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FIGURE S1 

 

 

Figure S1. Genes used for the identification of T cell clusters. The 16 T cell clusters were 

detectable in bone marrow aspirates from healthy adults (n = 4), MGUS/SMM (n = 8) and MM (n = 

10) patients. The code of each circle represents the average expression of each gene in each of the 16 

clusters, whereas the size of the circle represents the percentage of cells expressing the gene. 
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Figure S2. Abundance of T cell subsets. Box plots representing in detail the abundance of T cell 

subsets in each healthy adults (n = 4), MGUS/SMM (n = 8) and MM (n = 10) patients. Centre lines 

and error bars represent median ± minimum and maximus. 
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Figure S3. Diversity analysis of TCRs. TCR expansions and diversity in healthy adults (n = 4), 

MGUS/SMM (n = 8) and MM (n = 10) patients according to the Shannon, Inverse Simpson, Chao1 

and ACE index scores. Centre lines and error bars represent mean ± standard error mean.  
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Figure S4. The T cell compartment in healthy, benign and malignant bone marrow. (A) Uniform 

manifold approximation and projection (UMAP) of 41,018 bone marrow T cells from healthy adults 

(n = 4), patients with monoclonal gammopathy of undetermined significance and smoldering multiple 

myeloma (MGUS/SMM, n = 8), and newly-diagnosed patients with active multiple myeloma (MM, 

n = 10). (B) UMAP of the distribution of T cell clones in bone marrow T cells from healthy adults, 

MGUS/SMM and MM patients, color coded according to their relative abundance (see Figure 1E). 

(C) Number and ratio of CD4 and CD8 large clonotypes in healthy adults, MGUS/SMM and MM 

patients. Bars represent the total number of cells with expanded clonotypes in the CD4 and CD8 

compartments. Source data are provided as a Source Data file. 
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Figure S5. mRNA expression levels of immunocheckpoints. mRNA expression levels of PD1, 

LAG3, TIGIT and CTLA4 in large expanded T cell clones from healthy adults (n = 4), MGUS/SMM 

(n = 8) and MM (n = 10) patients. Centre lines and error bars represent mean ± standard error mean. 

Dots represent each patient. P values were calculated using the Kruskal-Wallis test, *p = .01 and .02. 

Source data are provided as a Source Data file. 
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Figure S6. (A) Schematic representation of the transgenic mouse lines that develop MM. BIcγ1 mice 

were generated by crossing mice with expression of heterozygous BCL2 and IKK2NF-κB alleles to 

cγ1-cre mice. PBIcγ1 mice were generated by crossing BIcγ1 mice. YFPcγ1 mice, generated by crossing 

yellow fluorescence protein reporter mice with cγ1-cre mice, were used as controls. Following 

immunization with red blood sheep cells, BIcγ1 and PBIcγ1 mice developed fully penetrant tumors in 

the bone marrow (BM) and shortened median overall survival (OS), as shown in the Kaplan-Meier 

curves. P values calculated using log-rank test, ***p<.001. (B) Flow cytometry analysis in a 



representative BM sample from a BIcγ1 mouse at 6 month of age (MGUS) and at the time of death 

(11 months, MM). Controls correspond to YFPcγ1 mice. On the right, quantification of the number of 

transgenic PCs in the BM of YFPcγ1 (n=7) and BIcγ1 mice at MGUS (n=7) and MM (n=10) stages. 

Error bars represent mean ± standard error mean (SEM). P values calculated using two-sided Student 

t test, *p<.05; ***p<.001. (C) Electrophoresis analysis of Ig secretion in serum samples from BIcγ1 

mice at MGUS and MM stages with respect to YFPcγ1 control mice; M-spikes correspond to the γ 

fraction (left). Samples derive from the same experiment and gels were processed in parallel. Source 

data are provided as a Source Data file. Quantification of Ig isotypes in serum samples by ELISA in 

BIcγ1 (n=10) and YFPcγ1 mice (n=5). Centre and error bars represent mean±SEM. P values calculated 

using two-sided Student t test, **p<.01 (middle). A representative example of the clonal of IgG1 

secretion in a BIcγ1 mouse with MM (right). (D) Distribution of lymphoid cell subpopulations 

measured by flow cytometry in the BM of BIcγ1 mice at MGUS (n=9) and MM (n=13) stages in 

comparison to control age-matched YFPcγ1 mice (n=5), including CD4+ and CD8+ T lymphocytes, 

regulatory T (Treg) cells, and NK cells. The percentage of BM CD4+ and CD8+ T cells with surface 

expression of Lag3, Pd1, and Tigit at MGUS and MM stages, measured by flow cytometry (bottom). 

Centre and error bars represent mean±SEM. P values calculated using two-sided Student t test, 

*p<.05; **p<.01; ***p<.001. (A, B, C and D) Mice between 6-12 months and of both sexes were 

included. (B and D) Gating strategy included in Source Data file. 
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Figure S7. Cellular composition of the BM of MM5080 mice and expression of 

immunocheckpoints in T cells. (A) C57B6 immunocompetent mice were injected with the 5080 

murine MM cell line, which was established from P53-BIcγ1 mice. (B) Percentage of plasma cells 

(PCs) in the bone marrow (BM) of control (n = 7) vs MM5080 (n = 8) mice. Error bars represent 

mean ± standard error mean (SEM). P values were calculated using the two-sided Student t test, ***p 

< .001. (C) CD8+ and CD4+ T cells and NK cells in the bone marrow of control (n = 6) vs MM5080 

(n = 14) mice. Error bars represent mean ± SEM. P values were calculated using the two-sided Student 

t test, **p < .01. (D) Expression of immune checkpoints in CD8+ T cells from control (n = 2) vs 

MM5080 (n = 8) mice. Error bars represent mean ± SEM. P values were calculated using the two-

sided Student t test, ***p < .001. (E) Expression of immune checkpoints in CD4+ T cells from control 

(n = 2) vs MM5080 (n = 8) mice. Error bars represent mean ± SEM. P values were calculated using 

the two-sided Student t test. (B, C, D and E) Gating strategy included in Source Data file. 
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Figure S8. Identification of BM cell clusters. (A) Manual analysis of the flow cytometry data used 

and the corresponding identification of the 19 cell populations identified by computational analysis. 

(B) Heatmap showing the expression of all markers used for flow cytometry analysis in the 19 cell 

populations found in the bone marrow of MM patients. (C) Dotplot showing the median fluorescence 

of each marker used for flow cytometry analysis in the 19 cell populations.  
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Figure S9. Overall survival of (A) transplant-eligible and (B) transplant-ineligible MM patients, 

stratified according to the median value of the CD27- : CD27+ ratio in bone marrow T cells. 
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Figure S10. Analysis of the mutational burden and transcriptional profile of tumor cells. (A) 

Bar chart and heatmap showing the number of different mutations present in tumor plasma cells from 

23 MM patients, stratified according to the median value of the CD27- : CD27+ ratio in bone marrow 

T cells. The median number of somatic mutations was 35 and 23 in the groups of patients with a 

median value of the CD27- : CD27+ ratio lower and equal or greater than 0.3, respectively. (B) 

Volcano plot representing the transcriptional profile of tumor plasma cells from MM patients, 

stratified according to the median value of the CD27- : CD27+ ratio. There were 57 differentially 

expressed genes between patients with a median value of the CD27- : CD27+ ratio lower and equal or 

greater than 0.3. P values were calculated using the Kruskal-Wallis test. 

  



TABLE S1 

Demographics and disease characteristics of the 22 individuals studied by single-cell RNA and TCR 

sequencing. 

 

 
Patient        

Health         Age         
Sex 

condition    (years) 

Cytogenetic abnormalities  

Cytogenetic 
risk 

del17p del1p gain1q amp1q IGH_FGFR3 IGH_MAF 

Healthy1 Healthy 43 female N/A N/A N/A N/A N/A N/A N/A 

Healthy2 Healthy 72 female N/A N/A N/A N/A N/A N/A N/A 

Healthy3 Healthy 52 N/A N/A N/A N/A N/A N/A N/A N/A 

Healthy4 Healthy 90 N/A N/A N/A N/A N/A N/A N/A N/A 

MGUS/SMM1 MGUS 68 male N/A N/A N/A N/A N/A N/A N/A 

MGUS/SMM2 MGUS 87 male negative negative negative positive negative negative high risk 

MGUS/SMM3 MGUS 67 female negative negative negative negative negative negative standard risk 

MGUS/SMM4 MGUS 55 male negative negative positive negative negative negative standard risk 

MGUS/SMM5 SMM 35 male N/A N/A N/A N/A N/A N/A N/A 

MGUS/SMM6 SMM 51 female N/A N/A N/A N/A N/A N/A N/A 

MGUS/SMM7 SMM 51 male N/A N/A N/A N/A N/A N/A N/A 

MGUS/SMM8 SMM 42 female negative negative negative negative negative negative standard risk 

MM1 NDMM 55 female negative negative negative negative negative negative standard risk 

MM2 NDMM 54 female negative negative negative negative negative negative standard risk 

MM3 NDMM 50 female negative negative negative negative negative negative standard risk 

MM4 NDMM 58 female negative negative negative negative negative negative standard risk 

MM5 NDMM 64 female negative negative negative negative negative negative standard risk 

MM6 NDMM 51 male positive negative negative negative negative negative high risk 

MM7 NDMM 71 male negative negative negative negative negative negative standard risk 

MM8 NDMM 73 female negative negative negative negative negative negative standard risk 

MM9 NDMM 66 female negative negative negative positive negative negative high risk 

MM10 NDMM N/A N/A negative negative negative negative negative negative standard risk 

 

 

  



TABLE S2 

Assessment of the quality of the bone marrow aspirates based on the percentages of bone marrow 

specific cell types (B-cell precursors, mast cells and nucleated red blood cells), determined by 

multiparameter flow cytometry. Reference values were obtained from Puig, N. et al. Cancers 

(Basel) (2021). 

 % within total bone marrow cells 
 B cell precursors Mast cells Nucleated red blood cells 

Healthy adults 1 0.25 0.005 5.14 

Healthy adults 2 0.33 0.045 1.45 

Healthy adults 3 2.21 0.007 9.22 

MGUS/SMM 1 0.98 0.007 9.54 

MGUS/SMM 2 0.81 0.049 14.5 

MGUS/SMM 3 2.15 0.009 1.23 

MM 1 0.11 0.006 6.77 

MM 2 0.66 0.006 1.92 

MM 3 0.48 0.008 4.62 

MM 4 2.76 0.047 2.57 

MM 5 0.18 0.007 5.58 

MM 6 0.42 0.006 7.44 

Reference values    

Median 
(range) 

0.35 
(0.01–3.64) 

0.002 
(0.0002–0.05) 

4.6 
(0.1–15.2) 

 

  



TABLE S3 

Distribution of T cell subsets in bone marrow aspirates of healthy adults (n = 4), MGUS/SMM (n = 

8) and MM (n = 10) patients. 

 CD4 
naïve 

CD4 
effector 
GZMK 

CD4 
SCM 

CD4 
EM 

CD4 
CM 

Treg 
CD8 

effector 
GZMK 

CD8 
EM 

GZMK 

CD8 
GZMB 

CD8 
naïve 

CD8 
CM 

CD8 
GZMK 
PRF1 

CD8 
TOX 

gd-
like 

T 

Double 
negative 

Double 
positive 

Healthy1 18.81 29.88 2.25 9.86 24.22 1.31 8.45 1.02 0.07 1.31 0.51 0.3 0 0.24 1.38 0.39 

Healthy2 17.32 7.06 9.27 4.07 2.91 1.78 15.9 9.54 17.22 5.78 5.54 0.47 0 0.19 1.94 1.01 

Healthy3 28.47 16.48 8.04 6.61 8.99 4.15 5.61 3.03 2.21 10.72 3.07 0.16 0 0.06 0.66 1.74 

Healthy4 14.86 7.29 10.09 5.1 2.67 3.44 14.74 2.84 24.26 2.88 3 1.78 0 4.05 2.15 0.85 

MGUS/SMM1 12.38 5.21 12.8 5.95 0.3 2.23 18.54 13.1 8.63 2.68 10.24 1.19 0 6 0.45 0.3 

MGUS/SMM2 10.84 20.91 4.64 8.9 4.66 1.24 21.12 10.15 6.94 2.17 3.25 0.15 0 2.01 1.39 1.63 

MGUS/SMM3 20 25.16 2.05 8.84 18.25 0.98 5.98 0.98 5.09 1.52 0.54 0.5 0 8 1.61 0.5 

MGUS/SMM4 22.39 8.44 6.38 25.16 1.26 1.86 8.97 2.72 6.12 1.79 7.38 0.47 0 5 1 1.06 

MGUS/SMM5 19.9 16.21 3.88 7.95 4.58 1.78 11.2 8.35 4.97 9.03 5.6 0.06 0 4 1.15 1.34 

MGUS/SMM6 21.26 13.47 11.47 5.54 2.64 2.24 7.66 15.56 4.63 6.58 6.61 0.22 0 0 1.38 0.74 

MGUS/SMM7 28.37 15.59 11.64 6.26 2.85 2.31 5.93 8.01 4.32 6.81 5.16 0.11 0 0 2.09 0.55 

MGUS/SMM8 25.24 10.58 8.52 4.46 2.4 2.75 17.65 3.91 4.09 11.54 6.94 0.14 0 0 1.3 0.48 

MM1 27.34 19.87 5.35 8.09 6.85 1.92 12.49 2.87 2.5 3.32 6.43 0.18 0 1 0.92 0.87 

MM2 32.3 12.89 7.86 3.79 1.85 3.19 9.7 2.13 7.38 4.21 11.13 0.14 0 2.09 0.51 0.83 

MM3 37.93 11.2 7.12 7.31 2.72 5.89 8.74 2.14 1.42 7.51 6.21 0.13 0 0 1.29 0.39 

MM4 22.03 3.52 6.42 5.92 0.57 1.64 13.78 3.21 13.92 1.64 14.85 0.19 0.99 10 1.26 0.06 

MM5 20.16 8.93 11.49 5.75 1.59 4.69 20.78 5.48 5.39 3.18 10.26 0.09 0 0 1.86 0.35 

MM6 22.49 7.79 10.34 5.1 0.8 3.64 19.45 3.71 3.93 3.2 16.9 0.51 0.1 0 1.89 0.15 

MM7 27.45 9.67 5.74 6.41 3.04 2.92 22.61 3.15 6.19 3.37 7.65 0 0 0 1.46 0.34 

MM8 24.36 9.77 14.19 8.43 2.95 3.21 10.71 5.76 6.16 4.28 7.63 0 0.01 0 2.14 0.4 

MM9 22.58 7.47 10.5 6.17 4.82 3.68 20.52 1.62 5.41 3.14 5.58 2.01 4.55 0.05 0.65 1.25 

MM10 24.9 8.98 10.81 3.25 4.32 4.43 15.55 4.35 2.64 10.01 5.42 2.06 0 0 0.99 2.29 

 

  



TABLE S4 

Demographics and disease characteristics of the 8 mice studied by single-cell RNA and TCR 

sequencing. 

 

Mouse Health condition Age (days) Sex Genotype 

Control 1 Healthy 551 male Yc 

Control 2 Healthy 551 male Yc 

     
MGUS 1 MGUS 179 female BIc 

MGUS 2 MGUS 179 female BIc 

MGUS 3 MGUS 207 male BIc 

     
MM 1 MM 307 female BIc 

MM 2 MM 215 female BIc 

MM 3 MM 322 male BIc 

 

 

  



TABLE S5 

Distribution of T cell subsets in bone marrow aspirates of control (n = 2), MGUS (n = 3) and MM (n 

= 3) mice. 

 

 Control 1 Control 2 MGUS 1 MGUS 2 MGUS 3 MM 1 MM 2 MM 3 

CD8+ TIGIT+ 9.56 13.48 12.57 15.96 10.52 8.45 6.32 15.36 

Treg 16.91 14.05 25.26 13.64 13.16 13.87 22.16 19.26 

CD8+ GZMB+ LAG3+ 9.73 11.66 4.17 4.64 17.95 13.78 10.07 18.01 

CD8+ GZMK+ 16.01 15.81 11.22 13.21 15.99 31.42 23.65 18.29 

CD4+  LAG3+ 6.01 5.43 3.72 1.99 2.47 4.93 7.41 3.62 

CD4+  TIGIT+ 3.80 3.25 4.40 4.51 4.61 3.41 3.46 2.90 

CD8+ naïve 12.64 10.21 8.70 12.88 6.55 4.29 3.89 5.42 

CD4+ SCM 3.61 2.75 4.03 2.98 2.43 2.52 3.95 2.55 

Double positive 1.85 2.13 1.15 2.88 1.93 5.32 3.69 1.31 

Double negative 1.31 1.69 3.25 3.86 5.19 1.16 1.74 0.79 

CD8+ CM 6.26 7.56 6.78 11.77 3.72 2.16 2.37 3.69 

CD4+ EM 1.31 1.79 4.41 1.70 2.32 0.70 1.40 1.33 

CD4+ effector 4.76 4.57 2.93 3.40 2.32 1.95 2.77 1.65 

CD4+ PD1+ 1.89 2.00 4.15 3.04 2.72 4.71 5.03 2.38 

CD4+ naïve 3.30 2.57 2.75 2.62 1.61 1.03 1.60 1.16 

CD8+ GZMB+ CXCR3+ 0.33 0.21 0.40 0.82 6.40 0.24 0.34 0.21 

CD8+ SCM 0.74 0.86 0.11 0.10 0.11 0.06 0.14 2.08 

 

 

  



TABLE S6 

Association between the CD27- : CD27+ T cell ratio and the International Staging System (ISS) and 

lactate dehydrogenase (LDH). P values were calculated by using the Chi-square test. 

 

Correlation between CD27 ratio and ISS 
 

CD27 ratio  
Total 

low high 

 

ISS 

1 46 72 118 

2 35 65 100 

3 19 35 54 

Total 100 172 272 

 
 

 value df Significance (bilateral) 

Chi-square Pearson .455 1 .797 

 

 
Correlation between CD27 ratio and LDH 

 
 

  CD27 ratio  
Total 

  low high  

 
LDH 

normal 120 108 228 

 high 12  32 44 

 Total 132 140 272 

 
 

 value df Significance (bilateral) 

Chi-square Pearson 2.374 1 .123 

 

 

 

  



TABLE S7 

Association between the CD27- : CD27+ T cell ratio and cytogenetic abnormalities. P values were 

calculated by using the Chi-square test. 

 
Correlation between CD27 ratio and cytogenetic abnormalities 

 

 

CD27 ratio  
Total 

low high 

absence 114 138 252 

del17p 

 
presence 12 8 20 

Total 126 146 272 

 

 value df Significance (bilateral) 

Chi-square 

Pearson .402 1 .526 

 
 
 

CD27 ratio  
Total 

low high 

absence 118 138 256 

del1p 

 

presence 8 8 16 

Total 126 146 272 

 

 value df Significance (bilateral) 

Chi-square 

Pearson .022 1 .881 

 
 

 

 
 

 

 

 

 

 

 

 

CD27 ratio  
Total 

low high 

absence 79 95 174 

amp1q 
presence 47 51 98 

Total 126 146 272 

 

 value df Significance (bilateral) 

Chi-square 

Pearson 
.042 1 .839 

 



 
 

CD27 ratio  
Total 

low high 

absence 102 126 228 

t(4;14) 

 
presence 24 20 44 

Total 126 146 272 

 

 
value df Significance (bilateral) 

Chi-square 

Pearson .351 1 .553 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

CD27 ratio  
Total 

low high 

absence 118 138 256 

t(14;16) 
presence 8 8 16 

Total 126 146 272 

 

 
value df Significance (bilateral) 

Chi-square 

Pearson .022 1 .881 

 



TABLE S8 

Details of the monoclonal antibodies used along the study. 

Protein Fluorochrome Manufacturer Catalog Clone Reactivity 

CD138 BV421 BD Biosciences 562935 MI15 Human 

CD27 BV510 Biolegend 302836 O323 Human 

CD38 FITC Cytognos CYT-38F2 Multi-epitope Human 

CD56 PE Cytognos CYT-56PE C5.9 Human 

CD45 PerCPCy5.5 Biolegend 304028 HI30 Human 

CD19 PeCy7 Beckman Coulter IM3628 J3-119 Human 

CD117 APC BD Biosciences 333233 104D2 Human 

CD81 APCH7 Cytognos CYT-81AC750 M38 Human 

CD3 BV510 BD Biosciences 563109 UCHT1 Human 

CD4 PE BD Biosciences 347327 SK3 Human 

AnnexinV APC Immunostep ANXVDY-200T  Human 

CD8 APCH7 BD Biosciences 641409 SK1 Human 

B220 APC Biolegend 103212 RA3-6B2 Mouse 

CD138 PE Biolegend 142504 281-2 Mouse 

CD19 APC-Cy7 Biolegend 115530 6D5 Mouse 

CD3 PE-Cy7 Biolegend 100220 17A2 Mouse 

IgM BV421 Biolegend 406518 RMM-1 Mouse 

CD4 APC Biolegend 100516 RM4-5 Mouse 

CD8 BV510 Biolegend 100752 53-6.7 Mouse 

NK1.1 BV421 Biolegend 108731 PK136 Mouse 

CD25 BV510 Biolegend 102041 PC61 Mouse 

FOXP3 PE Invitrogen 12-5773-82 FJK-16s Mouse 

PD1 BV421 Biolegend 135218 29F.1A12 Mouse 

TIGIT PE Biolegend 142103 1G9 Mouse 

LAG3 APC Biolegend 125209 C9B7W Mouse 

CD11b BV510 Biolegend 101245 M1/70 Mouse 

GR1 PE-Cy7 Biolegend 108416 RB6-8C5 Mouse 

 


