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Abstract:

Multiple myeloma is a hematological neoplasm derived from plasma cells invariably developing
in the bone marrow (BM). The persisting clinical challenge in MM resides in its high ability to
resist drugs as shown by the frequent relapses observed in patients regardless of the treatment
applied. In a mouse model of MM, we identified a subpopulation of cells harboring increased
resistance to current MM drugs. These cells bound a proliferation inducing ligand (APRIL), a key
MM promoting/survival factor. APRIL binding involved the heparan sulfate (HS) chain present on
CD138, and correlated with reactivity to the anti-HS antibody 10e4. 10e4" cells had a high
proliferation activity, and were able to form colonies in 3-D cultures. 10e4" cells were the only
cells able to develop in BM after intravenous injection. They also resisted drugs in vivo, since their
number increased after treatment in BM. Notably, 10e4" cells differentiated into 10e4™ cells upon
in vitro and in vivo expansion. Expression of one sulfotransferases, HS3ST3al, allowed
modification of CD138 to confer reactivity to 10e4 and binding to APRIL. HS3S73al deletion
inhibited tumorigenesis in BM. Notably, 10e4" and 10e4™ populations coexisted at a variable
frequency in the BM of MM patients at diagnosis. In total, our results identify a post-translational
modification on the extracellular part of CD138 defining aggressive MM cells, which may be

targeted to better control drug resistance.

Keywords: multiple myeloma, CD138, heparan sulfate proteoglycan, APRIL, drug resistance
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Introduction
Multiple myeloma (MM) is the most common form of hematologic tumors derived from plasma
cells. MM patients are benefiting from highly efficient drugs including immunomodulatory agents,
and proteasome inhibitors [1]. Nevertheless, frequent relapses are still observed, highlighting a high
ability to resist drugs for this tumor. MM invariably develops in the bone marrow (BM), showing
the strong dependency of this tumor on its microenvironment. One sensor of the MM
microenvironment is the CD138 molecule. CD138 acts as a key receptor for MM, since its RNA
interference strongly impairs MM development [2]. The latter is explained by the fact that CD138
acts as a coreceptor for several MM survival/promoting factors [3]. Among these factors are one
member from the TNF superfamily, a proliferation inducing ligand (APRIL, TNFSF13), the
hepatocyte growth factor (HGF) and Wnts [4][5][6]. CD138 also participates to tumor-induced
neoangiogenesis by binding to the vascular endothelial growth factor (VEGF) [7]. CD138 is a
glycosaminoglycan (GAG) belonging to the syndecan family, also called syndecan-1 [8]. It is the
only GAG expressed by MM cells [9][10]. Its function heavily relies on its GAG moiety [11]. As
relevant examples, MM pre-treatment with heparitinase, a bacterial enzyme able to digest the GAG
chain, and knock-down by RNA interference of EXT-1, an enzyme involved in the elongation of
the GAG chain inhibits in vivo MM development [12]. GAGs are glycosidic chains composed of a
repetitive disaccharide motif. Depending on the dissacharide unit, GAGs are classified either as
heparan sulfate (HS) or chondroitin sulfate (CS) chains. CD138 has a mix composition of HS and
CS chains with three potential canonical serine-glycine sequences for GAG attachment at its
membrane-distal N-terminus and one at its membrane-proximal domain [13]. The three N-terminus
sites for HS anchor cooperates to promote MM [14]. The sulfation pattern on HS and CS chains

varies depending on the activities of sulfotransferases, which modulates ligand binding [15]. Here,



83 we are showing that activity of a single HS sulfotransferase (HSST) strongly modulates MM

84 behavior.

85

86  Material and methods

2; Mouse and human experimentation

89  Mouse experimentation followed the ARRIVE guidelines and was approved by a relevant

90  veterinary office. Balb/c mice were obtained from Charles River. MOPC-315 cells were injected

91  intravenously in 0.1 ml PBS via the tail vein. At the first sign of hind limb paralysis corresponding

92  to compression of the spine, mice were euthanized. The experiments using human materials were

93  approved by a relevant ethic committee, and conducted according to the declaration of Helsinki.

94  Samples were obtained after patients’ informed consent.

95

96  Cells

97  The human MM cell line L363 was obtained from the American tissue culture collection. The

98  parental MOPC-315 cell line and its variant have been described elsewhere [16]. Cells were

99 cultured in RPMI-1640 with glutamax (Gibco), 10% heat inactivated fetal bovine serum (Eurobio)
100  and 1 mM sodium pyruvate (Gibco). Cells were seeded at 0,3 cells per well in round bottom 96
101 well plates for cloning by limiting dilution. The clonogenic growth was measured by plating 1 x
102 10° cells in 12-well plates containing RPMI-1640 medium with 1.27% methylcellulose (Merck)
103 and 10% fetal bovine serum. Plates were incubated 3 weeks at 37°C. Colonies with more than 10
104  cells were counted.
105

106
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Gene inactivation by CRISPR/Cas9

Generation of HS§3ST3al-deficient tumor cells was performed according to a previously published
protocol with RNA guide sequences designed using the online service CHOPCHOP[17][18]. The
following guide sequences were utilized: HS3ST3al#1: 5'- GAGGGGGCCATCCTAGC-3',
HS3ST3al#2: 5'- GACCCAGGGAACTGGCGATG-3'". Cells were electroporated using an
Amaxa Nucleofector II (Lonza), and GFP-positive cells were single-cell sorted using a FACSAria

IT (BD Biosciences).

mRNA expression analysis

Total RNA was extracted with the RNeasy micro kit (Qiagen) and cDNA generated using
oligo(dT)i2-18 and the SuperScript II reverse transcriptase (Thermo Fisher). Primers used in qRT-
PCR are described in table 1sup. Quantification was performed using the iCycler iQ Real-Time
PCR Detection system (Bio-Rad) and a SYBRgreen-based kit (iQ SupermixBio-Rad). Expression
levels were normalized using mouse actin mRNA. Results were quantified using a standard curve

generated with serial dilutions of input DNA.

Recombinant protein

Flag-tagged mouse APRILAagg (88-232) and its control mouse CD40-L (115-260) were purchased
from Adipogen. Amplicons for mouse VEGF and HGF were synthetized from RNA of mouse BM
with Taq platinum polymerase (Invitrogen). The soluble coding sequence of mouse VEGF-A was
cloned with the forward primer (5’-GCGTCGACGCACCCACGACAGAAGGAG-3’) and the
reverse primer (5-GCGAATTCTCACCGCCTTGGCTTGTC-3’). For mouse HGF (5°-

GCGTCGACCAGAAGAAAAGAAGAAATAC-3’) and (5-
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GCGGATCCCTACCGCAGTTGTTTTGTTTTGC-3’) were used. Amplified products were
cloned into a modified pCR-III plasmid encoding for the FLAG peptide at the N-terminus of the
recombinant proteins. DNA sequencing was performed with the T7 and Sp6 primers at Eurofins.
Corresponding recombinant soluble mouse VEGF (aa 27 to 214) and HGF (aa 32 to 495) were
produced by transient transfection with polyethylenimine (PEI) of HEK-293T cells (American
tissue culture collection). Supernatants produced in serum-free Opti-MEM culture medium
(Gibco), and collected 6 days post transfection were analyzed by Western-blot after protein
separation on a SDS-PAGE and transferred to a PVDF membrane (Bio-Rad). The membrane was
blocked with PBS, Tween 20 0.3%, BSA 5%, and stained with biotinylated anti-FLAG (clone M2,
Sigma), followed by streptavidin HRP (Sigma) and clarity western ECL substrate (Bio-Rad).
Chemiluminescence was acquired with a ChemiDoc™ (Bio-Rad). Supernatants were concentrated
10X by centrifugation on an amicon filter (Merck-Millipore) with a size exclusion of 3 kDa before

being used in staining procedures.

Flow cytometry

The anti-HSPG mAb 10e4 (mouse IgM) and 3g10 (mouse IgG2b) were obtained from Amsbio,
and their binding was revealed with a goat anti-mouse IgM and IgG, respectively, conjugated to
FITC (BD Biosciences). HS4C3 binding was detected with a polyclonal antibody against the VSV
tag (Abcam). Biotinylated-anti-mouse BCMA (Vicky-2, rat IgG) and TACI (1A10, rat IgG) were
obtained from Enzo life sciences, and their binding was revealed with phycoerythrin (PE)-
conjugated streptavidin (BD Biosciences). PE-conjugated anti-mouse CD138 (clone 281-2, rat
IgG) and Ki67 (clone B56, mouse IgG) were from BD biosciences. Binding of flag-tagged

recombinant proteins was revealed with biotinylated anti-FLAG (clone M2, mouse IgG, Sigma)
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followed by PE-streptavidin. All antibodies were used at 10 pg/ml. Inhibitions of APRIL binding
with heparin, NaClO3, heparitinase and chondroitinase were performed as previously described
[19-21]. Surface staining on viable cells was performed according to standard procedures. Dead
cells were excluded by 7-AAD (BD Biosciences) staining. For cell clump analysis, cell
centrifugation was replaced by a 5-mn period of cell sedimentation, and fluorescence was acquired
at the lowest fluidic rate. Total stainings were performed after fixation of cells with 1%
formaldehyde and permeabilization with 1% saponin. Excess formaldehyde was quenched with 50
mM NaCl. Fluorescence was analyzed on a Accuri C6, and FACS-sorting was performed on a
FACS-ARIA, both from BD Biosciences. MACS-sorting was performed on MS columns
according to manufacturer’s instructions with 10e4 and anti-mouse IgM magnetic beads (Myltenyi
Biotec). Two cycles were applied for the negative population. Purity was assessed by

cytofluorimetry by restaining with 10e4 and fluorochrome-conjugated anti-mouse IgM.

Immunohistochemistry and cytology

Immunochemistry was performed according to standard procedures. 10e4 and the anti-human
CD138 (clone MI15, mouse IgG, Dako) staining required no and a citrate-based heat-induced
epitope retrieval, respectively. The multiplex staining was performed as previously described [22].
10e4 staining was followed by anti-CD138. Staining. Stained sections were scanned with
Scanscope Aperio (Leica) at a magnification of 40X. Antibody removal was confirmed by
restarting the staining procedure at the secondary antibody stage. Images from scanned files were
treated with Calopix (Tribvn healthcare). Cytospins from FACS-sorted cells were examined by
Papanicolaou staining. Microscopy images were visualized with a Axiolmager M2 microscope

(Zeiss). Cell cultures were imaged with an inverted AxioObserver Z1 microscope (Zeiss).
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Serum calcium measurement
Serum calcium concentration was measured on whole mouse blood with the calcium colorimetric

assay kit according to manufacturer’s instructions (Biovision).

Drug treatment

Lenalidomide, dexamethasone, bortezomib and melphalan were obtained from Sigma. MOPC-315
cells were plated in triplicates at 1 x 10e* cells per well of flat bottom 96 well plates and treated
for 48 hours with drugs. Cell viability was assessed with 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide-based chromogenic assay. For in vivo experiments, melphalan was
injected intraperitoneally at 5 mg/kg on day 20, 23 and 27 after tumor cell intravenous injection.

10e4 reactivity was assessed by flow cytometry on day 28 on flushed BM cells.

Statistics

Means +/- standard deviations are shown. Statistical analysis was performed using GraphPad
Prism software. Normality of data set distribution was tested with the D’ Agostino and Pearson or
Shapiro Wilk for low size data sets. Accordingly, parametric and non-parametric two-tailed #-tests

were performed. Significant differences were defined as p < 0.05.

Results

A fraction of MOPC-315gm cells binds APRIL and 10e4

The MOPC-315gm variant cell line was derived from the MOPC-315wr parental cell line by its
unique ability to develop in the BM of syngeneic Balb/c mice after intravenous injection [16].

Both cell lines develop equally well in the spleen, and can be propagated in vitro. We first observed
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that a fraction of cells among the MOPC-315pm variant cell line bound APRIL, despite the fact
that all cells expressed similar levels of the two APRIL signaling receptors, a transmembrane
activator and CAML interactor (TACI) and the B-cell maturation antigen (BCMA), as well as the
APRIL-coreceptor on MM cells, CD138 (figure 1A). Heparin is a low molecular weight soluble
heparan sulfate proteoglycan (HSPG), NaClOz is an inhibitor of sulfotransferases and
heparitinase/chondroitinase ABC are enzymes able to digest HS/CS chains [23][24][25][26]. Use
of these reagents except chondroitinase competed with APRIL binding on MOPC-315gm variant
cells, showing that only HS chains from CD138 were implicated (figure 1B). We tested two other
factors VEGF and HGF, also requiring HSPG binding for activity and implicated in MM
development. Western blot analysis in reducing conditions revealed that recombinant HGF
contained a homogeneous population of glycosylated molecules resolving at 35 kDa, while
recombinant VEGF contained three distinct molecules compatible with non, single and
diglycosylated forms (figure I1supA). Recombinant soluble VEGF and HGF bound to the human
multiple myeloma cell line L363 in an HSPG dependent manner, since inhibited by heparin (figure
IsupB). At variance with APRIL, VEGF and HGF did not bind to MOPC-315gm variant cells
(figure 1C). The 10e4 mAb is known to react with native HS chains, while the 3g10 mAb does
not, since it reacts only with the stub of the HS chain left after heparitinase digestion [27]. As for
APRIL, 10e4 also reacted with a fraction of cells from the MOPC-315gMm variant cell line but not
from the parental cell line (figure 1D left panel). Heparitinase treatment expectedly abrogated 10e4
reactivity on the MOPC-315gwm variant cell line, and all cells from the two cell lines became 3g10
reactive after heparitinase digestion. APRIL binding tightly correlated with 10e4 mAb reactivity

(figure 1D right panel). In total, these results indicated that the variant MOPC-315 cell line



221  contains at least two populations of cells distinguished by their HS chain. One population
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223 Figure 1: 10e4 reactivity correlates with selective binding of APRIL to MOPC-3158m

224 Binding of APRIL and expression of the indicated receptors were assessed on MOPC-3158m and
225 MOPC-315wrt. Controls (ctrl, muCD40-L for APRIL and isotype-matched Ig for antibodies) were
226  performed on MOPC-3158wm cells. B) Binding of soluble APRIL in the presence (Inh.) or absence
227  (Med.) of the indicated inhibitors on MOPC-3158wm cells is shown. C) Binding of HGF and VEGF
228  was assessed as in A). D) MOPC-3158m and wt were treated with heparitinase (Hep.) or control
229  medium (Med.). Binding of the anti-HS 10e4 and 3g10 antibodies on the indicated cells is shown
230 (left panel). Ctrl represents isotype-matched control antibodies. Costaining for 10e4 reactivity and
231 APRIL binding on MOPC-3158Mm cells is also shown (right panel). Plots shown are representative
232 of 3 for A/C, 2 for B/D(left) and 10 for D(right) biological replicates.
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expressed a HS chain digestable by heparitinase, reacting with 10e4 and binding APRIL. The other
population expressed an HS chain digestable by heparitinase, but neither reacting with 10e4 nor

binding APRIL. The latter HS chain is present on all cells from the parental cell line.

10e4 reactivity correlates with ability to develop in the bone marrow

We next sorted the two populations present in the MOPC-315gwm variant cell line according to 10e4
reactivity by FACS. Purity exceeded 98% (figure 2A). Cytology analysis of the two populations
did not revealed major differences, and confirmed a plasma-cell morphology (figure 2B). In vitro,
10e4" cells were less susceptible to all drugs tested including lenalidomide, dexamethasone,
melphalan and bortezomib (figure 2C). Ki67 intracellular staining further revealed that all 10e4”
cells were proliferative, while about % of the 10e4- cells were quiescent (figure 2D). Upon in vitro
expansion, we constantly observed cell clumps with 10e4" cells (figure 2E). FSC-H and FSC-A
flow cytometry analyses confirmed cell aggregation. These aggregates were more abundant in
10e4" cells with 10,1% +/- 4,1 of the total events compared to 0,4% +/- 0,2 in 10e4™ cells
(p=0,0001). Expectedly, cell aggregates were also present in the unsorted MOPC-315gm variant
cell line. Staining of MOPC-315 cell line for CD138 repeatedly showed a population of viable 7-
AAD-excluding CD138"%/e¢- cells. In figure 2E, These cells represented up to 21% of the cultures.
These cells were previously classified as preapoptotic cells in MM cultures [28]. Notably, only
0,1% of the cells present in clumps showed this preapoptotic phenotype, indicating high cell
viability. In the MOPC-315gwm cell line, 10e4” cells constituted most of the cells clumps (89% +/-
7, n=12). 3-D cultures in methyl cellulose further showed a high ability to form colonies for the

10e4” cells (figure 2F).

11



256

257
258
259
260
261
262
263
264
265
266
267
268

10e4 10e4*

A3 B
S §987% 1% 1L1% 98,2%
=im E
m 3 3
- 3
8 ¢! :
10,3% 0% 10% 0,7%
T—p 10e4 (Log. fluo.)
€ 100 D . P ——
e T R | a0t oex 10ew
= 50 p:0,0M]\‘\; o | 77002 1084 = }
g Lenalidomide Dexamethasone a
50 = —— 8 ‘
= =
%mu &
o 4 L v e |
50 p‘0009 =0,0058 Ki-67 (Log fluo.)
Melphalan 10e%) Bort, i 1007 =g
0 ' -
Q'» vV S Q'L S @0 75 =]

10,1%
e 10e4* 10e4
/ 10e4*

Gate 1

28% 97% |

0,1% 0,1%

CD138 (Log. fluo.)

t, 10e4 (Log. fluo.)

F 3x10*
- il
§ 200 °F
8
2 14104 p=0,00068

10e4* 10ed

Figure 2: 10e4 positive cells harbors in vitro features of aggressive tumor cells

FACS-sorted 10e4" and 10e4" cells were studied in vitro. A) Cell purity monitored immediately
after FACS sorting is shown. B) Cell cytology was analyzed by Papanicolaou staining. Scale bar:
5 um. C) In vitro drug resistance assay with the indicated concentrations of drugs. D) Intracellular
Ki67 staining analyzed by flow cytometry (upper panel) and quantification (bottom panel). E)
Picture of an in vitro culture (left panel). Scale bar = 50 um. Cell clumps were analyzed by flow
cytometry with the FSC-A/FSC-H parameters (right panel). The MOPC-3158wm variant cell line is
also shown. F) Quantification of colony formation in methyl cellulose. A/B is representative of
two independent FACS sorting experiments. C is representative of 3 biological replicates
performed in 3 experimental replicates. D is representative of 9 biological replicates. E is
representative of 3 biological replicates except experiments with the MOPC-315gwm cell line that
was performed in 12 biological replicates. F was performed in 3 experimental replicates.
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We next tested tumorigenesis after intravenous injection into syngeneic mice. The latter was
performed after a 4-day in vitro culture period to allow disappearance of membrane bound 10e4
mADb from the cell surface in order to exclude any in vivo antibody-dependent cytoxicity (figure
2sup). BM development of MOPC-315 cells is leading to hind limb paralysis due to spinal cord
compression [16]. In vivo tumorigenesis was strikingly different, since none of the mice injected
with 10e> 10e4 cells showed paralysis, while 100% of the mice did with 10e4" cells by 34 days

post injection (figure 3A left panel).
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Figure 3: 10e4 positive cells efficiently colonize the bone marrow

FACS-sorted 10e4" and 10e4 cells were studied in vivo after intravenous injection. A) Hind-limb
paralysis after cell injection into mice (left upper panel). The number of cells/number of mice
injected is indicated in brackets. Concentration of Ca?"in serum is shown for mice injected with
10¢° cells (right upper panel). Spleen size for mice injected with 10e° cells is shown (bottom panel).
B) The MOPC-3158wm cell line was injected i.v. and mice were treated with melphalan. BM flushes
were analyzed for their content in CD1387/10e4" cells. A is representative of 2 independent FACS
sortings.
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Cell titration revealed that as low as 10e? cells from 10e4" cells was enough to induce paralysis,
starting at day 34. BM development of MOPC-315 cells is also associated with osteolysis and raise
in serum calcium [16]. At euthanasia time for mice injected with 10e4™ cells (day 34), serum
calcium was in the normal range (6,6 +/- 0,14 mg/dL, n=15). By contrast, serum calcium was
significantly higher in mice injected with 10e4" cells (11,38 +/- 0,2 mg/dL, n=15, p<0,0001) at the
day of first paralysis signs (figure 3A right panel). Spleen involvement looked similar for the two
populations as judged by spleen enlargement and spleen weights (0,68g +/- 0,04 and 0,64g +/-
0,02, p=0,38) (figure 3A bottom panel). MOPC-31gwm cells were previously shown to be in vivo
susceptible to melphalan treatment [29]. In vivo melphalan treatment revealed that 10e4" cells were
more resistant, since their proportion increased after treatment (figure 3B). Taken together, this
showed that the 10e4" cells possess high tumorigenesis, colony formation, proliferation, and drug

resistance.

10e4 positive cells differentiate into 10e4 negative cells

As another approach to separate the two populations, we tried to clone by limiting dilution the
MOPC-315gwm variant cell line. This invariably gave two different types of clones, one 10e4 fully
negative and one with an unexpected mixed population of positive and negative cells indicating
variability of 10e4 reactivity among a clonal population (figure 3sup). Analysis of tibia and femur
flushes from mice injected with MOPC-315 cells by flow cytometry confirmed the absence of
CD138" MM tumor cells in BM of mice injected with 10e4" cells (figure 4A upper panel). In total,
BM flushes from paralyzed mice by development of the positive population contained 5,5% +/- 4
CD138" MOPC-315gwm cells among the total cell suspension. The spleen contained CD138" tumors

cells in both cases with 16,2% +/- 4 (n=15) and 18,4 + 3 (n=15) for mice injected with the 10e4 ¢
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cells, respectively. Unexpectedly, analysis of gated CD138" cells from BM revealed that more
than 2/3 of cells had lost 10e4 reactivity after in vivo development (figure 4A bottom panel). Such
loss of the 10e4 reactivity was also evidenced in positive cells developing in the spleen. By
contrast, the negative population developing in the spleen did not change its 10e4 reactivity, and
stayed negative. In vitro, we first did not observe major modifications in 10e4 reactivity by
expanding the two cell populations as well as the MOPC-315gm variant cell line (figure 4supA).
However, growth without medium addition over a 6-day period showed that 10e4" cells gradually
lost 10e4 reactivity, starting at day 4 (figure 4B).
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Figure 4: 10e4 reactivity is lost upon cell expansion

A) Cell suspensions of BM flushes and dissociated spleens from tumor-bearing mice were
analyzed for the presence of CD138" cells either at paralysis or no later than 34 days after injection
of 10e® 10e4” and 10e4” purified cells. Representative dot plots (forward scatter and CD138
fluorescence) are shown (upper panel). The spleen and the bone marrow of tumor-bearing mice
were analyzed for the presence of 10e4” MM cells. Relevant histogram plots gated on CD138"MM
cells are shown (bottom left panel). Cell quantification is also shown (bottom right panel). B) 10e4
reactivity was followed every day for the two populations expanded in vitro in serum-free medium.
Data are representative of two independent FACS sorting populations and two biological
replicates.
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There was again no change for the negative population in this setting. Loss of 10e4 reactivity was
also observed with the MOPC-315gm variant cell line. We also used MACS to sort the two
populations. The purity obtained ranged at 90% (figure 4supB). An in vitro 6-day culture without
medium addition of the MACS-sorted positive population confirmed 10e4 reactivity loss (figure
4supC). In this experiment, we also did not detect appearance of 10e4" cells in the negative
population. The above data could be explained by a superior proliferative ability for the negative
population, outcompeting the positive one. This is unlikely, since we detected a significant
decrease in the number of proliferative Ki67 positive cells among the 10e4” population (see figure

3D). Taken together, these showed that 10e4" cells convert into a negative state upon development.

HS3S3Tal activity induces 10e4 reactivity, APRIL binding and enables tumorigenesis in BM
We next analyzed expression at the mRNA level of all the enzymes implicated in the synthesis of
the heparan core and its sulfation in the parental and variant cell lines. Based on the expression
pattern obtained, both populations had the ability to synthesis a heparan chain with a
xylose/galactose anchor unit own to the expression of xylosyl (XYLT1, 2) and galactosyl (GALT1,
2) transferases (figure 5A, left panel). The enzymes glucuronyl transferase (GLCAT1) and
exotosin(-like) glycosyl transferase (EXT1, 2, L3) adding the disacharride unit of the heparan

chain were also detected. The low expression of GLCAT]1 in the variant cell line indicates that
another enzyme may fulfill this function. Epimerisation of the glucuronic acid into iduronic acid
was also possible with the expression of the heparan sulfate glucuronique acid epimerase
(HSGLCE). N-sulfation could occur with expression of the N-deacetylase-N-sulfotransferases
(NDSTI, 2, 3). This pattern of enzyme expression showed that a HS chain was present on CD138

from both cell lines, consistent with the 3g10 reactivity on heparitinase-treated cells previously
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Figure 5: HS3ST3al activity promotes BM development

A) qRT-PCR for enzymes involved in HSPG synthesis were quantified in MOPC-315wt and Bm
cells (left panel). A value of 1 was arbitrarily given to MOPC-3153 15wt cells. A value of 0 means
no detection of the corresponding mRNA. Binding of the anti-HS mAb HS4C3 on the indicated
cells is shown (right panel). B) qRT-PCR for HS3ST3al mRNA in the indicated cells is shown
(upper panel). Binding of the 10e4, HS4C3 mabs and APRIL is shown (bottom panel). C) Mouse
paralysis, serum calcium concentration and presence of CD138" cells in BM and spleen after
intravenous injection of the indicated cells are shown with mean +/- SD. Data are representative
of 2 for A(left), 3 for A(right)/B, and 2 for C biological replicates.

observed in figure 1D. Final maturation of the HS chain by O-sulfation at position 2, 3 and 6 could
also be possible by expression of the respective heparan sulfate sulfotransferases HS2ST, HS3ST
and HS6ST. In fact, this analysis revealed that only one of the sulfotransferases adding 3-O
sulfates, HS3ST3al, was upregulated in the variant cell line. HS4C3 is another anti-HS mAb

reactive with native forms and detecting 3-O sulfates [30]. Expectedly, the parental cell line was
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negative, while the variant contained a population of positive cells (Figure SA right panel). We
next generated a HS3ST3al deleted variant line (Figure 5B upper panel). This line lost its reactivity
to 10e4 and HS4C3 as well as its binding ability to APRIL (Figure 5B bottom panel). Loss in 10e4
mADb reactivity is consistent with its known sensitivy to sulfation [31]. Notably, HS3S73al deleted
cells were no more able to develop in mouse BM following intravenous injection as assessed by
mouse hind limb paralysis, elevation of serum calcium and detection of CD138" MM cells in BM
flushes by flow cytometry (figure 5C). In total, these showed that HS3ST3al activity confers

APRIL binding, and drastically modulates MM cell behavior.

Variable frequency of 10e4* cells in human MM

Analysis of trephine biopsies from MM patients by serial immunohistochemistry indicated that
two populations CD138"10e4" and CD138"10e4™ of MM cells may exist (figure Ssup). Figure 6
shows a representative picture obtained from multiplexed immunohistochemistry performed on
the same section for one MM patient with a lesion negative for 10e4 reactivity and two others
containing a mix population of cells. Analysis of 20 MM patients at diagnosis and before any
treatment confirmed that the two populations exist in BM lesions from MM patients. They
coexisted at variable frequencies with a mean of 23% +/- 18 among all patients and a range from

0% to a maximum of 75% per individual lesion.
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Figure 6: 10e4 positive and negative cells coexist in MM patients BM

A representative picture is shown with magnification on the three MM lesions present in the biopsy
(upper panel). Quantification of 10e4” MM cells from 20 patients was performed at diagnosis. All
lesions present on the section were counted. One dot corresponds to one lesion. The mean value
+/- SD is indicated.

Discussion

We found that a fine sulfation of the HS chain of CD138 modulates MM behavior. This fine
sulfation is achieved by HS3ST3al, a sulfotransferase that adds a sulfate residue at position 3 on
the glucosamine residue. 3-O sulfation on GAG chains is a relatively rare event, despite the fact
that 3-O sulfotransferases represent the largest family of all sulfotransferases with 7 members [32].

HS3ST3 is thought to mediate a highly specific 3-O sulfation by adding a sulfate group only on
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N-unsubstituted glucosamine residues [33][34]. 3-O sulfation is also the main maturation event
involved in determining the ligand specificity [15]. Here, we could confirm the high ligand
selectivity, since HS3ST3al activity allowed the selective binding to APRIL but not to VEGF-A
and HGF.

Changes in MM cells resulting from HS3ST3al activity are quite drastic. Indeed, HS3ST3al active
cells possessed high tumorigenesis in BM. In vitro, culture of cells with HS3ST3al activity
revealed the formation of aggregates. The ability of these cells to form colonies was confirmed in
a methyl cellulose growth assay. They also have a superior proliferative rate. These cells are also
more resistant to drugs both in vitro and in vivo experimental settings. MOPC-315gwm cells have
previously been shown to be sensitive to APRIL stimulation [35]. Features observed here for the
HS3ST3al-active population are likely explained, at least in part, by the ability to bind APRIL, if
one considers the role described for this factor on MM cell survival, cell cycle progression and
drug resistance [4][36][37][38]. Finally, these cells differentiated upon expansion by losing their
post-translational modification to acquire a more quiescent state, which could be considered as
less aggressive cells. Several features harbored by HS3ST3al-active cells are shared with cancer
stem cells (CSCs). However, we do not believe that these cells represent CSC in MM, since they
are definitely too abundant in the BM of MM patients. In addition, CSCs in MM have already been
described with a phenotype shifted towards an inactive CD138 with either downregulation of
expression or high expression of heparanase [39—41].

MM treatment has constantly improved over the last decades with the design of potent MM
specific drugs and their combination [42]. Immunotherapy targeting MM surface receptors with
the use of either cytotoxic antibodies or their chimeric form transduced into T cells is also

contributing. BCMA, one APRIL signaling receptor, is considered as a successful target with the
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use of T cells transduced with a chimeric antigen receptor (CAR), and most recent clinical trials
targeting BCMA with a bispecific antibody also engaging T cells confirm this statement [43,44].
However, escape variants downregulating BCMA have already been described in MM patients on
BCMA-targeting therapies [45][46]. In some cases, BCMA downregulation may be reversible
with a regain susceptibility during a second treatment cycle [47]. However, the identification of
BCMA homozygous deletion mutant in MM patients by two independent groups dampens the
promise [48][49]. BCMA is one unique MM receptor triggered by APRIL and to a lesser extent
BAFF, since BAFF binding to BCMA is of much lower affinity than APRIL binding to BCMA
[50][51]. Furthermore, in vitro functional assays did not reveal a role of trimeric BAFF in the
stimulation of BCMA-expressing cells. Occurrence of BCMA full deletion mutant on BCMA-
therapies revealed that MM tumors may progress without BCMA stimulation. Drugs targeting
several MM receptors at once such as the APRIL- and the related BAFF-CARs may circumvent
the emergence of such escape mutants [52][53][54]. These drugs will at least target a second
signaling receptor on MM cells, TACI. Along this line, CD138 is definitely a valuable target own
to its unique ability to bind several MM promoting factors. Targeting the proteic core of CD138
appears unwanted, since CD138 is expressed on other vital cells such as hepatocytes and epithelial
cells [55][56]. A post-translational modification of CD138 as the one described here may be more

specific to MM, and could represent a valuable target to continue improving MM treatments.
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