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Abstract

CD138 (also termed SDC1) has been the gold-standard surface marker to detect multiple myeloma 

(MM) cells for decades; however, drug-resistant residual and circulating MM cells were shown to 

have lower expression of this marker. In this study, we have shown that residual MM cells 

following bortezomib treatment are hypoxic. This combination of drug exposure and hypoxia 

down-regulates their CD138 expression, thereby making this marker unsuitable for detecting 

residual or other hypoxic MM cells, such as circulating tumour cells, in MM. Hence, we 

developed an alternative biomarker set which detects myeloma cells independent of their hypoxic 

and CD138 expression status in vitro, in vivo and in primary MM patients. The new markers were 

able to identify a clonal CD138-negative population as minimal residual disease in the bone 

marrow and peripheral blood of MM patients. Further investigation to characterize the role of this 

population as a prognostic marker in MM is warranted.
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 INTRODUCTION

Multiple myeloma (MM) is the second most common haematological malignancy and 

represents approximately 20% of deaths from haematological malignancies (Kyle, et al 
2003, Ludwig 2005). Elucidating the molecular mechanisms of cell signalling pathways in 

MM cells and their interaction with the bone marrow (BM) microenvironment has led to the 

development of novel therapies (de la Puente and Azab 2013, Nair, et al 2012). The survival 

of MM patients has improved significantly in the past decade due to the introduction of these 

novel therapies, including immunomodulatory drugs and proteasome inhibitors (Kumar, et al 
2008, Mitsiades, et al 2007).

Flow cytometry is the leading technology for the detection of MM cells (Paiva, et al 2008, 

Rawstron, et al 2013) and the acceptable method is based on CD138+CD38+ for the primary 

definition of plasma cells, enhanced by various combinations of markers such as CD19−/

CD45−/CD56+ or CD27−/CD81−/CD20+/CD28+/CD117+/CD200+ (Rawstron, et al 2008, 

San Miguel, et al 2006). In addition to flow cytometry, polymerase chain reaction (PCR)-

based approaches are used to detect clonal cells as minimal residual disease (MRD) in MM, 

and demonstrate equivalent ability to detect MRD as compared to flow cytometry (Puig, et 
al 2014). However, two critical issues remain unresolved for the PCR approach: the inability 

to obtain successful primers in up to a third of patients, and the absolute requirement for a 

baseline sample (Ladetto, et al 2014, Martinez-Sanchez, et al 2008). Flow cytometry 

remains the method of choice due to its widespread accessibility in most haematology 

laboratories and its increasing ability to interrogate millions of cells in a short time. 

However, there is still a lack of uniformity in the specific biomarker set chosen to detect 

MRD, which has hampered the success of this technique (Flanders, et al 2013). Therefore, a 

new set of biomarkers for the detection of MM cells by flow cytometry is warranted.

In MM, circulating tumour cells (CTCs) are considered an unfavourable prognostic factor 

and indicate an aggressive form of the disease (An, et al 2015, Paiva, et al 2013), and 

therefore detecting CTCs can be used as a powerful prognostic tool in this disorder 

(Peceliunas, et al 2012). In the clinical setting, CTCs in MM patients are detected using flow 

cytometry with CD138 (also termed SDC1) as the principle marker (An, et al 2015, Paiva, et 
al 2013, Peceliunas, et al 2012); however, recent studies suggest the presence of circulating 

clonal B-cells in MM that do not express CD138 (Thiago, et al 2014). In agreement with 

these findings, CTCs in MM have different biological characteristics compared to MM cells 

in the BM, in which the expression of several adhesion molecules, including CD138 was 

downregulated on CTCs (Paiva, et al 2013). Previous studies have also shown that shedding 

of CD138 is mostly prevalent in circulating MM cells (Seidel, et al 2000). These findings 

suggest that CD138+/− status is not a reliable method for the detection of CTCs in MM and 

an alternative biomarker strategy is needed.

We have previously shown that hypoxia is a general feature of haematological malignancies, 

including MM (Azab, et al 2012a, Azab, et al 2013). Due to rapid tumour development, the 

oxygenation level in the BM is decreased, driving MM cells to egress from the primary 

tumour site and metastasize to a new BM niche. In addition, all CTCs exhibited a hypoxic 

phenotype (Azab, et al 2012a). Moreover, it was demonstrated that hypoxia induces 
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overexpression of heparanase, which is responsible for CD138 shedding in cancer cells 

(Almeida, et al 1999, He, et al 2004, Peceliunas, et al 2012, Wu, et al 2010).

In this study, we developed a new set of biomarkers to detect MM cells, both in the BM and 

in the circulation of MM patients independent of their CD138 expression using a two-colour 

flow cytometry. We found that most MRD and CTCs did not express CD138, but were 

detectable with the new method. In addition, we assessed this new method for the detection 

of MRD in the BM as well as CTCs in order to predict time-to-progression in MM patients 

and compared it to other CD138-based methods and histology.

 MATERIALS AND METHODS

 Cell culture

The MM cell lines (MM1s, MM1r, OPM1, OPM2, H929, RPMI8226, U266 and MM1s-

GFP-Luc; mycoplasma-negative) were a kind gift from Dr. Irene Ghobrial (Dana-Farber 

Cancer Institute, Boston, MA). Cells were cultured in RPMI-1640 medium (Corning 

CellGro, Mediatech, Manassas, VA), enriched with 10% fetal bovine serum (Gibco, Life 

Technologies, Grand Island, NY), 2 mmol/l of L-glutamine, 100 u/ml Penicillin and 100 

µg/ml Streptomycin (CellGro, Mediatech). Cells were incubated at 37°C under normoxic 

(21% O2, NuAire water jacket incubator, Plymouth, MN) or hypoxic conditions (1% O2; 

Coy, Grass Lake, MI) for 24 or 48 h.

 Patient samples

Bone marrow (BM) aspirates and peripheral blood (PB) samples from MM or healthy 

patients were obtained from the Siteman Cancer Center, Washington University in Saint 

Louis, MO. PB mononuclear cells (PBMCs) and BM mononuclear cells (BMMCs) from 

MM patients were isolated using 1× red blood cell lysis buffer according to the 

manufacturer’s protocol (BioLegend, San Diego, CA). Informed consent was obtained from 

all patients with an approval from the Washington University Medical School Institutional 

Review Board committee and in accordance with the Declaration of Helsinki.

 Creating a MRD model to test the hypoxic status of MM cells and CD138 and CD38 
expression in vivo and in vitro

MM1s-GFP-Luc cells were injected into six female, 7-week-old severe combined 

immunodeficient (SCID) mice (Taconic Farms, Hudson, NY) intravenously (IV) at the 

concentration of 2 × 106 cells per mouse and tumour progression was evaluated using 

bioluminescent imaging (BLI). Approval for these studies was obtained from the Ethical 

Committee for Animal Experiments at Washington University in St. Louis Medical School. 

We developed a MRD model by treating half of the MM-bearing mice (n=3 per group 

chosen randomly; no blinding of the investigator was necessary) with no or high-dose 

bortezomib (1.5 mg/kg twice a week intraperitoneally (IP); Selleck Chem, Houston, TX) 

until no (or minimal) BLI signal was detected. Next, pimonidazole (PIM; Hypoxyprobe 

Store, Burlington, MA) at the concentration of 100 mg/kg was injected IP, and after 4 h, 

mice were sacrificed and the femurs were harvested. BMMCs were isolated from the BM, 

fixed, permeabilized and stained with anti-PIM-allophycocyanin (APC) (Hypoxyprobe 
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Store, Burlington, MA), anti-CD138-V450 and anti-CD38-fluorescein isothiocyanate 

(FITC) antibodies (BD Biosciences, San Jose, CA) on ice for 1 h, washed and analysed by 

flow cytometry using MACSQuant Flow Cytometry (Miltenyi, San Diego, CA). MM cells 

were detected by flow cytometry by gating green fluorescent protein (GFP)-positive cells, 

and hypoxia in these cells was measured as mean-fluorescence intensity (MFI) of PIM-APC 

signal. APChigh (hypoxic) and APClow (normoxic) cells were analysed for CD138 and CD38 

expression, normalized to respective isotype controls and the result was averaged from 6 

mice.

For the in vitro study, five MM cell lines (MM1s, OPM1, H929, RPMI8226 and U266) were 

exposed to normoxia or hypoxia for 24 and 48 h, 1 × 106 cells were stained with anti-CD38-

APC and anti-CD138-V450 antibodies. Change of expression was calculated as a ratio 

between MFI values in hypoxia and normoxia, and averaged from 5 cell lines. MM cells 

lines (RPMI8226, H929 and OPM2) were also treated with 5 nM bortezomib for 24 h, and 

the CD38 and CD138 expression study was performed as above.

 Development and validation of the new strategy to detect MM cells

PBMCs and MM cells lines (MM1s, U266, OPM1, H929) were stained with antibodies 

detecting CD38-APC, CD3-FITC, CD14-FITC, CD16-FITC, CD19-FITC and CD123-FITC 

(BD Biosciences), and the percentage of cell sub-populations was identified by these 

specific markers. Next, MM cell lines (MM1s, OPM1, H929, RPMI8226 and U266) were 

exposed to normoxia and hypoxia for 24 and 48 h and the expression of CD3, CD14, CD16, 

CD19 and CD123 was evaluated and depicted as the average from 5 cell lines. To 

corroborate the detection ability of the new method, OPM1 cells were first labelled with 

calcein red-orange (Invitrogen, Carlsbad, CA), cultured in normoxia or hypoxia for 24 h, 

then 10% were spiked into healthy BMMCs and stained with the antibody-cocktail: anti-

CD38-APC and anti-(CD3, CD14, CD16, CD19 and CD123)-FITC, as well as anti-CD38-

APC alone and anti-CD138 alone; and the percentage of OPM1 cells was detected by flow 

cytometry.

To validate this method in vivo, we tested the ability of the new method to detect MM cells 

in mice with increasing tumour burden and thus increasing hypoxic state. 7 SCID mice were 

injected with different concentrations of MM1s-GFP-Luc cells, which were allowed to grow 

for 5 weeks. BMMCs were isolated from femurs and stained with CD138-peridinin 

Chlorophyll Protein-Cyanin 5.5 (PerCP-Cy5.5) or with the antibody-cocktail: anti-CD38-

APC and anti-CD3-BV421, CD14-BV421, CD16-BV421, CD19-BV421 and CD123-

BV421. MM cells were detected using the two methods and compared to the amount of MM 

cells detected by the intrinsic marker GFP.

 Detection of MM cells in patients’ BM using the new strategy and confirming MM cell 
clonality

Bone marrow from 20 MM patients (10 kappa and 10 lambda) were depleted from CD138 

using magnetic bead selection (Miltenyi Biotech, San Diego, CA) and stained with the 

antibody-cocktail: anti-CD38-APC and anti-(CD3, CD14, CD16, CD19 and CD123)-FITC 

to detect MM cells. To assess clonality, the cells were first fixed with formalin, stained with 
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extracellular markers (the antibody-cocktail), washed and permeabilized with 0.5% 

Tween/1× phosphate-buffered saline, followed by staining with intracellular markers: light 

chains kappa-PerCP-Cy5.5 and lambda-PE antibodies (BD Biosciences), and analysed by 

flow cytometry. We also tested the correlation between tumour burden (percentage of MM 

cells detected by the new method) and the clonality ratio, as well as the percentage of non-

clonal (NC), double negative MM cells.

 Detection of MM cells in peripheral blood using the new strategy

To corroborate the detection ability of the new method in vitro, H929 cells were first 

labelled with calcein red-orange, cultured in normoxia or hypoxia for 24 h, and then 1% of 

the H929 cells were spiked into healthy PBMCs. The cells were stained with the antibody-

cocktail: anti-CD38-APC and anti-(CD3, CD14, CD16, CD19 and CD123)-FITC or with 

anti-CD138-V450 alone and were detected by flow cytometry.

In vivo, blood was harvested from MM-bearing mice (n=5), PBMCs were isolated and 

stained with the antibody-cocktail: anti-CD38-APC and anti-(CD3, CD14, CD16, CD19 and 

CD123)-BV421, as well as anti-CD138-PerCP-Cy5.5 antibody. MM cells were detected 

using the two methods and compared to the amounts of cells detected by the intrinsic marker 

GFP.

Moreover, peripheral blood from 20 MM patients was collected; PBMCs were isolated and 

stained with either CD138 alone or the antibody-cocktail, and the number of MM cells was 

detected by flow cytometry.

 Statistical analysis

Experiments were performed in quintuplicates and repeated at least three times. Results 

were presented as mean ± standard deviation, and statistical significance was analysed using 

Student t-test for independence for statistical significance, with the data meeting the 

assumption of the tests such as normal distribution. Values were considered significantly 

different for P value less than 0.05.

 RESULTS

 MRD cells are hypoxic with decreased expression of CD138 but unchanged expression 
of CD38

To test the role of hypoxia in the development of residual drug resistant MM cells, we 

developed a MRD model by treating MM-bearing mice with bortezomib which resulted in a 

tumour burden of about 1% of MM cells in the BM (Figure 1A). Bortezomib-treated MRD 

drug resistant cells were 3.5-fold more hypoxic than the MM cells isolated from vehicle-

treated mice as shown by PIM signal (Figure 1B). We further found that CD138 expression 

was significantly decreased in hypoxic cells (Figure 1C), but CD38 expression was 

unchanged (Figure 1D). Next, we determined the in vitro expression of CD38 and CD138 in 

five MM cells lines in hypoxia, and found that the average CD138 expression was 

significantly decreased by half in hypoxia, whereas CD38 expression was unchanged 
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(Figure 1E). Moreover, bortezomib treatment did not alter CD38 expression, but 

significantly decreased CD138 expression in MM cell lines (Figure 1F).

 Development of the CD138-independent strategy to detect normoxic and hypoxic MM 
cells

In contrast to CD138, CD38 expression was unchanged under hypoxia or following 

bortezomib treatment; therefore we developed a new method to detect MM cells utilizing the 

stably expressed CD38. The new method, using an antibody cocktail, defines the MM cell 

population, as all CD38+ cells (Figure 2A, red box) after the exclusion of all non-myeloma-

CD38+ cells by utilizing CD3+ antibody to eliminate T cells, CD14+ to eliminate 

monocytes and macrophages, CD16+ to eliminate NK cells, eosinophils and neutrophils, 

CD19+ to eliminate B cells and CD123+ to eliminate dendritic cells and basophils (Figure 

2A, purple box).

To evaluate our method for defining the MM cell population, PBMCs from healthy donors 

were used as control samples. Healthy donors were found to contain approximately 20% of 

CD38+ cells, 60% of CD3+ cells, 10% each of CD14+, CD16+ and CD19+ cells, and 5% of 

CD123+ cells. In comparison, all of the MM cell lines were CD38+, but did not express 

CD3, CD14, CD16, CD19 or CD123 (Figure 2B); and the expression of these markers did 

not change in hypoxia (Figure 2C).

Next, the sensitivity of traditional method based on CD138 expression was compared to the 

new method in order to detect OPM1 cells spiked at a ratio of 10% into BMMCs. Using only 

the CD138 marker, 8% of the normoxic and 5% of the hypoxic MM cells were detected 

(Figure 2D). Clearly this indicates that gating only for CD138+ cells fails to detect 20% and 

50% of the spiked MM cell population under normoxic and hypoxic conditions, respectively. 

In comparison, using only CD38 as a marker detected about 25% of cells when spiking 

OPM1 cells under normoxia or hypoxia. However, applying the exclusion criteria indicated 

that the 25% of detected CD38+ cells consists of 15% CD38+ but non-MM cells 

(contamination) in addition to the 10% spiked OPM1 cells. Therefore, the new method 

accurately excluded 15% of CD38+ non-MM cells and correctly detected the exact 10% of 

spiked MM cells independent of their normoxic or hypoxic status.

We then tested the ability of CD138 marker or the new method to detect MM cells in SCID 

mice with different tumour burden (% of MM1s-GFP+ cells) and compared the results 

achieved by the intrinsic GFP marker (Figure 2E). MM cell detection using GFP marker 

showed different tumour involvement of 0, 2, 12, 18, 48, 60 and 62% of GFP+ cells in the 

BM. The CD138+ gating detected only a fraction of the MM1s-GFP+ population, less than 

10%, even in mice with the highest BM tumour burden (Figure 2F). Strikingly, the new 

method detected a near identical percentage of MM cells in the BM consistent with the 

percentage of GFP+ cells with a linear correlation coefficient of R2=0.9998 and the slope of 

the correlation close to 1 (0.9805).

 The new method identifies clonal CD138-negative MM cells in patients

We then tested the ability of the new method to detect MRD cells in the CD138-depleted 

BM samples and confirmed the clonality of the CD38+FITC− population according to the 
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schematic (Figure 3Ai), which was first tested in kappa-positive (Figure 3Aii) and lambda-

positive patients (Figure 3Aiii). Using the new method, we detected MM cells in all 20 

patient samples, with BM involvement of MM cells varying between 0.1% (Patient 9) to 

37.9% (Patient 16) (Figure 3B). Moreover, to ensure the clonal nature of these populations, 

the clonality of these patients was confirmed by calculating the kappa/lambda ratio of APC

+FITC− cells. The physiological (polyclonal) ratio in healthy subjects ranges between 0.76 

and 1.5, whereas values above or below this ratio indicate clonal proliferation of plasma 

cells (Nakayama, et al 2012). We found that 16 of 20 patients were clonal and matched the 

clonality of the original disease (CD138+ cells). The additional four patients (Patient 9, 12, 

13 and 17) who had a low percentile of MM cells detected by the new method (0.1, 0.2, 0.52 

and 0.32 %, respectively) had polyclonal plasma cells with the normal clonality ratio (Figure 

3C). In addition, the kappa/lambda clonality ratio was in indirect (for lambda patients; 

Figure 3Di) and in direct (for kappa patients; Figure 3Dii) correlation with the detected 

tumour burden. Furthermore, the level of non-clonal contamination (kappa-negative and 

lambda-negative) in the population detected by the new method was less than 0.69% in all 

the samples (Figure 3E).

 The new method detects CTCs in peripheral blood

To compare the sensitivity of traditional CD138-based detection strategy to the new method 

in detecting circulating cells, we first tested in vitro detection of calcein red-orange-positive 

H929 cells cultured in normoxia and hypoxia spiked at a ratio of 1% into PBMCs. We 

showed that the CD138 marker detected 0.95% of normoxic MM cells and only 0.45% of 

hypoxic cells. On the other hand, the new method detected close to 1% of the spiked 

population of either normoxic or hypoxic MM cells (Figure 4A). This is consistent with the 

new method detecting 10% of normoxic and hypoxic OPM1 cells spiked into BM (Figure 

2D).

In vivo, we tested the ability of CD138 or the new method to detect circulating MM1s-GFP+ 

cells in MM-bearing mice (Figure 4B). The CD138 marker failed to detect more than 98% 

of the circulating MM1s-GFP+ cells, while the new method detected close to 80% ± 24% of 

the circulating MM1s-GFP+ cells (p=0.0001) (Figure 4C).

Testing the prevalence of circulating MM cells in 20 MM patients with progressive disease 

using CD138-based or the new method, demonstrated that CD138 detected minimal amounts 

of MM cells in all patients (less than 0.2%), while the new method detected a range between 

0.03 – 3.59% of MM cells in PBMCs (Figure 4D).

 DISCUSSION

CD138 (SDC1) is the gold-standard marker for detecting MM cells using 

immunohistochemistry and multi-parametric flow cytometry analysis of BM biopsies 

(Flanders, et al 2013, Lin, et al 2004, Rawstron, et al 2008, Wijdenes, et al 1996). A major 

concern regarding the use of CD138 to detect MM cells is that patients harbour a sub-

population of cells that is CD138-negative. This sub-population is clonotypic, drug resistant, 

exhibits stem cell-like properties (Agarwal and Matsui 2010, Ghiaur, et al 2012), expresses 

drug efflux pumps (Matsui, et al 2008, Yang, et al 2013), and displays higher clonogenic 
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potential than the CD138+ sub-population in vivo (Reghunathan, et al 2013). In this study, 

we developed a new method to detect MM cells in both the BM and the circulation, using 

flow cytometry independent of the CD138 expression on these cells.

We have previously shown that the tumour microenvironment plays a significant role in 

progression and drug resistance in MM (Abraham, et al 2015, Azab, et al 2009a, Azab, et al 
2012b, Azab, et al 2009b, Azab, et al 2014a, Azab, et al 2014b, de la Puente and Azab 2013, 

de la Puente, et al 2014), and that hypoxia is a key factor for cell trafficking and 

dissemination of MM from one site to other sites in the BM (Azab, et al 2012a). Moreover, 

we have recently shown that hypoxia induces drug resistance in MM and that hypoxic MM 

cells downregulate the expression of CD138 (Muz, et al 2014a). In the present study, we 

developed a MRD model by treating MM-bearing mice with high-dose bortezomib until a 

low or undetectable tumour signal was obtained by BLI. We found that the residual MM 

cells in mice after bortezomib treatment were highly hypoxic. These results suggested that 

the MRD cells were hypoxic, and that bortezomib treatment selected for these cells. The 

expression of the plasma marker CD138 in the hypoxic cells representing MRD (PIM-

positive) was significantly down-regulated compared to normoxic MM cells, while CD38 

expression was unchanged in the hypoxic-MRD cells. Similarly, treating a panel of MM cell 

lines with hypoxia or bortezomib reduced the expression of CD138, but not CD38. These 

results suggest that stress conditions in MRD settings, such as hypoxia and cytotoxic 

treatment including bortezomib, down-regulate the expression of CD138; therefore, CD138 

cannot be used to reliably detect the entire MM cell population.

Unlike CD138, CD38 expression did not change under these stress conditions (hypoxia and 

cytotoxic treatment); therefore, we sought to design a MM cell detection method based on 

the stable CD38 marker. However, CD38 is known to be expressed on a variety of blood 

cells, and about 15–20% of PBMCs from healthy donors are positive for CD38. Therefore, 

to be used as a valuable biomarker for MM we needed to exclude those CD38+ cells that are 

not MM plasma cells. We used specific markers to exclude the intended populations, such as 

CD3 for T cells, CD14 for monocytes, CD16 for NK cells, eosinophils and neutrophils, 

CD19 for B cells and CD123 for dendritic cells and basophils. These markers are suitable 

for excluding CD38+ non-MM cell populations, because their expression is unchanged in 

both normoxia and hypoxia.

Therefore, we explored the approach to detect MM cells as CD38-positive and CD3-, 14-, 

16-, 19- and 123-negative by a two-colour flow cytometric method, in which case CD38 was 

detected with an APC-labelled antibody while all the other antibodies used for exclusion 

were detected with the corresponding antibodies conjugated to FITC (and in some cases, 

BV421).

In the in vitro and in vivo studies, we demonstrated again that CD138 is not a reliable 

marker for the detection of MM cells. This is due to the fact that the hypoxic sub-population 

of MM cells looses CD138 expression; therefore it is undetectable by the traditional CD138-

based method. The use of CD38 alone as a marker is also inadequate because it detects both 

MM and additional non-MM cells. However, the new method was able to detect both 

normoxic and hypoxic MM cells in vitro. Next, the new method was tested in MM-bearing 
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mice with different tumour sizes, implying different hypoxic states. The CD138 staining 

showed significantly lower levels of detected MM cells, usually below 10% of total 

BMMCs, regardless of tumour size. On the contrary, the new method did not only detect all 

of the MM1s-GFP+ cells, but also it did not detect any additional contaminating cells. The 

new method detected all MM cells, independent of their hypoxic state, both CD138-positive 

and CD138-negative, with no additional contamination.

To validate the presence of MM population detected by the new markers in patients, we 

analysed CD138-depleted BM samples from 20 progressive MM patients (10 kappa and 10 

lambda) that were stained for the new markers as well as CD138. We found that, in 16 out of 

20 samples, the CD138-negative population included between 0.1 and 37.9% of MM cells 

detected with the new method, whereas CD138-detected residual MM cells were < 0.5%. In 

4 out of 20 patients, the percentage of MM cells detected by the new method was below 

0.5% with a normal clonality ratio, indicating polyclonal plasma cells and suggesting that 

these patients were most probably successfully treated. We further confirmed the clonality of 

these CD138-negative cells detected by the new method by determining the kappa/lambda 

ratio of these cells, and showed that the clonality of each population matched the clonality of 

the CD138+ cells, with less than 0.69% of non-clonal contamination. Moreover, the kappa/

lambda clonality ratio was in direct (for kappa patients) and indirect (for lambda patients) 

correlation with the tumour burden detected. These results suggest that the cell populations 

detected by the new method are indeed clonal MM cells.

CTCs are considered an unfavourable prognostic factor and indicate an aggressive form of 

the disease (An, et al 2015, Paiva, et al 2013), and therefore detecting CTCs can be a 

powerful prognostic tool for MM (Peceliunas, et al 2012). We have previously shown that 

CTCs derive from a hypoxic sub-population that intravasated from the BM to the circulation 

and have enhanced homing (thus metastasis) to new BM niches (Azab, et al 2012a, Azab, et 
al 2013, Muz, et al 2015, Muz, et al 2014a, Muz, et al 2014b). Given that CTCs show a 

hypoxic phenotype, the CD138-based method is not sufficient to detect these cells. 

Detecting normoxic and hypoxic MM cells in vitro and MM cells in vivo as well as in MM 

patients’ samples, demonstrated that CD138 failed to detect the majority of MM cells, 

compared to the new method. These results demonstrate that circulating MM cells have low 

expression of CD138, which is in agreement with previous studies (Paiva, et al 2013), and 

that shedding of CD138 is most prevalent in circulating MM cells (Seidel, et al 2000). 

Despite the fact that CD138 was used previously as the main marker to detect CTCs in MM 

(An, et al 2015, Paiva, et al 2013, Peceliunas, et al 2012), the current findings suggests that 

CD138 is not a reliable marker to detect CTCs in this disorder, in accordance with recently 

published studies (Thiago, et al 2014), and that the new method to detect MM cells could be 

used for detection of CTCs in MM. Future studies are necessary to determine the value of 

the new biomarker set as a prognostic tool for detecting CTCs.

Despite the introduction of novel therapies, more than 90% of MM patients relapse (Lobo, et 
al 2007, Ludwig, et al 2013, Nair, et al 2012). Tumour recurrence is attributed to the 

development of a sub-population of MM cells, i.e. MRD, which are resistant to therapy 

(Brennan and Matsui 2009, Matsui 2011, Pascutti, et al 2013). Several studies have 

demonstrated a consistent improvement in progression-free survival (PFS) with attainment 
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of a complete remission (CR) where no residual cells were detected after treatment using the 

CD138 marker, but its impact on overall survival has been variable (Gay, et al 2011, 

Harousseau, et al 2010). Given the toxicity and negative impact on the quality of life from 

the intense therapies required for a CR, it is imperative that the absence of remaining 

population after treatment translates into improved overall survival, which is an essential 

step towards PFS (Paiva, et al 2008, Rawstron, et al 2013). However, the approaches to 

define the remaining population after treatment (MRD) are still controversial (Basak and 

Carrier 2010, Brennan and Matsui 2009). In the future, we will use the new method to detect 

MRD cells in the BM from patients in CR, compare the results to the CD138-based method 

or immunohistochemistry, and correlate the amount of MM cells detected by each method to 

the clinical data of tumour recurrence and survival.

In conclusion, we have shown that MRD cells after drug treatment are hypoxic, and that 

hypoxia and drug treatment down-regulate the expression of the main surface marker 

(CD138) used to identify MM cells, rendering this marker unsuitable for the detection of 

MM cells. Thus, we developed an alternative biomarker set that detects myeloma cells 

independent of their hypoxic and CD138 expression status in vitro, in vivo and in primary 

MM patient samples. The new markers were able to identify a clonal CD138-negative 

population as MRD in the BM and circulation of MM patients. Further investigation to 

characterize this population and its role in relapse after treatment, as well as the use of the 

CTCs detected by the new method as a prognostic marker in MM is warranted.
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Figure 1. Creating a minimal residual disease model to test hypoxic status of multiple myeloma 
cells and the expression of CD138 and CD38
(A) Tumour progression based on detecting MM1s-GFP+ cells in the bone marrow from 

mice treated with vehicle (veh) and 1.5 mg/kg bortezomib (Bort). (B) Hypoxia level shown 

as mean fluorescence intensity (MFI) of anti-Pimonidazole (PIM) antibody conjugated with 

allophycocyanin (APC) detected in GFP+ cells from mice treated with vehicle and 

bortezomib. (C, D) CD138 and CD38 expression in GFP+ cells with PIMlow (normoxic, 

Norm) and PIMhigh (hypoxic, Hypo) signal depicted as a ratio between MFI of a CD marker 
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and MFI of a respective isotype control shown as mean ± standard deviation (s.d.) from 3 

mice. (E) Expression of CD38 and CD138 in MM cells exposed to hypoxia (1% O2) for 24 

and 48 h, and normalized to normoxia (21% O2), shown as a mean ± s.d. from 5 MM cell 

lines. (F) Expression of CD38 and CD138 in MM cells exposed to 5 nM bortezomib for 24 

h, normalized to untreated cells, shown as a mean ± s.d. from 3 MM cell lines (performed in 

triplicates). Student two-sided t-test was used to calculate the statistical significance.
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Figure 2. Development and validation of the new strategy to detect MM cells
(A) The methodology behind the new strategy to detect multiple myeloma (MM) cells. (B) 
The percentage of cells positive for CD38, CD3, CD14, CD16, CD19 and CD123 in the 

normal PBMCs from 3 healthy donors and 4 MM cell lines detected by flow cytometry. (C) 
Expression of CD3, CD14, CD16, CD19 and CD123 in MM cells exposed to hypoxia (1% 

O2) for 24 and 48 h, and normalized to normoxia (21% O2), shown as a mean ± s.d. from 5 

MM cell lines. (D) Detection of normoxic and hypoxic calcein red-orange+ OPM1 cells 

spiked into BMMCs detected by flow cytometry using CD138, CD38 and the new method. 
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(E) The experimental approach of detecting MM cells in the BMMCs from MM-bearing 

mice using three strategies: GFP+, CD138+ and the new method. (F) Percentage of MM 

cells identified by CD138+ or the new method and plotted against the percentage of GFP+ 

cells in the BM from mice with different tumour size. GFP - green fluorescent protein; DC – 

dendritic cells; BMMCs – bone marrow mononuclear cells; PBMCs – peripheral blood 

mononuclear cells; SSC – side scatter; FSC – forward scatter.

Muz et al. Page 17

Br J Haematol. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3a
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Figure 3b

Figure 3. Detection of MM cells in patients’ BM using the new strategy and confirming MM cell 
clonality
(Ai) The experimental approach of detecting multiple myeloma (MM) cells in the bone 

marrow (BM) negative fractions (CD138-depleted) from MM patients using the new 

method, and testing plasma cell clonality. Examples of kappa patient analysis (Aii) and 

lambda patient analysis (Aiii) are shown; NC - non-clonal cells. (B) Percentage of MM cells 

detected in MM patients by the new method. (C) Clonality assessment shown as the ratio 
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between the percentage of kappa- and lambda-positive MM cell populations detected by the 

new method in the BM-negative fractions. The normal (polyclonal) ratio in healthy subjects 

ranges between 0.76 and 1.5, whereas values above or below this ratio indicate clonal 

proliferation of plasma cells. (D) The correlation study between tumour size (percentage of 

MM cells detected by the new method) and the clonality ratio in the lambda patients (Di) 

and kappa patients (Dii). (E) The level of non-clonal contamination (kappa-negative and 

lambda-negative) in the MM population detected by the new method.
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Figure 4. Detection of MM cells in peripheral blood using the new strategy
(A) Detection of normoxic and hypoxic calcein red-orange+ H929 cells spiked into 

peripheral blood mononuclear cells (PBMCs) detected by flow cytometry using CD138 and 

the new method. (B) The experimental approach of detecting multiple myeloma (MM) cells 

in PBMCs from 6 mice using three strategies: GFP+, CD138+ and the new method. (C) 
Percentage of MM cells identified by CD138+ or the new method and plotted against the % 

of GFP+ cells detected in the peripheral blood from 5 mice shown as a mean ± standard 

deviation and analysed by two-sided student t-test. (D) The prevalence of circulating MM 
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cells (%) in 20 MM patients with progressive disease using CD138 or the new method. GFP 

– green fluorescent protein; APC - allophycocyanin
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