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Spatial imaging unlocks the potential
of charting multiple myeloma
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Abstract

Extramedullary disease (EMD) in multiple myeloma (MM) represents a significant clinical challenge, with a limited
understanding of the spatial architecture and its pathobiological impact. To address this unmet need, we examined
10 matched samples from bone marrow (BM) and cognate EMD sites. This investigation provides critical insights
into the distinct features of EMD, offering potential avenues for more effective diagnosis and targeted therapies. To
this aim, we employed MACSima™ Imaging Cyclic Staining (MICS) to unveil distinct biomarker expression profiles
as companion diagnostics for a personalized therapeutic approach for MM. We observed elevated BCL-2 levels

in EMD plasma cells (p <0.0001), indicating the potential of BCL-2 inhibitors to target anti-apoptotic pathways in
select cases. The higher expression of EZH2 in EMD compared to BM (p <0.0001) highlights its role in sustaining
aggressive tumor phenotypes and supports the use of epigenetic-targeting agents in key situations. In contrast,
CD3+T-cell distance was significantly higher in EMD, reflecting impaired immune surveillance (p <0.0001). Across
the cohort, our analysis revealed significant differences between BM and EMD regarding the expression and
spatial organization of key markers. CD38 expression was markedly reduced in EMD plasma cells (p <0.0001).
These findings underscore profound biological heterogeneity in MM and its BM emancipated disease phenotype,
emphasizing dysfunctional apoptosis, immune evasion and resistance to CD38-targeting therapies in EMD,
conceivably informing future validations. By integrating high-dimensional data, this study provides insights into
potential druggable vulnerabilities for crafted interventions, particularly challenging in EMD cases.
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To the editor,

State of the art microscopy holds significant potential
in hematologic malignancies for the visualization and
quantification of molecules within their native context,
providing unprecedented insights into cellular function,
tissue architecture, cellular composition and cell-to-cell
interaction [1].

Introduction

Despite advances in multiple myeloma (MM) progno-
sis, extramedullary disease (EMD) remains a challenge,
with stagnant survival rates [2]. Traditional diagnostic
and monitoring approaches of MM rely heavily on histo-
pathology and bulk analyses, often failing to capture the
spatial heterogeneity and the microenvironmental inter-
actions. Recent advancements in companion diagnostics,
including highly multiplexed imaging techniques and
spatially resolved transcriptomics, have begun to address
these limitations [3]. By applying MACSima™ imaging
cyclic staining (MICS), we aim to generate a compre-
hensive biological map of protein expression, revealing
the architectural distribution of myeloma cells within
their physiological ecosystem [4]. To this end, we report
original data demonstrating the utility of this approach in
dealing with the complexity of bone marrow (BM) niche
and identifying key differences between BM and EMD
sites.

Methods

After meticulous preparation of samples, the MICS
technology overcomes the unique challenges of the BM
[5], ending in a multiplexed staining of 56 markers (see
Supplementary Table 1 ). Analysis of high-content imag-
ing data is refined by computational tools provided by
proprietary software followed by statistical validation
(see Supplementary Materials and Methods 1). Biologi-
cal material included BM biopsies and paired EMD tissue
specimens for a total of 10 samples from 5 newly diag-
nosed MM patients (see Supplementary Table 2), analyz-
ing an overall number of 231,186 cells of which 105,047
were annotated as Plasma cells (PCs).

Results and discussion

The utility of MICS technology stems from the identifi-
cation and characterization of BM niche and EMD site
as visually presented in Fig. 1A-T and Supplementary
Figs. 1-2. After batch correction, data integration, and
cell type annotation, we identified 14 distinct cell types
in the BM and 9 in the EMD sites (Fig. 1D, H, N, S and
Supplementary Fig. 3).

This approach is instrumental to a deeper identifica-
tion of expression patterns of PCs, while considering the
bystander microenvironment heterogeneity at a single
cell level. Expression levels of drug resistance markers
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in an illustrative patient’s paired samples uncovered
enhanced expression of BCL-2 and EZH2 at the extra-
medullary sites (p<0.001) as shown in Fig. 2A-B and
C-D. Albeit the need for integrating gene expression
analysis in future investigations [6], our findings inform
the design of combinational therapies addressing thera-
peutic opportunities often overlooked by conventional
analyses [7, 8].

Moreover, aiming to a deeper profiling of therapeu-
tic vulnerabilities and resistance, we could foresee a
decreased CD38 EMD expression (Fig. 2-E, p<0.0001).
Immunohistochemistry analysis confirmed CD38 down-
regulation and BCL-2 and Ki-67 upregulation in EMD
compared to BM, supporting the differential expression
patterns observed with spatial cyclic immunofluores-
cence (Fig. 2-F-O, Supplementary Fig. 4,5). Overall, to
the best of our knowledge, this is the first direct compari-
son between matched BM and EMD disease, compar-
ing 56 marker expressions, explaining the worse overall
response rate of EMD patients in the era of anti-CD38
monoclonal antibodies [9]. Similarly, the localization
of T-cell and macrophages and their interaction with
PCs can provide insights into tumor microenvironment
(TME) biology and its role in MM pathogenesis [10].
Spatial analysis revealed distinct plasma cell cluster-
ing and macrophage infiltration, as shown by cell type
assortativity heatmaps (Fig. 2P-R, Supplementary Fig. 6)
and a greater distance of PCs from T-cells in the EMD
sample (p <0.0001), as shown in Fig. 2S and Supplemen-
tary Fig. 6. Similar results can explain the failure of novel
therapies like bispecific antibodies and CAR-T cells on
EMD patients [11, 12].

Conclusions

Stemming from high-content data, this methodology
offers a deeper understanding of the TME. While the
findings provide valuable insights, the absence of tran-
scriptomic data highlight the need for cautious interpre-
tation. Collectively, integrating spatial proteomics using
the MICS technology provides distinct biomarker expres-
sion profiles as companion diagnostics for a personalized
therapeutic approach. Future studies on larger patient
cohorts will be essential to further validate the robust-
ness and reproducibility of spatial cyclic immunofluores-
cence, ensuring its broader applicability as a companion
diagnostic tool in MM. The rare but aggressive EMD
phenotype could profit the most from similar strategies.
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Fig. 1 Spatial profiling of bone marrow (BM) niche and extramedullary disease (EMD) in multiple myeloma (MM). Fluorescence was optimized for better
visualization of cells of interest. Markers selected for this aim were CD138, CD38 and plasma cell marker for plasma cells (PCs), while CD3, CD68, CD11b,
CD31 were selected for the tumor microenvironment (TME) component. A: Region of interest (ROI) of a BM section showing fluorescence of both PCs and
TME. Scale bar =100 um. B-C: Hematoxylin and eosin (H&E) staining of a selected area of BM from a representative patient (BM#5). Original magnifications
%20. (B). Matched area showing markers fluorescence of both PCs and the TME component. Original magnifications x20, scale bar =100 um (C). D: Spatial
distribution of annotated cell types in BM sample of the representative patient BM#5. E: ROl of an EMD section showing PCs and TME component. Scale
bar =100 um. F-G: H&E staining of the selected ROI of the EMD representative sample (EMD#5). Original magnifications x20 (F). Matched area showing
markers fluorescence of both the PCs and the TME component. Original magnifications x20, scale bar =100 um (G). H: Spatial distribution of annotated
cell types in EMD sample of the representative patient EMD#5. I-M: BM#5 ROI at different magnifications: visualization of all selected markers (1), only
selected PCs markers (L), only selected TME markers (M) in the selected ROI. Scale bar =100 um. N: UMAP visualization of cell populations in BM#5 (legend
on side). O: Stacked bar plots showing the cell type composition of all BM samples. Color indicates cell type annotation (legend on side). P-R: EMD#5 RO
at different magnifications: visualization of all selected markers (P), only selected PCs markers (Q), only selected TME markers (R). Scale bar =100 um. S:
UMAP visualization of cell population in EMD#5. Colors indicate cell type annotation (legend on side). T: Stacked bar plots showing the cell type composi-
tion of all EMD samples. Color indicates cell type annotation (legend on side)
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Fig. 2 Analysis of biomarkers expression and spatial distribution comparing bone marrow (BM) and extramedullary disease (EMD). A-B: Visualization
of biomarker expressions specific to disease biology (BCL-2, CD56, CD200, EZH2, Ki-67 and CD38) and plasma cells (PCs) expression levels as strip-violin
plot after segmentation and annotation in the selected region of interest (ROI) of BM#5 sample. Expression levels of biomarkers between BM PCs and
EMD PCs were statistically different (p-value <0.0001, Mann-Whitney test). C-D: Visualization of biomarker expressions specific to disease biology (BCL-2,
CD56, CD200, EZH2, Ki-67 and CD38) and expression levels as strip-violin plot after segmentation and annotation in the selected region of interest (ROI)
of EMD#5 sample. Expression levels of biomarkers between BM PCs and EMD PCs were statistically different (p-value <0.0001, Mann-Whitney test). E:
Table summarizing results of statistical analysis regarding data on CD38 expression in a cohort of 5 patients after cell sesgmentation and PCs annotation:
median value of single PCs fluorescence intensity is reported for paired BM and EMD sample. Multiple t-tests were performed and revealed statistically
significant differences between samples (p-value <0.0001). F-G: Visualization by MICS technology of CD38 (light blue), BCL-2 (red) and Ki 67 (yellow)
markers in MM#5 paired samples. H-O: Immunohistochemistry validation of CD38, BCL-2 and Ki 67 expression both in BM#5 (H-L-N) and EMD#5 (I-M-O).
P-Q: Cell type assortativity in neighbourhood graphs for MM#5 paired samples. Heatmaps show the fraction of links connecting all possible cell type
pairs, indicating cell type mixing. R-S: Butterfly graph comparing PCs distance from CD3* T-cells (R) and M2-like cells (S) in representative MM#5 paired
samples. The percentage of PCs in the BM (left/blue) and EMD (right/purple) are simultaneously shown at selected distance ranges. Spatial analysis to
extract distance values was performed after segmentation and annotation of PCs, T-cells and M2-like cells in each sample. Difference was confirmed as
statistically significant (p <0.0001, Mann-Whitney test)
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BM Bone marrow Supplementary Material and Methods 1
EMD  Extramedullary disease
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