novel therapeutic strategies

• Alternative strategies to BCMA-directed CAR T-cell therapy are under 

development
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Table 1.
Key takeaway points from the workshop presentations.

A summarizing sentence is provided for each of the 16 presentations along with the surname of the presenter.

Session Title Presentation Summaries

Platforms for 
Myeloma Disease 
Evaluation

• P-selectin-targeted therapies can aid in delivery of agents to the bone marrow microenvironment (Azab)

• MALDI-TOF can detect small monoclonal proteins in patients considered to have oligo-secretory or 
non-secretory disease (Giles)

• Daratumumab radio-labeled antibodies have diagnostic and therapeutic potential (Pichiorri)

• Immuno-PET imaging may be a promising strategy for stratifying patients for immune- and cell-based 
therapy (Shokeen)

Insights into 
Pathogenesis

• The tumor matrix proteoglycan versican modulates the immune microenvironment (Asimakopoulos)

• Chromothripsisis is associated with progression in myeloma precursors (Maclachlan)

• Inflammatory mesenchymal stromal cells could be myeloma niche cells and their presence is associated 
with bone marrow inflammation (Cupedo)

• Focal lesions are hotspots for genetic and transcriptional heterogeneity (John)

Therapeutic 
Targets & 
Resistance 
Mechanisms

• Regional copy loss of CRBN at 3p and COPS7b/8 at 2q37 may mediate IMiD resistance (Gooding)

• Inhibition of IRF4 represents a novel therapeutic strategy (Crews)

• Resistance to CD3-directed bispecific antibodies is likely a combination of intrinsic and acquired 
mechanisms, including tumor-dependent and T-cell/tumor microenvironment-dependent mechanisms 
(Verona)

• HDAC3 may be a promising target to block the bone marrow niche-myeloma interaction and limit 
myeloma cell survival (Bianchi)

Cellular Therapy • Early clearance of soluble BCMA correlates with durable responses in patients who received idecabtagene 
vicleucel in the KarMMa trial (Kaiser)

• Non-viral knockin strategies using single stranded DNA can be applied to BCMA CAR T-cell 
manufacturing (Shy)

• CAR T-cells targeting GPRC5D +/− BCMA appear promising (Smith)

• Studies evaluating CAR T-cells targeting APRIL have been disappointing and may be a reflection of 
differences between the natural ligand interaction and that required for CAR activation (Lee)
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