
RESEARCH ARTICLE

Immunophenotyping of Waldenströms
Macroglobulinemia Cell Lines Reveals Distinct
Patterns of Surface Antigen Expression:
Potential Biological and Therapeutic
Implications
Aneel Paulus1, Kasyapa S. Chitta1, Paul K. Wallace2, Pooja P. Advani3, Sharoon Akhtar1,
Maja Kuranz-Blake1, Sikander Ailawadhi3, Asher A. Chanan-Khan3*

1 Department of Cancer Biology, Mayo Clinic, Jacksonville, Florida, United States of America, 2 Department
of Flow and Image Cytometry, Roswell Park Cancer Institute, Buffalo, New York, United States of America,
3 Division of Hematology and Oncology, Department of Internal Medicine, Mayo Clinic, Jacksonville, Florida,
United States of America

* chanan-khan.asher@mayo.edu

Abstract
Waldenströms macroglobulinemia (WM) is a subtype of Non-Hodgkin’s lymphoma in

which the tumor cell population is markedly heterogeneous, consisting of immunoglobulin-

M secreting B-lymphocytes, plasmacytoid lymphocytes and plasma cells. Due to rarity of

disease and scarcity of reliable preclinical models, many facets of WMmolecular and phe-

notypic architecture remain incompletely understood. Currently, there are 3 humanWM

cell lines that are routinely used in experimental studies, namely, BCWM.1, MWCL-1 and

RPCI-WM1. During establishment of RPCI-WM1, we observed loss of the CD19 and

CD20 antigens, which are typically present on WM cells. Intrigued by this observation and

in an effort to better define the immunophenotypic makeup of this cell line, we conducted a

more comprehensive analysis for the presence or absence of other cell surface antigens

that are present on the RPCI-WM1 model, as well as those on the two other WM cell lines,

BCWM.1 and MWCL-1. We examined expression of 65 extracellular and 4 intracellular an-

tigens, comprising B-cell, plasma cell, T-cell, NK-cell, myeloid and hematopoietic stem cell

surface markers by flow cytometry analysis. RPCI-WM1 cells demonstrated decreased ex-

pression of CD19, CD20, and CD23 with enhanced expression of CD28, CD38 and

CD184, antigens that were differentially expressed on BCWM.1 and MWCL-1 cells. Due to

increased expression of CD184/CXCR4 and CD38, RPCI-WM1 represents a valuable

model in which to study the effects anti-CXCR4 or anti-CD38 targeted therapies that are

actively being developed for treatment of hematologic cancers. Overall, differences in sur-

face antigen expression across the 3 cell lines may reflect the tumor clone population pre-

dominant in the index patients, from whom the cell lines were developed. Our analysis

defines the utility of the most commonly employed WM cell lines as based on their
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immunophenotype profiles, highlighting unique differences that can be further studied for

therapeutic exploit.

Introduction
Waldenströms Macroglobulinemia (WM) is a lymphoplasmacytic lymphoma that is character-
ized by small malignant lymphocytes, plasmacytoid lymphocytes and/or plasma cells that pre-
dominantly invade the bone marrow and secrete immunoglobulin-M (IgM).[1] As a result of
tumor cell infiltration, patients with WM can present with clinical features of lymphadenopa-
thy, hepatosplenomegaly or pancytopenia. Moreover, WM cells are known to secrete large
amounts of IgM resulting in hyperviscosity and end organ damage.[2, 3] WM is a relatively
rare malignancy, with an estimated 1500 new cases diagnosed per year in the United States and
an incidence of 3 to 5 persons per million persons per year.[4, 5] Due to its rarity, immunophe-
notypic ambiguities related to the WM tumor compartment being comprised of different pop-
ulations of B-cells, and scarcity of reliable preclinical models, WM remains a challenging and
incurable hematologic malignancy.[6] Although limited in number, WM cell line models have
indeed allowed for rigorous examination of disease mechanisms along with providing a plat-
form for testing anti-WM therapeutics.

The optimal use of a preclinical model system can be derived upon its comprehensive char-
acterization. Molecular assessment through whole exome sequencing, global transcriptome
profiling as well as micro-RNA (miRNA) and methylation profiling is now routinely per-
formed on cell lines with the results cataloged in online databases.[7] However, efforts to define
and catalog the immunophenotypic features of preclinical models (and particularly WM) have
been lacking. The total phenotypic makeup (molecular and immunophenotypic) carries far
greater potential for precisely defining a models functional utility, particularly when testing tar-
geted therapies such as monoclonal antibodies, which rely on engagement with external cell
surface receptor/antigens to exert their effects internally.

The presence or absence of cell surface antigens typically remains consistent, in contrast to
gene or miRNA expression, which are highly contextual and change in response to a variety of
stimuli, including therapy induced stress. However, it has been reported that the WM surface
marker profile can shift over time from that of a predominantly monotypic B-lymphocytic
type towards one more reminiscent of a plasma cell population, in response to treatment
with various chemoimmunotherapeutics.[8] This shift in cell populace is reflected by loss of
characteristic B-lymphocyte surface antigens (CD19, CD20) and acquisition/overexpression of
plasma cell markers (CD38, CD138), which can be detected by flow cytometry or immunohis-
tochemistry.[8, 9]

We have previously reported on development and establishment of the RPCI-WM1 human
WM cell line, which is CD19- and CD20- and was developed from aWM patient with terminal
disease.[10] RPCI-WM1 constitutes a unique model amongst the other WM cell lines
(BCWM.1 and MWCL-1) due to loss of CD19/20[10, 11] and as such may derive its origins
from a tumor population that was predominately comprised of plasma or plasmacytoid cells.
Extending on this original observation, we conducted a comprehensive immunophenotyping
analysis to profile the presence or absence of WM and hematopoietic lineage (non-WM) CD
antigens in RPCI-WM1 as well as the BCWM.1 and MWCL-1 models in a comparative
manner.

Immunophenotypic Profiles of WMCell Lines
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Materials & Methods

Cell lines, cell culture and reagents
HumanWaldenström macroglobulinemia cell lines were used in this analysis and maintained
as previously described.[12] The BCWM.1 and MWCL-1 cell lines were kindly gifted to us
from Dr. Steven Treon (Dana Farber Cancer Institute, Harvard, MA) and Dr. Steven Ansell
(Mayo Clinic, Rochester, MN).[13, 14] The RPCI-WM1 model was established and developed
as previously reported.[10] All cell lines were cultured in RPMI-1640 containing 10% FBS and
penicillin (100U/ml) and streptomycin (100ug/ml). Culture medium was replaced every three
days. Cell viability was maintained at> 90% and was measured by trypan blue exclusion assay
using ViCell-XR viability counter.

Extracellular and intracellular antigen analysis of cell lines
A comprehensive surface antigen analysis using flow cytometry was performed. Surface anti-
gens present on progenitor, immature, activated germinal center and memory B-cells along
with those present on plasmablasts and plasma cells were examined. Presence of stem cell
markers was also examined. Briefly, all cell lines were maintained in continuous culture at 37°C
and 5% CO2 in a fully humidified incubator and were washed once with FCM buffer (PBS,
0.5% bovine serum albumin, 0.1% sodium azide and 0.004% Na4EDTA; Leinco Technologies
Inc., Fenton, MO). Cells were suspended in FCM buffer at a concentration of 2 x 107 cells/mL
with purified human IgG (6 mg/ml, Sigma) to block binding of monoclonal antibodies (mAbs)
to Fc receptors. After 10 minutes, 0.5–1 x 106 cells were mixed with the indicated mAbs in a
12 x 75 mm tubes (Falcon, BD Bioscience, Bedford, MA). MAbs were purchased from BD Bio-
science (San Jose, CA), Beckman Coulter (Miami, FL), Biolegend (San Diego, CA), Bio-Rad
Serotec (Hercules, CA), Dako (Carpinteria, CA), eBiosciences (San Diego, CA), Life Technolo-
gies (Grand Island, NY) and used at a laboratory optimized saturating concentration. The cells
were incubated in the dark with mAbs at ambient temperature for 20 minutes, then washed
twice in FCM buffer and finally suspended in 2% methanol free formalin (Polysciences, Inc.,
Warrington, PA) and stored in the dark at 4–8°C no longer than 24 hours until analysis. For in-
tracellular staining the cells were washed 15 minutes after the aforementioned fixation step in
FCM buffer and then suspended in a 1:4 dilution of Reagent B (Fix& Perm cell fixation & per-
meabilization kit; Life Technologies) with the intracellular mAb of interest. The cells were incu-
bated for 30 minutes before washing and suspending in FCM buffer for data acquisition.
Cytofluorometric analysis was performed using an LSR Fortessa (BD BioSciences, San Jose,
CA) flow cytometer calibrated daily with CS&T beads (BD Bioscience). This instrument was
equipped with a 405, 488 and 640 nm solid state lasers. FITC, PE, PECy5 or PerCPCy5.5 were
excited by the 488 nm laser and detected with 530/30 nm, 575/26 nm, 695/40 nm bandpass fil-
ters, respectively; APC was excited by the 640 nm laser and detected with a 670/34 nm band-
pass filter. Thirty thousand events were collected using a forward scatter threshold. Data was
analyzed using WinList (Verity Software House, Topsham, ME) using a broad forward versus
side scatter region was used to include all cells while excluding any debris, dead cells and cell
aggregates. Tumor cells were considered positive or negative for a given CD antigen/cell mark-
er based on a cutoff of>20% gated expression or<20% gated expression, respectively. Sphero-
tech 6 peak beads (Ultra Rainbow Calibration Particles; Lake Forest, IL) were used to convert
mean fluorescence intensity (MFI) to molecules of equivalent soluble fluorochrome (MESF)
according to the manufacturer’s instructions. Briefly, MFI and MESF values for each bead stan-
dard were log(10) transformed and used to calculate a best fit linear regression line at the same
voltage settings used to acquire the cell line data. The regression line equation was then used to
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extrapolate the MESF values from the MFI of the mAb labeled cell line. Individual best-fit lines
were determined for each fluorochrome. Qualitative classifiers based on MESF values were ap-
plied for surface marker density, denoting low (MESF>3,170), medium (MESF>33,014) and
high (MESF>343,793) expression of CD antigens present on WM tumor cells. The full list of
mAbs used is presented in S1 Data.

Results

Antigen expression profile of RPCI-WM1 cells
WM cells typically demonstrate detectable surface expression of IgM, monotypic surface light
chain (most cases are κ+), CD19, and CD20 but do not express CD5, CD10, CD23.[1] Howev-
er, a great degree of variability has been observed in the expression (or lack thereof) of these
surface markers, as well as expression of atypical antigens.[6] In this regard, it is not uncom-
mon for malignant B-cells to aberrantly express T-cell,[15–17] myeloid cell,[6, 18] and stem
cell surface markers.[19–21] Using our recently established RPCI-WM1 model, we performed
a comprehensive immunophenotype analysis to determine the expression of typical as well as
unique CD antigens in these cells. Expression of 65 extracellular and 4 intracellular antigens,
comprising B-cell, plasma cell, T-cell, NK-cell, myeloid and hematopoietic stem cell surface
markers was analyzed by flow cytometry. Tumor cells were gated for antigen presence and a
threshold of 20% was used to delineate relative expression (positive) vs. non-expression (nega-
tive) of antigen. RPCI-WM1 cells were positive for a total of 27 antigens and negative for 42 an-
tigens (Table 1). Upon assessment of CD marker density where the antigen was expressed on
>80% of cells, RPCI-WM1 cells were CD38+high (MESF 413,090), CD70+medium (MESF
49,943) and CD39+medium (MESF 30,127) with low to medium density (MESF 10,000–
29,000) observed for CD28, CD43, CD45, CD54, CD138, CD184 and κ light-chain expression
(Table 2). The finding of CD28 positivity was surprising yet not unfounded as a subset of long
lived bone marrow plasma cells are known to use CD28 signaling for survival.[22] All remain-
ing antigens expressed from Table 1 were either expressed at a low surface density or expressed
on less than<20% of tumor cells.

Table 1. Expression of cell surface antigens on RPCI-WM1model.

Expressed on >20% of cells Expressed on <20% of cells

CD14 CD134 CD5 CD80 CD117 (c-KIT)

CD22 CD272 CD10 CD90 CD127 (IL7Ra)

CD28 KAPPA CD11c CD111 CD135 (FLT3)

CD38 CD25 (IL2Ra) CD13 CD133 CD137 (TNFRSF9)

CD39 CD54 (I-CAM1) CD19 CD154 CD197 (CCR7)

CD43 CD123 (IL3R) CD20 CD202b CD243 (MDR1)

CD45 CD138 (Syndecan-1) CD23 CD278 CD252 (TNFSF4)

CD45RA CD184 (CXCR4) CD24 CD16 (FcγRIIIa/b) CD309 (VEFR2)

CD45RO CD268 (BAFFR) CD32 CD27 (TNFRSF7) CD338 (ABCP)

CD66b CD279 (PD-1) CD34 CD30 (TNFRSF8) CD62L (L-Selectin)

CD70 Intracellular-CD247 CD35 CD40 (TNFRSF5) FMC7

CD86 Intracellular-CD289 (TLR9) CD69 CD52 (CAMPATH-1) HLA-DR

CD101 Intracellular-KAPPA CD73 CD56 (NCAM-1) LAMBDA

CD110 CD79b CD105 (Endoglin)

doi:10.1371/journal.pone.0122338.t001
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Expression of WM-associated surface antigens present on RPCI-WM1
Next, we probed for antigens whose expression (or infrequent presence) on primary malignant
cells fromWM patients has been previously reported.[6, 8, 10] Nineteen extracellular and 1 in-
tracellular surface marker(s) were examined showing RPCI-WM1 cells to be CD28+, CD38+,
CD45+, CD45RO+, CD138+, κ light chain+ and intracellular κ light chain+ while being
CD10-, CD11c-, CD19-, CD20-, CD22-, CD23-, CD25-, CD27-, CD40-, CD52-, CD56-,
CD79b- and FMC7- (Fig 1). It is important to note that CD10, CD22 and CD23 have been re-
ported as being expressed in 3%, 33% and 61% of patients.[6] The observation that these anti-
gens were not expressed in the majority of RPCI-WM1 cells was not altogether unforeseen as
this cell line was derived from a terminally advanced stage WM patient and suggests the shed-
ding of “typical” surface antigens and upregulation of others (i.e. CD28) by the tumor clone,
perhaps to retain its tumorigenicity.

Comparison of the WM-associated antigens present on RPCI-WM1,
BCWM.1 and MWCL-1
We then conducted a comprehensive comparative analysis of surface markers in WM cell lines
(only 3 noted in the medical literature, 2 developed by the Mayo Clinic group; MWCL-1 and
RPCI-WM1,[10, 14] and 1 developed at Dana Farber Cancer Institute; BCWM.1).[13] Using
the same set of 19 antigens (Fig 1) a comparative analysis was performed in BCWM.1 and
MWCL-1 (Fig 2). Both MWCL-1 and BCWM.1 cells were CD19+low and CD20+medium.
The CD20 epitope, FMC7, was also expressed in ~45–63% of BCWM.1 and MWCL-1 cell, re-
spectively albeit at low levels. Notably both RPCI-WM1 (88.7% of cells) and MWCL-1 (98.3%

Table 2. Most widely expressed antigens on RPCI-WM1 cells.

mAb Fluorophore %Gated MESF

Extracellular antigens

CD28 APC 99.6 21596.2

CD38 PECY5 99.5 413090.1

CD39 PE 98.6 30127.2

CD43 FITC 97.9 27244.7

CD45 FITC 98.1 24447.2

CD45RO PE 89.4 7268.5

CD54 FITC 98.3 22809.7

CD66b PCPCY5.5 97.9 3592.2

CD70 PE 99.2 49943.4

CD86 APC 99.6 10598.5

CD110 PE 96.7 6712.5

CD123 PE 85.9 7301.2

CD134 PE 80.7 4237.7

CD138 PE 87.7 14582.8

CD184 PECY5 98.3 19115.2

KAPPA APC 99.1 10789.6

Intracellular antigens

LAMBDA PE 87.8 6418.4

CD289 PE 99.4 21063.7

CD247 FITC 99.7 51184.7

KAPPA FITC 99.8 360028.6

doi:10.1371/journal.pone.0122338.t002
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of cells) were CD138+medium. RPCI-WM1 (99.1% of cells) demonstrated low density of κ
light-chain (MESF 10,789.6) whereas density of κ light-chain on MWCL-1 (99.5% of cells) was
medium in qualitative assessment (MESF 33,782). Contrastingly, in BCWM.1, CD138 was
only expressed on 34.9% of gated cells at a low density (MESF 3,719) and κ light-chain on a
minor fraction (26.7%) at a very low density (MESF 633.4). CD38 expression was most promi-
nent in RPCI-WM1, followed by BCWM.1 (91.5% of cells, MESF 9,367.9) and least in MWCL-
1 (44.4% of cells, MESF 2,108) (Table 3). In contrast to RPCI-WM1 cells, CD28 was expressed
in<20% of BCWM.1 or MWCL-1 cells and whose surface density was very low. As anticipat-
ed, CD10 and 11c were not expressed in either of three cell lines.

Pattern of surface antigen expression across all 3 WMmodels
Overall antigen expression that was similarly present on at least 20% of malignant cells across
all 3 WMmodels was analyzed. A total of 20 surface molecules were expressed on>20% of
RPCI-WM1, BCWM.1 and MWCL-1 tumor cells (Table 3). Notably, CD39, 43, and 70 were
found on more than 98% of cells across all 3 cell lines, exhibiting a medium density pattern of
expression. CD45 was prominent on 84–98% of tumor cells from all cell lines with the highest
density signal in RPCI-WM1 cells (MESF 24,447), nearly twice as high compared to BCWM.1
cells. In contrast, the long ~220kD isoform CD45RA was highest in BCWM.1 (89.7% of cells,
MESF 5,577) and lowest on RPCI-WM1. CD134+low signal intensity was found on ~67%,
80% and 92% of MWCL-1, RPCI-WM1 and BCWM.1 cells, respectively. Markers that were

Fig 1. Expression of WM-specific antigens present on RPCI-WM1. For antigen detection, fluorescein (FITC), phycoerythrin (PE), phycoerythrin—cyanine
5 (PC5) or allophycocyanin (APC) conjugates of various antigen-specific antibodies were used. Flow cytometry shows the RPCI-WM1 cell line to be CD10,
11c, 19, 20, 23, 27, 40, 52 and 79b negative and CD22, 28, 38, 45, 45RO, 38, 138, κ light chain and intracellular-κ positive.

doi:10.1371/journal.pone.0122338.g001
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found only on 20–40% of cells in a low density pattern included CD25, 66b and 279. Of the re-
maining antigens, CD86, although apparent on the surface of>85% of cells from all three
tumor models, was most reactive (as based upon MESF) on RPCI-WM1 followed by BCWM.1
and least on MWCL-1 cells. The plasma cell surface marker CD138 was however most widely
observed on MWCL-1 (98% of cells) and RPCI-WM1 (88% of cells), yet was found on only
35% of BCWM.1 cells. Expression of CD268/BAFFR (B-cell activating factor receptor) and
CD272/BTLA (B and T lymphocyte attenuator) was also more apparent on MWCL-1 cells as
well as BCWM.1, but negligible on RPCI-WM1. Lastly, expression of CD22, which functions
as an inhibitory receptor for B-cell receptor signaling[23] was low on ~98% of BCWM.1 tumor
cells (MESF 15,665.8), lesser so on 63% of MWCL-1 cells (MESF 2,819.4) and scarcely present

Fig 2. WM-specific antigen expression compared across RPCI-WM1, BCWM.1 andMWCL-1 cell lines. Fluorescein (FITC), phycoerythrin (PE),
phycoerythrin—cyanine 5 (PC5) or allophycocyanin (APC) conjugates of various antibodies were used as presented above. All cell lines were negative for
CD10 and 11c. Blue line indicates RPCI-WM1 antigen expression, red line indicates MWCL-1 antigen expression and green line indicates antigen
expression in BCWM.1 cell line. Only BCWM.1 an MWCL-1 were CD19+, CD20+ and FMC7+. Expression of CD138 and κ-light-chain was seen only on
MWCL-1 and RPCI-WM1 cells. CD28 expression was markedly more observable on RPCI-WM1 tumor cells as compared to MWCL-1 or BCWM.1.

doi:10.1371/journal.pone.0122338.g002
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on 20% of RPCI-WM1 cells (MESF 958.8). Additional data as well as a comprehensive immu-
nophenotypic comparison across all 3 models is presented in Fig 3 and Table 4.

Presence of stem-cell antigens on RPCI-WM1 cells and in comparison
with BCWM.1 and MWCL-1
Tumor cells from many diseases, including B-cell cancers, have been found to express surface
markers that are more typically used to characteristic hematopoietic stem cells. As such, we
first examined in RPCI-WM1, the expression of 8 stem cell markers whose expression has been
shown on lymphoid or myeloid lineage cancers (Fig 4).[24–30] RPCI-WM1 cells were noted to
be negative for CD34, 90, 105, 111, 117 and 202b while being positive (>95% of gated cells) for
CD110 and CD184 (CXCR4). Both markers were lowly expressed with CD184 fluorescence
being higher (MESF 19,1152) than CD110 (MESF 6,712). Expression of these antigens, as well
as the 6 others that RPCI-WM1 cells did not express, were quantified in BCWM.1 and
MWCL-1 cells also. While CD184 was expressed on>80% of BCWM.1 cells, its surface density
was low (MESF 9,618). Contrastingly, CD184 was virtually absent on MWCL-1 cells (8.8%
cells gated, MESF 740.5). We did not observe any expression of CD34, 90 or 202b on either cell
line, however, CD105+low expression was found on approximately 79% of MWCL-1 cells but
virtually absent, on BCWM.1, similar to RPCI-WM1. Also, CD111 was lowly expressed on

Table 3. Pattern of surface antigen expression (>20%) across all 3 WMmodels.

RPCI-WM1 MWCL-1 BCWM.1

mAb Fluorophore % Gated MESF % Gated MESF % Gated MESF

CD38 PECY5 99.5 413090.1 44.4 2108.0 91.5 9367.9

CD70 PE 99.2 49943.4 99.8 82511.4 97.2 64254.9

CD39 PE 98.6 30127.2 99.3 98989.5 99.2 61333.4

CD86 APC 99.6 10598.5 87.9 4830.0 98.3 12328.0

KAPPA APC 99.1 10789.6 99.5 33782.1 26.7 633.4

CD54 FITC 98.3 22809.7 92.9 21078.1 97.2 43972.6

CD45 FITC 98.1 24447.2 84.8 12746.6 91.4 15611.4

CD43 FITC 97.9 27244.7 98.7 40373.8 94.4 31498.4

CD138 PE 87.7 14582.8 98.3 70921.5 34.9 3719.5

CD66b PCPCY5.5 97.9 3592.2 93.8 3440.4 77.7 2273.3

CD110 PE 96.7 6712.5 97.9 9597.9 64.6 3687.2

CD123 PE 85.9 7301.2 89.8 12928.3 79.0 9597.9

CD134 PE 80.7 4237.7 67.3 4562.2 92.3 9828.2

CD268 PE 33.5 2526.3 94.9 32241.6 97.4 24368.2

CD45RA APC 48.7 1087.7 50.6 1184.8 89.7 5577.1

CD101 APC 41.7 795.8 80.9 3632.9 35.3 535.8

CD25 APC 40.3 849.9 22.1 546.6 20.3 394.5

CD279 APC 39.0 774.2 23.5 274.7 24.6 579.2

CD272 PE 24.1 1981.1 96.1 31805.1 88.8 27111.1

CD22 PECY5 20.0 958.8 63.7 2819.4 97.3 15665.8

INTRACELLULAR

KAPPA FITC 99.8 360028.6 99.6 43972.6 67.2 6062.7

CD247 FITC 99.7 51184.7 99.2 20117.1 98.3 32369.7

CD289 PE 99.4 21063.7 99.3 10519.5 97.5 17236.6

doi:10.1371/journal.pone.0122338.t003
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Fig 3. Comparative immunophenotyping analysis of RPCI-WM1, BCWM.1 and MWCL-1WM cell lines. A total of 65 extracellular and 4 intracellular
antigens, comprising B-cell, plasma cell, T-cell, NK-cell, myeloid and hematopoietic stem cell surface markers were analyzed by flow cytometry analysis.
Quantification of % gated antigen expression and density of antigen expression is detailed in Table 4. Blue line indicates RPCI-WM1 antigen expression, red
line indicates MWCL-1 antigen expression and green line indicates antigen expression in BCWM.1 cell line.

doi:10.1371/journal.pone.0122338.g003
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Table 4. Comprehensive immunophenotype comparison of RPCI-WM1, MWCL-1 and BCWM.1.

RPCI-WM1 MWCL-1 BCWM.1

WM associated antigens Fluorochrome % Gated MESF % Gated MESF % Gated MESF

CD10 PE 8.8 1661.6 2.5 1057.6 4.5 1216.1

CD11c APC 3.5 318.3 2.1 231.0 6.8 285.6

CD19 APC 9.0 394.5 97.8 30981.5 98.0 16617.6

CD20 APC 1.1 0.0 99.8 92499.2 98.9 66979.7

CD22 PECY5 20.0 958.8 63.7 2819.3 97.3 15665.7

CD23 APC 8.9 372.8 99.4 110591.5 94.8 38999.8

CD25 APC 40.3 849.9 22.1 546.6 20.3 394.5

CD27 PE 4.3 1374.9 8.5 1343.1 7.3 1661.5

CD28 APC 99.6 21596.2 16.0 427.1 12.0 329.2

CD38 PECY5 99.5 413090.1 44.4 2107.9 91.5 9367.8

CD40 PE 10.9 1661.6 79.8 5994.1 82.8 8448.2

CD52 FITC 4.8 2183.6 65.5 7335.7 20.9 3158.5

CD56 FITC 2.1 1814.0 2.2 1537.6 2.2 1353.8

CD138 PE 87.7 14582.8 98.3 70921.5 34.9 3719.5

CD45RO PE 89.4 7268.5 4.5 1311.3 12.5 1470.3

CD79b PE 1.6 1311.4 24.6 2109.1 2.0 491.1

FMC7 FITC 1.1 1583.7 63.6 8659.9 45.4 5827.4

KAPPA APC 99.1 10789.6 99.5 33782.1 26.7 633.3

All other antigens Fluorochrome % Gated MESF % Gated MESF % Gated MESF

CD5 PECY5 3.9 689.1 30.9 1317.3 4.0 288.5

CD13 PE 4.1 1534.1 6.1 1438.5 17.2 1629.7

CD14 APC 27.6 600.9 17.3 448.8 18.1 405.3

CD16 FITC 2.8 1767.9 2.0 1537.6 2.7 1583.6

CD24 PE 15.8 2109.2 15.2 1949.1 7.3 1343.1

CD30 PE 1.8 1279.6 50.5 4984.5 95.3 52990.2

CD32 PE 0.9 710.6 0.9 553.6 3.2 553.6

CD34 PE 4.8 1406.7 4.7 1216.1 5.4 994.3

CD35 PE 1.4 1216.1 2.2 1025.9 8.5 1184.3

CD39 PE 98.6 30127.2 99.3 98989.4 99.2 61333.3

CD43 FITC 97.9 27244.7 98.7 40373.8 94.4 31498.3

CD45 FITC 98.1 24447.2 84.8 12746.5 91.4 15611.4

CD45RA APC 48.7 1087.7 50.6 1184.8 89.7 5577.0

CD54 FITC 98.3 22809.7 92.9 21078.1 97.2 43972.5

CD62L FITC 2.5 1814.0 3.6 1675.7 1.5 1216.2

CD66b PCPCY5.5 97.9 3592.2 93.8 3440.3 77.7 2273.3

CD69 PE 3.1 1311.4 46.0 3396.2 50.3 3525.5

CD70 PE 99.2 49943.4 99.8 82511.4 97.2 64254.8

CD73 FITC 2.7 1860.2 7.5 2044.9 0.2 6062.7

CD80 PE 2.4 1279.6 99.7 39474.6 3.8 804.9

CD86 APC 99.6 10598.5 87.9 4830.0 98.3 12327.9

CD90 FITC 2.6 1767.9 17.9 2739.9 10.1 1998.6

CD101 APC 41.7 795.8 80.9 3632.8 35.3 535.7

CD105 PE 6.4 1565.9 79.0 5114.6 12.5 0

CD110 PE 96.7 6712.5 97.9 9597.9 64.6 3687.1

CD111 PE 5.2 1470.4 66.0 4335.0 63.7 4594.6

CD117 APC 4.2 329.2 2.5 274.7 5.2 274.7

(Continued)
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Table 4. (Continued)

RPCI-WM1 MWCL-1 BCWM.1

WM associated antigens Fluorochrome % Gated MESF % Gated MESF % Gated MESF

CD123 PE 85.9 7301.2 89.8 12928.3 79.0 9597.9

CD127 PE 2.3 1247.8 4.0 1152.6 7.2 1279.5

CD133 PE 4.8 1629.7 3.5 1247.8 7.4 1502.2

CD134 PE 80.7 4237.7 67.3 4562.1 92.3 9828.1

CD135 PE 6.5 1597.8 5.0 1343.1 8.2 1406.7

CD137 PE 4.7 1502.2 6.8 1406.7 52.4 3428.5

CD154 PE 1.3 1152.7 2.4 1025.9 4.2 1120.9

CD184 PECY5 98.3 19115.2 8.6 740.5 88.6 9618.4

CD197 PE 1.7 1216.1 41.5 3234.8 36.6 2719.2

CD202b PE 12.1 1821.2 14.4 1885.1 9.0 1279.5

CD243 PE 16.3 2173.3 14.4 1949.1 26.3 1725.4

CD252 PE 16.6 1885.2 45.7 4952.0 38.4 5863.7

CD268 PE 33.5 2526.3 94.9 32241.5 97.4 24368.1

CD272 PE 24.1 1981.1 96.1 31805.0 88.8 27111.1

CD278 FITC 4.4 2137.4 5.9 2183.6 6.6 2461.5

CD279 APC 39.0 774.2 23.5 274.7 24.6 579.1

CD309 PE 11.8 1853.2 9.3 1629.7 8.7 1438.5

CD338 APC 12.1 470.6 5.4 329.2 6.8 285.6

HLADR FITC 1.6 1721.8 99.6 149806.8 99.6 105318.4

LAMBDA PE 4.1 1534.1 4.4 1311.3 98.1 20863.7

doi:10.1371/journal.pone.0122338.t004

Fig 4. Presence of stem-cell markers on RPCI-WM1. A total of 8 surface antigens that are typically expressed on the surface of stem cells were examined.
Notably, more than 90% of RPCI-WM1 cells gated were CD110+low and CXCR4/CD184+low. A comparison of these and the remaining stem-cell antigens in
BCWM.1 and MWCL-1 cell lines is presented in Table 4.

doi:10.1371/journal.pone.0122338.g004
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>60% of BCWM.1 (MESF 4,594.6) and MWCL-1 tumor cells (MESF 4,335) in contrast to
5.2% of RPCI-WM1 (MESF 1,470.4) (see Table 4).

Immunophenotype comparison of WMmodels with other B-cell cancers
WM cells exist within a continuum comprised of morphological (and functional) features be-
longing to both B-cells and plasma cells, carrying a marker expression pattern that can some-
times mimic those of other B/plasma cell malignancies. We compared the expression of 11
surface markers that either alone or in combination with one another are typically observed in
patients with WM, chronic lymphocytic leukemia (CLL), mantle cell lymphoma (MCL), splen-
ic marginal zone lymphoma (SMZL), follicular lymphoma (FL), hairy cell leukemia (HCL),
mucosa associated lymphoid tissue (MALT) lymphoma and multiple myeloma (MM) with
those expressed on the 3 WM cell lines (Table 5).[6, 31, 32] We noted that CD11C, which has
been shown in up to 81% of WM cases examined and is also expressed in SMZL, MCL, FL,
HCL and MALT lymphoma was absent in the 3 available WMmodels.[6] We also found that
approximately 30% of MWCL-1 cells expressed CD5+low, which has been shown in a very
small subset of WM cases (~5%),[6] however, this marker was not found on BCWM.1 and
RPCI-WM1. Despite overlap in antigen expression, Table 5 shows distinctions between surface
molecules present on common B/plasma cell cancer cases (including WM) compared with the
3 WM cell lines.

Discussion
The fitness of a preclinical model to faithfully reproduce a testable phenotype of interest (i.e.
drug sensitivity) relies on an intimate knowledge of the underlying molecular architecture as
well as its immunophenotypic features. Establishment of online databases such as the Cell Line
Encyclopedia (Broad Institute, MA) demonstrates the extensive characterization efforts cur-
rently underway to define the genomic features for a large number of tumor cell lines.[7] How-
ever, no such initiatives have as yet been made in describing the molecular attributes of WM
cell line models, particularly as they pertain to the immunophenotype profile. As such, we con-
ducted a comprehensive surface antigen analysis as well genomic and epigenetic inspection

Table 5. Immunophenotype comparison of commonWMmodels with various B/plasma cell cancers.

B/plasma cell malignancies WM models

Antigen LPL/WM SMZL CLL MCL FL HCL MALT MM RPCI-WM1 BCWM.1 MWCL-1

CD5 - + + + - - - - - - +

CD10 - - - - + - - - - - -

CD11C + + - + + + + - - - -

CD19 +/- + + +/- +/- - + - - + +

CD20 +/- + + + + + + - - + +

CD23 +/- + + - + - - +/- + - +

CD25 +/- + - - - + - - + + +

CD27 +/- + + + + - + - - - -

CD38 + +/- + + + - +/- + + + +

CD138 + +/- - - - - +/- + + + +

Abbreviations: +, present in >20% gated cells;-, present in <20% of gated cells; LPL/WM, lymphoplasmacytic lymphoma/Waldenström macroglobulinemia;

SMZL, splenic marginal zone lymphoma; CLL, chronic lymphocytic leukemia; MCL, mantle cell lymphoma; FL, follicular lymphoma; HCL, hairy cell

leukemia; MALT, mucosa-associated lymphoid tissue; MM, multiple myeloma.

doi:10.1371/journal.pone.0122338.t005
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(forthcoming report) of the three most used WM cell lines: BCWM.1, MWCL-1 and
RPCI-WM1.

WM is a unique pathologic entity with well-defined clinical features. However, a significant
degree of heterogeneity is observed in patients with this disease, where some are asymptomatic
and require no therapy, while others necessitate therapeutic intervention for management of
symptomatic disease.[2] This heterogeneity is further reflected within the WM tumor compart-
ment, which consists of B-cells, plasma cells and lymphoplasmacytic cells and whose spatio-
temporal profile can shift under prolonged therapeutic stress. A growing body of evidence
suggests that as WM patients are treated with chemotherapy (fludarabine, cyclophosphamide,
vincristine) or immunotherapeutics (anti-CD20 monoclonal antibody, rituximab), the B-
lymphocytic WM component is effectively eradicated, leaving behind the more robust plasma
cell (or plasmacytoid) fraction, which is known to be considerably less sensitive to chemothera-
py or anti-CD20 therapy.[9, 33–35] In one series, persistent plasmacytosis was observed in
24% of patients following therapy, occurring as early as 1 month post-treatment in one patient
and in a separate case, enduring as late as 50 months post-treatment.[8] In this regard, appro-
priate in vitro and in vivo preclinical models are needed to study the variance in immunophe-
notypic changes as well as their potential clinical ramifications.

Although more descriptive in nature, our current analysis suggests that the most commonly
used WM cell lines models each possess unique immunophenotypic features; reminiscent con-
ceivably of the tumor cell populations from which they were derived. The RPCI-WM1 cell line
in particular represents a unique model amongst the three, due to expressional loss of CD19,
CD20, CD23 and enhanced expression of CD28 and CD184. Importantly, the index patient
from whom RPCI-WM1 was developed had previously received two lines of rituximab con-
taining therapy, which she subsequently developed resistance towards. It is therefore not sur-
prising that the malignant cells fit enough to establish themselves as the dominant WM clone
lack CD20. Also, the increased expression and density of CXCR4 in RPCI-WM1 (and to a less-
er extent BCWM.1; MESF/density, 9,618.5) is noteworthy as both mAb-based and small mole-
cule inhibitors of CXCR4/CD184 are currently being examined for therapeutic use in a wide
range of maladies.[36–38] The fully humanized anti-CXCR4 antibody, BMS-936564/MDX-
1338 has shown preclinical efficacy in WM cell lines and is being tested in a phase I clinical
trial for the treatment of relapsed/refractory hematologic cancers.[37, 39] In addition to
CD184, we observed increased expression and density of CD38 on RPCI-WM1 cells compared
to the other cell lines. This carries potential therapeutic implications as the fully human mAb,
daratumumab, which targets CD38 has demonstrated impressive activity in relapsed/refractory
multiple myeloma patients and holds promise in other CD38-expressing malignancies, includ-
ing WM.[40, 41] Recognizing that in vitro models of disease may alter their molecular (and
immunophenotypic) makeup during culture to sustain stable growth, we examined for the
presence of novel (CD28), therapeutically relevant (CD38 and CD184/CXCR4) and established
WM cell markers (CD19 and CD20) in CD19+/CD138+ sorted tumor cells derived ex vivo
fromWM patients (S1 Fig). As anticipated, we observed high expression of CD38 (>90%) and
CD184 (>70%) in tumor cells from both patients however, CD28 expression was observed in
<10% of gated tumor cells from either patient (S1 and S2 Tables). Contrasting against the high
expression of CD28 in RPCI-WM1 cells, this finding was not wholly unexpected as
RPCI-WM1 cells were established from a highly drug refractory and terminal WM patient,
whereas, the primary tumor cells tested herein are from patients with a less aggressive disease
course (see S1 Data). It is also conceivable that the in vitro stability of RPCI-WM1 cells was ul-
timately established from a CD28+ tumor clone, which was present as only a minority fraction
in the index patient. Nevertheless, longitudinal studies examining CD28 expression in WM
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patients from the time of diagnosis till terminal stage disease are required to fully determine
the correlation between CD28 expression and clinical progression of WM.

Although BCWM.1, MWCL-1 and RPCI-WM1 are the most routinely used humanWM
cell lines, a clonal relationship to the tumor cells of the index patient has only been demonstrat-
ed by molecular means (sequence analysis of IGHV/CDR3 length analysis) in the latter two
models.[10, 11, 14] A direct clonal connection between BCWM.1 and the patient from which it
was reportedly derived, has been a source of debate,[42, 43] yet we posit that sufficient evidence
exists to support its use as an in vitro surrogate of humanWM for the following reasons: 1.)
BCWM.1 contains a heterozygous mutation in the myeloid differentiation primary response
protein 88 gene (MYD88L265P), which is found in 90–97% of WM patients,[44, 45] and 2.)
BCWM.1 expresses a wide variety of surface antigens (CD19, 20, 22, 23, 25, 38, 52, 138 and
FMC7) that are typically present on WM cells from patients with the disease.[6] Thus, it is of
great importance to fully characterize the molecular and immunophenotypic features of these
3 distinct WM cell lines; in the process helping to define their optimal role in testing of targeted
anti-WM therapeutics and also shedding biological insight into their differential drivers.

Future studies examining distinct cellular sub-populations within RPCI-WM1 itself (as
well as the BCWM.1 and MWCL-1 models) by multiparameter gating strategies will explicate
the precise significance of these differentially expressed markers and their function in WM
biology.
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S1 Fig. Expression of selected surface antigens present on CD19+/CD138+ sorted, primary
patient derived WM tumor cells. For antigen detection, fluorescein (FITC) or phycoerythrin
(PE) conjugates of various antigen-specific antibodies were used. Flow cytometry shows both
WM patient 1 (WM1) and WM patient 2 (WM2) to be CD19, 20, 38 and 184 positive and neg-
ative for CD28. Percentage of cells positive and their Mean Fluorescent Intensity (MFI) are pre-
sented in S1 and S2 Tables, respectively.
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the above tumor makers.
(DOCX)

S2 Table. Mean Fluorescent Intensity (MFI) of selected surface markers in primary WM
tumor cells from patients (WM1 andWM2). Patient-derived tumor cells were studied by
flow cytometry for expression of CD19, 20, 28, 38 and 184. Table shows the MFI values for the
above tumor markers.
(DOCX)

Author Contributions
Conceived and designed the experiments: AP KC AC-K. Performed the experiments: KC PKW
SAMK-B. Analyzed the data: AP KC PKW SA AC-K. Contributed reagents/materials/analysis
tools: KC PKW. Wrote the paper: AP KC PA SA AC-K.

Immunophenotypic Profiles of WMCell Lines

PLOS ONE | DOI:10.1371/journal.pone.0122338 April 8, 2015 14 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0122338.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0122338.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0122338.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0122338.s004


References
1. Swerdlow SH, Campo E, Harris NL, Jaffe ES, Pileri SA, Stein H, et al. WHOClassification of Tumours

of Haematopoietic and Lymphoid Tissues. 4th ed. Lyon, France: IARC Press; 2008. WHOClassifica-
tion of Tumours of Haematopoietic and Lymphoid Tissues 4th ed Lyon, France: IARC Press; 2008.

2. Ansell SM, Kyle RA, Reeder CB, Fonseca R, Mikhael JR, Morice WG, et al. Diagnosis and manage-
ment of Waldenstrom macroglobulinemia: Mayo stratification of macroglobulinemia and risk-adapted
therapy (mSMART) guidelines. Mayo Clin Proc. 2010; 85(9):824–833. doi: 10.4065/mcp.2010.0304
PMID: 20702770

3. Owen RG, Treon SP, Al-Katib A, Fonseca R, Greipp PR, McMaster ML, et al. Clinicopathological defini-
tion of Waldenstrom's macroglobulinemia: consensus panel recommendations from the Second Inter-
national Workshop onWaldenstrom's Macroglobulinemia. Semin Oncol. 2003; 30(2):110–115. PMID:
12720118

4. Sekhar J, Sanfilippo K, Zhang Q, Trinkaus K, Vij R, Morgensztern D. Waldenstrommacroglobulinemia:
a Surveillance, Epidemiology, and End Results database review from 1988 to 2005. Leuk Lymphoma.
2012; 53(8):1625–1626. doi: 10.3109/10428194.2012.656103 PMID: 22239669

5. Groves FD, Travis LB, Devesa SS, Ries LA, Fraumeni JF Jr. Waldenstrom's macroglobulinemia: inci-
dence patterns in the United States, 1988–1994. Cancer. 1998; 82(6):1078–1081. PMID: 9506352

6. Konoplev S, Medeiros LJ, Bueso-Ramos CE, Jorgensen JL, Lin P. Immunophenotypic profile of lym-
phoplasmacytic lymphoma/Waldenstrom macroglobulinemia. Am J Clin Pathol. 2005; 124(3):414–420.
PMID: 16191510

7. Barretina J, Caponigro G, Stransky N, Venkatesan K, Margolin AA, Kim S, et al. The Cancer Cell Line
Encyclopedia enables predictive modelling of anticancer drug sensitivity. Nature. 2012; 483(7391):
603–607. doi: 10.1038/nature11003 PMID: 22460905

8. Barakat FH, Medeiros LJ, Wei EX, Konoplev S, Lin P, Jorgensen JL. Residual monotypic plasma cells
in patients with waldenstrom macroglobulinemia after therapy. Am J Clin Pathol. 2011; 135(3):
365–373. doi: 10.1309/AJCP15YFULCZHZVH PMID: 21350089

9. Morice WG, Chen D, Kurtin PJ, Hanson CA, McPhail ED. Novel immunophenotypic features of marrow
lymphoplasmacytic lymphoma and correlation with Waldenstrom's macroglobulinemia. Mod Pathol.
2009; 22(6):807–816. doi: 10.1038/modpathol.2009.34 PMID: 19287458

10. Chitta KS, Paulus A, Ailawadhi S, Foster BA, Moser MT, Starostik P, et al. Development and characteri-
zation of a novel humanWaldenstrom macroglobulinemia cell line: RPCI-WM1, Roswell Park Cancer
Institute—Waldenstrom Macroglobulinemia 1. Leuk Lymphoma. 2013; 54(2):387–396. doi: 10.3109/
10428194.2012.713481 PMID: 22812491

11. Drexler HG, Chen S, Macleod RA. Would the real Waldenstrom cell line please stand up? Leuk Lym-
phoma. 2013; 54(2):224–226. doi: 10.3109/10428194.2012.727418 PMID: 22950966

12. Paulus A, Chitta K, Akhtar S, Personett D, Miller KC, Thompson KJ, et al. AT-101 downregulates BCL2
and MCL1 and potentiates the cytotoxic effects of lenalidomide and dexamethasone in preclinical mod-
els of multiple myeloma andWaldenstrommacroglobulinaemia. Br J Haematol. 2014; 164(3):352–365.
doi: 10.1111/bjh.12633 PMID: 24236538

13. Ditzel Santos D, Ho AW, Tournilhac O, Hatjiharissi E, Leleu X, Xu L, et al. Establishment of BCWM.1
cell line for Waldenstrom's macroglobulinemia with productive in vivo engraftment in SCID-hu mice.
Exp Hematol. 2007; 35(9):1366–1375. PMID: 17761288

14. Hodge LS, Novak AJ, Grote DM, Braggio E, Ketterling RP, Manske MK, et al. Establishment and char-
acterization of a novel Waldenstrom macroglobulinemia cell line, MWCL-1. Blood. 2011; 117(19):
e190–197. doi: 10.1182/blood-2010-12-326868 PMID: 21415268

15. Kaleem Z, White G, Zutter MM. Aberrant expression of T-cell-associated antigens on B-cell non-Hodg-
kin lymphomas. Am J Clin Pathol. 2001; 115(3):396–403. PMID: 11242796

16. Jani P, Qi XY, Chang H. Aberrant expression of T-cell-associated markers CD4 and CD7 on B-cell
chronic lymphocytic leukemia. Am J Hematol. 2007; 82(1):73–76. PMID: 17019687

17. Craig FE, Foon KA. Flow cytometric immunophenotyping for hematologic neoplasms. Blood. 2008;
111(8):3941–3967. doi: 10.1182/blood-2007-11-120535 PMID: 18198345

18. Nakase K, Kita K, Shiku H, Tanaka I, Nasu K, Dohy H, et al. Myeloid antigen, CD13, CD14, and/or
CD33 expression is restricted to certain lymphoid neoplasms. Am J Clin Pathol. 1996; 105(6):761–768.
PMID: 8659452

19. Schmitt C, Eaves CJ, Lansdorp PM. Expression of CD34 on human B cell precursors. Clin Exp Immu-
nol. 1991; 85(1):168–173. PMID: 1712682

20. Thomas X, Archimbaud E, Charrin C, Magaud JP, Fiere D. CD34 expression is associated with major
adverse prognostic factors in adult acute lymphoblastic leukemia. Leukemia. 1995; 9(2):249–253.
PMID: 7532767

Immunophenotypic Profiles of WMCell Lines

PLOS ONE | DOI:10.1371/journal.pone.0122338 April 8, 2015 15 / 17

http://dx.doi.org/10.4065/mcp.2010.0304
http://www.ncbi.nlm.nih.gov/pubmed/20702770
http://www.ncbi.nlm.nih.gov/pubmed/12720118
http://dx.doi.org/10.3109/10428194.2012.656103
http://www.ncbi.nlm.nih.gov/pubmed/22239669
http://www.ncbi.nlm.nih.gov/pubmed/9506352
http://www.ncbi.nlm.nih.gov/pubmed/16191510
http://dx.doi.org/10.1038/nature11003
http://www.ncbi.nlm.nih.gov/pubmed/22460905
http://dx.doi.org/10.1309/AJCP15YFULCZHZVH
http://www.ncbi.nlm.nih.gov/pubmed/21350089
http://dx.doi.org/10.1038/modpathol.2009.34
http://www.ncbi.nlm.nih.gov/pubmed/19287458
http://dx.doi.org/10.3109/10428194.2012.713481
http://dx.doi.org/10.3109/10428194.2012.713481
http://www.ncbi.nlm.nih.gov/pubmed/22812491
http://dx.doi.org/10.3109/10428194.2012.727418
http://www.ncbi.nlm.nih.gov/pubmed/22950966
http://dx.doi.org/10.1111/bjh.12633
http://www.ncbi.nlm.nih.gov/pubmed/24236538
http://www.ncbi.nlm.nih.gov/pubmed/17761288
http://dx.doi.org/10.1182/blood-2010-12-326868
http://www.ncbi.nlm.nih.gov/pubmed/21415268
http://www.ncbi.nlm.nih.gov/pubmed/11242796
http://www.ncbi.nlm.nih.gov/pubmed/17019687
http://dx.doi.org/10.1182/blood-2007-11-120535
http://www.ncbi.nlm.nih.gov/pubmed/18198345
http://www.ncbi.nlm.nih.gov/pubmed/8659452
http://www.ncbi.nlm.nih.gov/pubmed/1712682
http://www.ncbi.nlm.nih.gov/pubmed/7532767


21. Iijima K, Sugita K, Inukai T, Goi K, Tezuka T, Uno K, et al. Expression of thrombopoietin receptor and its
functional role in human B-precursor leukemia cells with 11q23 translocation or Philadelphia chromo-
some. Leukemia. 2000; 14(9):1598–1605. PMID: 10995006

22. Rozanski CH, Arens R, Carlson LM, Nair J, Boise LH, Chanan-Khan AA, et al. Sustained antibody re-
sponses depend on CD28 function in bone marrow-resident plasma cells. J Exp Med. 2011; 208(7):
1435–1446. doi: 10.1084/jem.20110040 PMID: 21690252

23. Nitschke L, Carsetti R, Ocker B, Kohler G, Lamers MC. CD22 is a negative regulator of B-cell receptor
signalling. Curr Biol. 1997; 7(2):133–143. PMID: 9016707

24. Kaushansky K, Ranney HM. Thrombopoietin in normal and neoplastic stem cell development. Best
Pract Res Clin Haematol. 2009; 22(4):495–499. doi: 10.1016/j.beha.2009.08.004 PMID: 19959099

25. Ishiura Y, Kotani N, Yamashita R, Yamamoto H, Kozutsumi Y, Honke K. Anomalous expression of
Thy1 (CD90) in B-cell lymphoma cells and proliferation inhibition by anti-Thy1 antibody treatment. Bio-
chem Biophys Res Commun. 2010; 396(2):329–334. doi: 10.1016/j.bbrc.2010.04.092 PMID:
20403334

26. Ngo HT, Leleu X, Lee J, Jia X, MelhemM, Runnels J, et al. SDF-1/CXCR4 and VLA-4 interaction regu-
lates homing in Waldenstrom macroglobulinemia. Blood. 2008; 112(1):150–158. doi: 10.1182/blood-
2007-12-129395 PMID: 18448868

27. Nassiri F, CusimanoMD, Scheithauer BW, Rotondo F, Fazio A, Yousef GM, et al. Endoglin (CD105): a
review of its role in angiogenesis and tumor diagnosis, progression and therapy. Anticancer Res. 2011;
31(6):2283–2290. PMID: 21737653

28. Belaaloui G, Imbert AM, Bardin F, Tonnelle C, Dubreuil P, Lopez M, et al. Functional characterization of
human CD34+ cells that express low or high levels of the membrane antigen CD111 (nectin 1). Leuke-
mia. 2003; 17(6):1137–1145. PMID: 12764381

29. ChngWJ, Schop RF, Price-Troska T, Ghobrial I, Kay N, Jelinek DF, et al. Gene-expression profiling of
Waldenstrom macroglobulinemia reveals a phenotype more similar to chronic lymphocytic leukemia
than multiple myeloma. Blood. 2006; 108(8):2755–2763. PMID: 16804116

30. Yuasa H, Takakura N, Shimomura T, Suenobu S, Yamada T, Nagayama H, et al. Analysis of human
TIE2 function on hematopoietic stem cells in umbilical cord blood. Biochem Biophys Res Commun.
2002; 298(5):731–737. PMID: 12419314

31. Wotherspoon A, Hasserjian R. Immunophenotyping in the differential diagnosis of histologically low
grade B cell lymphomas. Curr Diagn Pathol. 2000; 6(1):55–63.

32. Paiva B, Montes MC, Garcia-Sanz R, Ocio EM, Alonso J, de Las Heras N, et al. Multiparameter flow cy-
tometry for the identification of the Waldenstrom's clone in IgM-MGUS andWaldenstrom's Macroglobu-
linemia: new criteria for differential diagnosis and risk stratification. Leukemia. 2014; 28(1):166–173.
doi: 10.1038/leu.2013.124 PMID: 23604227

33. Goteri G, Olivieri A, Ranaldi R, Lucesole M, Filosa A, Capretti R, et al. Bone marrow histopathological
and molecular changes of small B-cell lymphomas after rituximab therapy: comparison with clinical re-
sponse and patients outcome. Int J Immunopathol Pharmacol. 2006; 19(2):421–431. PMID: 16831308

34. Robak T, Urbanska-Rys H, Jerzmanowski P, Bartkowiak J, Liberski P, Kordek R. Lymphoplasmacytic
lymphoma with monoclonal gammopathy-related pseudo-Gaucher cell infiltration in bone marrow and
spleen—diagnostic and therapeutic dilemmas. Leuk Lymphoma. 2002; 43(12):2343–2350. PMID:
12613522

35. Varghese AM, Rawstron AC, Ashcroft AJ, Moreton P, Owen RG. Assessment of bone marrow re-
sponse in Waldenstrom's macroglobulinemia. Clin LymphomaMyeloma. 2009; 9(1):53–55. doi: 10.
3816/CLM.2009.n.013 PMID: 19362973

36. Debnath B, Xu S, Grande F, Garofalo A, Neamati N. Small molecule inhibitors of CXCR4. Theranostics.
2013; 3(1):47–75. doi: 10.7150/thno.5376 PMID: 23382786

37. Kuhne MR, Mulvey T, Belanger B, Chen S, Pan C, Chong C, et al. BMS-936564/MDX-1338: a fully
human anti-CXCR4 antibody induces apoptosis in vitro and shows antitumor activity in vivo in hemato-
logic malignancies. Clin Cancer Res. 2013; 19(2):357–366. doi: 10.1158/1078-0432.CCR-12-2333
PMID: 23213054

38. Kularatne SA, Deshmukh V, Ma J, Tardif V, Lim RK, Pugh HM, et al. A CXCR4-Targeted Site-Specific
Antibody-Drug Conjugate. Angew Chem Int Ed Engl. 2014.

39. Roccaro AM, Sacco A, Jimenez C, Maiso P, Moschetta M, Mishima Y, et al. C1013G/CXCR4 acts as a
driver mutation of tumor progression and modulator of drug resistance in lymphoplasmacytic lympho-
ma. Blood. 2014; 123(26):4120–4131. doi: 10.1182/blood-2014-03-564583 PMID: 24711662

40. Laubach JP, Tai YT, Richardson PG, Anderson KC. Daratumumab granted breakthrough drug status.
Expert opinion on investigational drugs. 2014; 23(4):445–452. doi: 10.1517/13543784.2014.889681
PMID: 24555809

Immunophenotypic Profiles of WMCell Lines

PLOS ONE | DOI:10.1371/journal.pone.0122338 April 8, 2015 16 / 17

http://www.ncbi.nlm.nih.gov/pubmed/10995006
http://dx.doi.org/10.1084/jem.20110040
http://www.ncbi.nlm.nih.gov/pubmed/21690252
http://www.ncbi.nlm.nih.gov/pubmed/9016707
http://dx.doi.org/10.1016/j.beha.2009.08.004
http://www.ncbi.nlm.nih.gov/pubmed/19959099
http://dx.doi.org/10.1016/j.bbrc.2010.04.092
http://www.ncbi.nlm.nih.gov/pubmed/20403334
http://dx.doi.org/10.1182/blood-2007-12-129395
http://dx.doi.org/10.1182/blood-2007-12-129395
http://www.ncbi.nlm.nih.gov/pubmed/18448868
http://www.ncbi.nlm.nih.gov/pubmed/21737653
http://www.ncbi.nlm.nih.gov/pubmed/12764381
http://www.ncbi.nlm.nih.gov/pubmed/16804116
http://www.ncbi.nlm.nih.gov/pubmed/12419314
http://dx.doi.org/10.1038/leu.2013.124
http://www.ncbi.nlm.nih.gov/pubmed/23604227
http://www.ncbi.nlm.nih.gov/pubmed/16831308
http://www.ncbi.nlm.nih.gov/pubmed/12613522
http://dx.doi.org/10.3816/CLM.2009.n.013
http://dx.doi.org/10.3816/CLM.2009.n.013
http://www.ncbi.nlm.nih.gov/pubmed/19362973
http://dx.doi.org/10.7150/thno.5376
http://www.ncbi.nlm.nih.gov/pubmed/23382786
http://dx.doi.org/10.1158/1078-0432.CCR-12-2333
http://www.ncbi.nlm.nih.gov/pubmed/23213054
http://dx.doi.org/10.1182/blood-2014-03-564583
http://www.ncbi.nlm.nih.gov/pubmed/24711662
http://dx.doi.org/10.1517/13543784.2014.889681
http://www.ncbi.nlm.nih.gov/pubmed/24555809


41. Reichert JM. Antibodies to watch in 2014. mAbs. 2014; 6(1):5–14. doi: 10.4161/mabs.27333 PMID:
24284914

42. Bergsagel PL, Kuehl WM. WSU-WM and BCWM.1 should not be assumed to represent Waldenstrom
macroglobulinemia cell lines. Blood. 2008; 112(3):917. doi: 10.1182/blood-2008-05-154831 PMID:
18650470

43. Drexler HG, MacLeod RA. Malignant hematopoietic cell lines: in vitro models for the study of Walden-
strom's macroglobulinemia. Leuk Res. 2008; 32(11):1669–1673. doi: 10.1016/j.leukres.2008.04.016
PMID: 18533260

44. Treon SP, Xu L, Yang G, Zhou Y, Liu X, Cao Y, et al. MYD88 L265P somatic mutation in Waldenstrom's
macroglobulinemia. N Engl J Med. 2012; 367(9):826–833. doi: 10.1056/NEJMoa1200710 PMID:
22931316

45. Ansell SM, Hodge LS, Secreto FJ, Manske M, Braggio E, Price-Troska T, et al. Activation of TAK1 by
MYD88 L265P drives malignant B-cell Growth in non-Hodgkin lymphoma. Blood cancer journal. 2014;
4:e183. doi: 10.1038/bcj.2014.4 PMID: 24531446

Immunophenotypic Profiles of WMCell Lines

PLOS ONE | DOI:10.1371/journal.pone.0122338 April 8, 2015 17 / 17

http://dx.doi.org/10.4161/mabs.27333
http://www.ncbi.nlm.nih.gov/pubmed/24284914
http://dx.doi.org/10.1182/blood-2008-05-154831
http://www.ncbi.nlm.nih.gov/pubmed/18650470
http://dx.doi.org/10.1016/j.leukres.2008.04.016
http://www.ncbi.nlm.nih.gov/pubmed/18533260
http://dx.doi.org/10.1056/NEJMoa1200710
http://www.ncbi.nlm.nih.gov/pubmed/22931316
http://dx.doi.org/10.1038/bcj.2014.4
http://www.ncbi.nlm.nih.gov/pubmed/24531446

