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Abstract

The identity of the cells responsible for the initiation and maintenance of multiple myeloma (MM)
remains unclear largely because of the difficulty growing MM cells in vitro and in vivo. MM cell
lines and clinical specimens are characterized by malignant plasma cells that express the cell
surface antigen syndecan-1 (CD138); however, CD138 expression is limited to terminally
differentiated plasma cells during B-cell development. Moreover, circulating B cells that are
clonally related to MM plasma cells have been reported in some patients with MM. We found that
human MM cell lines contained small (< 5%) subpopulations that lacked CD138 expression and
had greater clonogenic potential in vitro than corresponding CD138* plasma cells. CD138~ cells
from clinical MM samples were similarly clonogenic both in vitro and in nonobese diabetic/severe
combined immunodeficiency (NOD/SCID) mice, whereas CD138* cells were not. Furthermore,
CD138™ cells from both cell lines and clinical samples phenotypically resembled postgerminal
center B cells, and their clonogenic growth was inhibited by the anti-CD20 monoclonal antibody
rituximab. These data suggest that MM “stem cells” are CD138™ B cells with the ability to
replicate and subsequently differentiate into malignant CD138* plasma cells.

Introduction

Multiple myeloma (MM) is characterized by the accumulation of malignant plasma cells.
Like their normal terminally differentiated counterparts, MM plasma cells appear to be
relatively quiescent because the proliferative index and cloning efficiency of bone marrow
samples from patients with MM is low.12 Therefore, it is unclear whether MM plasma cells
have the proliferative capacity required for the initiation, maintenance, and progression of
clinical disease. On the other hand, cells phenotypically resembling mature B cells and
sharing immunoglobulin gene sequences and idiotype specificity with MM plasma cells
have been found in the bone marrow and peripheral blood of patients with MM,3-8 but their
role in the pathogenesis of the disease is unclear. Several investigators have proposed that
these clonally related B cells represent the proliferating compartment or tumor “stem cells”
in MM; however, this remains a matter of debate because these cells have not been
functionally characterized.®14

Syndecan-1 (CD138) is expressed by malignant plasma cells from the majority of MM cell
lines and patient specimens.15-17 Furthermore, during normal B-cell development, CD138
expression is highly specific for terminally differentiated normal plasma cells because it is
absent on highly proliferative normal plasma-blasts and all earlier B-cell stages.17-20
Therefore, we hypothesized that if clonogenic B cells represent putative MM stem cells,
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they should lack CD138 expression. Here, we demonstrate that highly clonogenic cells from
both human MM cell lines and primary patient samples do not express CD138, but rather
markers that are characteristic of B cells. In addition, these cells are inhibited in vitro by
rituximab, a monoclonal antibody directed against the B-cell antigen CD20.

Patients, materials, and methods

Cell lines, patient samples, and cell culture

The human MM cell lines RPMI 8226 and NCI-H929 were obtained from the American
Type Culture Collection (Manassas, VA). Cells were cultured in complete media (CM)
consisting of RPMI 1640, 2 mM L-glutamine, 50 U/mL penicillin, 50 ug/mL streptomycin,
and 10% fetal bovine serum (FBS). Clinical bone marrow and peripheral blood samples
were obtained from patients with MM or healthy donors granting informed consent as
approved by the Johns Hopkins Medical Institutes’ Institutional Review Board.
Mononuclear cells were isolated by density centrifugation (Ficoll-Paque; Pharmacia,
Piscataway, NJ). CD138* or CD138~ subsets were isolated from mononuclear cells using
mouse antihuman CD138 antibodies coupled to magnetic microbeads (Miltenyi Biotec,
Auburn, CA) followed by magnetic column selection or depletion, respectively (magnetic-
activated cell sorting [MACS], Miltenyi Biotec). Resulting cells were additionally depleted
of normal hematopoietic progenitors using mouse antihuman CD34 antibodies (Miltenyi
Biotec). Secondary depletion of the CD1387/CD34™ cell population was performed by
incubating with mouse antihuman CD45, CD19, CD22, or CD3 monoclonal antibodies
coupled to magnetic microbeads and treated as described. Subsequent flow cytometric
analysis demonstrated less than 5% contamination by relevant antigen-expressing cells.
Clonogenic growth was evaluated by plating cells (1000 cells/mL for cell lines or 1 x 10° to
5 x 105 cells/mL for clinical specimens) in 1 mL 1.2% methylcellulose, 30% bovine serum
albumin (BSA), 10~ M 2-mercaptoethanol, and 2 mM L-glutamine. Methylcellulose
cultures assessing clinical MM growth also contained 10% lymphocyte-conditioned media
as a source of growth factors.2! Samples were plated in quadruplicate onto 35-mm? tissue
culture dishes and incubated at 37°C and 5% CO». Colonies consisting of more than 40 cells
were scored at 7 days for cell lines and 14 to 21 days for MM colonies from clinical
samples. Serial replating was performed by washing plates 3 times with CM and
resuspending cells in the original volume of methylcellulose as described.

Fluorescence-activated cell sorting and flow cytometry

Cell lines were initially depleted of necrotic cells by density centrifugation then stained with
phycoerythrin (PE)—conjugated mouse antihuman CD138 antibodies (Beckman Coulter,
Fullerton, CA) for 30 minutes at 4°C. Cells were washed then resuspended in phosphate-
buffered saline (PBS) containing 5 pM propidium iodide (PI; Sigma, St Louis, MO) and
analyzed on a FACSVantage SE flow cytometer (Becton Dickinson, Mountain View, CA).
Cells were gated to exclude P1* cells and sorted into CD138~ and CD138* fractions by
gating on the lowest and highest 5% PE-expressing cells, respectively. CD138™ cells had no
detectable expression of CD138 when compared to an isotypic control antibody. Following
sorting, the CD138* and CD138~ cell fractions were analyzed using a FACScan flow
cytometer (Becton Dickinson) and found to be more than 98% pure. For phenotypic
analyses of cell lines, cells were prepared as described, then stained with CD138-PE and
fluorescein isothiocyanate (FITC)—conjugated mouse anti-human CD19, CD20, Ki67, x or A
immunoglobulin light chains, or isotypic control antibodies (BD PharMingen, San Diego,
CA). Cells were analyzed by gating on CD138"* or CD138™ populations and subsequently
evaluating FITC expression.
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Detection of EBV

DNA was extracted using the QlIAamp DNA Blood Mini Kit (Qiagen, Valencia, CA)
according to the manufacturer’s instructions. The presence of Epstein-Barr virus (EBV) was
detected by amplifying the BamHI W fragment using the following primers: 5-CTT TAG
AGG CGA ATG GGC GCC A-3'and 5-TCC AGG GCC TTC ACT TCG GTC T-3'. DNA
(65-100 ng) and 200 nM of each primer were added to 45 uL Platinum PCR Supermix
(Invitrogen, Carlsbad, CA). The DNA template was denatured and the DNA polymerase was
activated by heating at 94°C for 2 minutes. Then 35 cycles of amplification were performed
as follows: 94°C for 30 seconds, 55°C for 30 seconds, and 72°C for 1 minute. A final
extension at 72°C for 10 minutes was also performed. The polymerase chain reaction (PCR)
products were separated in a 1% agarose gel.

Transplantation of MM cells into NOD/SCID mice

Experiments using nonobese diabetic/severe combined immunodeficiency (NOD/SCID)
mice were approved by the Johns Hopkins Medical Institutes” Animal Care Committee.
NOD/SCID mice were bred and maintained in the Johns Hopkins animal care facility. Six-
to 10-week-old mice received 300 cGy irradiation (84 cGy/min using a 137Cs y irradiator) 4
to 6 hours prior to intravenous injection via the dorsal tail vein?? of 1 to 10 x 108 CD138" or
CD138™ cells isolated as described (see “Cell lines, patient samples, and cell culture™). In
addition, cell fractions were depleted of T cells using magnetically conjugated murine
antihuman CD3 antibodies (Miltenyi Biotec). Human MM cells were suspended in a total
volume of 500 uL. RPMI 1640 media. Mice were Killed at 12 weeks after transplantation,
and bone marrow was harvested from the long bones of the 2 posterior limbs by flushing
with CM. Cells were evaluated by flow cytometry following cell surface staining with
mouse antihuman CD45, CD138, and CD38 antibodies as well as intracellular staining with
mouse antihuman x and A immunoglobulin light-chain antibodies and the Fix and Perm
intracellular staining kit (Caltag Laboratories, Burlingame, CA). Human immunoglobulin
was detected from the peripheral blood of killed animals using the antihuman
immunoglobulin enzyme-linked immunosorbent assay (ELISA) kit according to the
manufacturer’s directions (Southern Biotechnology, Birmingham, AL).

Treatment of clinical MM samples with rituximab

CD138/CD34-depleted cell fractions from bone marrow mononuclear cells (5 x 10°) were
incubated in CM containing 10 pg/mL rituximab (ldec, San Diego, CA) with or without
10% human serum as a source of complement for 24 hours at 37°C. Cells were washed in
CM then evaluated for MM colony formation as described (see “Cell lines, patient samples,
and cell culture”).

Statistical analysis

Results are presented as the mean + SEM. Comparisons between groups were performed
using a 2-tailed, paired Student t test or analysis of variance (ANOVA) as indicated.

Results

Distinct phenotypic and functional cell populations are present in human MM cell lines

Recent studies have suggested that both human23 and murine24:25 MM cell lines can
demonstrate heterogeneous expression of several MM-related cell surface antigens.
Therefore, we analyzed the expression of CD138 in 2 distinct human MM cell lines, RPMI
8226 and NCI-H929. As expected, the majority of cells in both lines expressed high levels
of CD138; however, each cell line contained a distinct population of CD138™ cells that
represented approximately 2% to 5% of total cells (Figure 1A). To examine the clonogenic
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capacity of these subpopulations, we isolated CD138" and CD138™ cells from both cell lines
by FACS and examined each subpopulation for colony formation in methylcellulose. To
examine self-renewal potential, colonies were scored weekly, collected, and then washed
and serially replated. Initially, the RPMI 8226 CD138"* cells yielded 152 + 17 colonies/1000
cells plated, and the CD138™ cells 16 + 6 colonies, whereas the NCI-H929 line generated
111 + 23 colonies and 11 + 3 colonies, respectively. Although the initial plating efficiency
of CD138" cells was approximately 10-fold higher than CD138™ cells, CD138~ cells from
both cell lines underwent significantly greater clonogenic expansion than CD138* cells
during serial replating (Figure 1B).

CD138~ cells from MM cell lines express B-cell antigens

We further characterized the phenotype of CD138™ cells from both cell lines by flow
cytometry and found that CD138™ cells expressed CD19, CD20, as well as surface
immunoglobulin with light-chain restriction that matched previously published findings for
these 2 cell lines (Figure 1C).28 These antigens are normally expressed on mature B cells but
not plasma cells, and accordingly, CD138* cells expressed none of these markers (Figure
1C). Furthermore, CD138™ cells expressed higher levels of the proliferation marker Ki67
than CD138™ cells (Figure 1C).

Clonogenic MM cells from clinical samples are CD138~

We examined the in vitro colony formation of CD138* and CD138™ cells from bone marrow
specimens of 24 consecutive MM patients by isolating CD138* and CD138~ cell fractions
and further depleting them of CD34" hematopoietic progenitors that complicated the
assessment of clonogenic growth (Table 1). We found that the CD138*/CD34 cells from all
24 patients were unable to form colonies in vitro, represented by 3 patients in Figure 2A.
Conversely, the CD1387/CD34™ cells generated colonies that consisted of morphologically
mature plasma cells by 2 to 3 weeks, and in the 3 patients examined, colony formation
occurred in a linear fashion with increasing numbers of plated cells (Figure 2A). Flow
cytometric evaluation of pooled plasma cell colonies from the CD1387/CD34™ cells
demonstrated that the resulting CD138" cells displayed intracellular immunoglobulin light-
chain restriction that matched the patients’ MM (Figure 2B—C). Clonogenic growth could
theoretically result from EBV transformation; however, analysis of these pooled plasma cell
colonies from 3 patients revealed no EBV DNA sequences by PCR. Serial replating was
performed on cells derived from colonies of 3 patients and demonstrated continued colony
formation (Figure 2D).

The bone marrow samples were examined from patients with various stages of MM (stage I,
5 patients; stage 1, 8 patients; stage 111, 11 patients), and we found MM colony formation in
21 of 24 (88%; Table 1). In contrast, we observed no plasma cell colonies in 5 consecutive
normal bone marrow specimens (data not shown). In addition, we obtained MM colonies
from peripheral blood samples in 2 of 4 patients using the same methodology (Table 1). We
also observed malignant plasma cell colony growth from the blood and bone marrow of
patients with advanced MM and circulating plasma cells as well as 3 of 6 bone marrow
samples from patients with monoclonal gammopathy of unknown significance (Table 1).
Furthermore, the cloning efficiency positively correlated with disease stage (Table 1; P <.
01).

As a second measure of clonogenic growth, we examined the ability of CD138* or CD138~
cells to be engrafted in immunodeficient mice. CD138*/CD34~ and CD1387/CD34" cells
were isolated from bone marrow mononuclear cells of 4 patients and injected intravenously
into NOD/SCID mice. Human engraftment was not detected in any of the mice injected with
CD138™ cells (data not shown). However, CD138™ cells from a single patient were
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engrafted in 3 of 3 animals as evidenced by the presence of human CD138* cells with light-
chain restriction matching the original patient sample within the murine bone marrow
(Figure 3A). Analysis of the peripheral blood also demonstrated the presence of light chain—
restricted immunoglobulin that matched the patient’s M protein (Figure 3B).

Clonogenic MM progenitors from clinical samples express B-cell antigens

To further define the phenotype of clonogenic MM cells from primary patient samples, we
analyzed CD1387/CD34~ cell populations from bone marrow samples of 12 patients with
MM by depleting additional cell populations using monoclonal antibodies directed against
cell surface antigens. CD45 is present on the majority of human lymphoid cells but absent
on normal, and most malignant, plasma cells,18:27:28 and we found that CD45 depletion
significantly decreased in vitro MM colony formation (Figure 4). Similarly, antibodies
directed against the B-cell antigens CD19 and CD22 significantly decreased clonogenic MM
growth, whereas antibody against the T-cell antigen CD3 had little effect on colony
formation (Figure 4).

Because the humanized monoclonal antibody rituximab has activity against most B-cell
malignancies,® we examined its effect on clonogenic MM growth. CD1387/CD34™ cells
from clinical MM bone marrow samples were incubated with rituximab prior to plating in
methylcellulose. Rituximab significantly (P < 0.01) inhibited clonogenic MM growth
compared to untreated controls (Figure 5). Furthermore, the addition of human serum as a
source of complement further enhanced the activity of rituximab against MM progenitors in
vitro (Figure 5).

Discussion

The identity of the MM cell of origin has remained controversial, at least in part because
only a minority of MM cells are clonogenic in vivo and in vitro.2 Despite being one of the
first cancers grown in semisolid clonogenic assays,23% MM growth in vitro has been
difficult to reproduce.3! There have also been several reports of MM growth in
immunodeficient mice, but again, growth has generally been inconsistent or
nonquantitative.32-3% CD138 is the most specific marker for normal and MM plasma cells.
However, normal CD138* plasma cells appear to be terminally differentiated and unable to
proliferate,20 and there have been few studies using this marker to study the proliferative
capacity of MM cells. Although reports have described the engraftment of immunodeficient
mice with CD138" cells from clinical MM specimens, these samples are derived from cases
with advanced disease or plasma cell leukemia in which aberrant expression of cell surface
antigens may be expected.32:3% Furthermore, the quiescent, but most invasive, cells from a
murine model of MM are CD138™, even though the majority of the tumor cells are
CD13g*24

The low clonogenicity of many cancers, including MM, could be explained by all cancer
cells” having the ability to proliferate but only at a low rate. However, in many cancers it
appears that only a small subset of cells retains the capacity to self-renew and
proliferate.36-38 Chronic myeloid leukemia (CML) perhaps best illustrates a malignancy
arising from cancer stem cells. CML is characterized by increased numbers of blood and
bone marrow cells that display variable degrees of myeloid differentiation. Although these
mature cells form the bulk of the tumor mass, they lack significant self-renewal potential
and are unable to propagate the disease. In contrast, the neoplastic progenitors responsible
for the initiation and maintenance of CML phenotypically resemble normal hematopoietic
stem cells.3% Furthermore, rare cancer stem cells that are phenotypically distinct from the
differentiated progeny that characterize a particular disease have been described in acute
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myeloid leukemia,*? acute lymphocytic leukemia,*> myelodysplastic syndrome,*2 and breast
43
cancer.

Our data suggest that MM is another example in which cancer stem cells are a rare cell
population that is distinct from the differentiated cells that comprise the bulk of the disease.
We found that highly clonogenic MM cells lack CD138 expression typical of plasma cells
and, unlike plasmablasts, express CD20 and surface immunoglobulin.1844 Given that MM
cells exhibit somatic hyper-mutation of their immunoglobulin genes without intraclonal
variation,>#® our data suggest that MM arises at the level of postgerminal center B cells,
similar to most B-cell non-Hodgkin lymphomas.“® It is likely that eliminating the terminally
differentiated CD138* plasma cells enriched for clonogenic MM progenitors and allowed
their detection in most patients with MM. The pooled MM colonies consisted entirely of
CD138™ cells with monoclonal light-chain restriction that matched the patients’ M protein.
Assaying for immunoglobulin light-chain expression should be the most specific way to
confirm that the colonies arose from the MM clone because it quantifies the number of cells
expressing the clonotypic light chain. Other methods, such as PCR-based sequence analysis
of the complementary-determining region 3 of the immunoglobulin heavy-chain gene, are
less useful in this regard because their high sensitivity may detect small contaminating cell
populations.

Our finding that rituximab inhibits in vitro clonogenic MM growth is in contrast to a recent
report describing the lack of clinical efficacy of 4 to 8 weeks of this antibody in the majority
of patients with MM when assessed at 3 to 6 months.#” Standard clinical parameters used to
assess response (ie, bone marrow plasmacytosis and monoclonal immunoglobulin level)
primarily reflect the effects of treatment on MM plasma cells not MM progenitors.
Accordingly, responses were seen only in patients whose MM plasma cells expressed
CD20.#7 Because both normal and MM plasma cells, although terminally differentiated, are
long-lived, 148 therapies that selectively target MM stem cells may not demonstrate an
immediate clinical effect using standard response criteria until the remaining plasma cells
gradually undergo spontaneous apoptosis. Therefore, potentially useful therapies with
activity primarily against MM stem cells could be prematurely abandoned. Conversely,
therapies that target MM plasma cells may lead to rapid clinical improvement but are
unlikely to be curative unless MM stem cells are also eliminated.
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Figure 1. Clonogenicity of MM cell lines by CD138 expression

(A) Flow cytometric evaluation of CD138 expression by RPMI 8226 (X light chain
restricted) and NCI-H929 cells (k light chain restricted). * denotes CD138™ population. (B)
Clonogenic expansion of CD138* and CD138~ RPMI 8226 and NCI-H929 cells during
serial replating. Results are the mean + SEM of 3 separate experiments for each cell line and
represent the fold clonogenic expansion expressed as a ratio of number of colonies scored
compared to the previous plating. P < .02 following the fifth and sixth transfer of both cell
lines by Student t test. X-axis represents round of serial replating. (C) Flow cytometric
evaluation comparing additional antigens expressed by CD138* and CD138~ RPMI 8226

and NCI-H929 cells.
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Figure 2. Clonogenic growth of MM cells from clinical specimens

(A) MM colony formation of CD138" and CD138™ cells from 3 clinical samples plated at
various densities. (B) Flow cytometric evaluation of colonies derived from CD1387/CD34™
cells. The top 2 panels show the initial clinical marrow specimen; the middle panels, the
CD138-depleted cells prior to plating; and the bottom panels, the pooled colonies after 21
days from a representative MM patient. (C) Flow cytometric evaluation of pooled colonies
from 3 additional patients. (D) Colony formation of CD138™ clinical MM samples during
serial replating.
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Figure 3. Engraftment of MM CD138™ cells in NOD/SCID mice

(A) Flow cytometric evaluation of murine bone marrow from animals injected with
CD1387/CD34~ or CD138*/CD34~ cells from a single patient. (B) Serum human
immunoglobulin levels measured by ELISA in mice injected with CD1387/CD34™ or
CD138*/CD34~ cells from a single patient.
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Figure 4. MM colony formation of CD1387/CD34™ cells following antibody-mediated cell
depletion

Results are presented as a percentage of the untreated control group that was depleted of
CD34" and CD138" cells. P < .01 for CD45", CD19*, and CD22* cell depletions calculated
by Student t test comparing each group with the untreated control (n = 12). CFU indicates
colony-forming units.
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Figure 5. Effect of rituximab on clonogenic MM progenitors in vitro

MM colony formation following treatment of bone marrow mononuclear cells depleted of
CD34" and CD138™ cells with rituximab or 10% human serum (compl.). Results are
presented as a percentage of the untreated control group. P < .01 for the rituximab and
rituximab plus complement groups compared to the untreated (control) group by Student t
test (n = 3).
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Table 1

In vitro clonogenic MM growth of CD1387/CD34™ cells isolated from primary patient samples

No.  Colony formation, no. (%)  No. of colonies/10° cells, mean (range)

MM
BM 24 21 (88) 24 (4-43)
PB4 2 (50) 75 (3-12)

PCL
BM 2 2 (100) 42 (17-66)
PB 2 2 (100) 30 (12-49)

MGUS
BM 6 3 (50) 5 (3-8)
Total 32 26 (81) ND

P < .01 for comparison of no. of colonies/10° cells from bone marrow samples in MM, PCL, and MGUS groups by ANOVA.

BM indicates bone marrow; PB, peripheral blood; PCL, plasma cell leukemia or advanced MM; MGUS, monoclonal gammopathy of unknown
significance; and ND, not determined.
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